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Abstract

This study compared the transcriptional changes in Nicotiana benthamiana plants treated with homologous sequences derived
from Pepper golden mosaic virus (PepGMV) and heterologous sequences that derived from another begomovirus, Tomato
chino La Paz virus (ToChLPV) prior to infection by PepGMYV. The results of microarray analyses identified upregulated
genes associated with RNAi such as DCL2, DCL4, AGO3, AGO7, AGO10, NRPD2B (Pol IV), DRB3, CMT3, RDR6. The
components that participate in different RNAi pathways were identified, including methylation induced by both constructs,
as well as the code of these genes in Arabidopsis thaliana and its counterpart in N. benthamiana through different genome
assembly. The expression of these genes was validated by quantitative reverse transcription polymerase chain reaction (RT-
gPCR), where DCL3, DCL4, AGO1-1, AGO2, RDR6 and PPR1 showed increased expression during plant protection with
the heterologous construct compared to those protected with the homologous construct. The results of this study confirmed
the activation of the gene silencing mechanism at the transcriptional level with both constructs and established the possibility
of their use as a protection system for both homologous and heterologous sequences.
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Introduction

Begomoviruses (family Geminiviridae) are plant pathogenic
viruses that are widely disseminated by whiteflies (De Barro
et al. 2011). These viruses are commonly found in mixed
infections with other members of this genus, favoring their
plasticity, emergence of new viruses of pathological impor-
tance, and even widen their host range (Navas-Castillo et al.
2011; Garcia-Arenal and Zerbini 2019). Mixed infections
are common in nature as it was observed for Pepper golden
mosaic virus (PepGMV) with Pepper huasteco yellow vein
virus (PHYVYV), which can even exhibit a triple infection
with Tomato yellow leaf curl virus (TYLCV) (Méndez-
Lozano et al. 2003; Morales-Aguilar et al. 2019), or also
TYLCV co-infecting with Tomato chino La Paz virus
(ToChLPV) (Cardenas-Conejo et al. 2010). One of the
conserved mechanisms that plants use against viral infec-
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tions is RNA interference (RNA1) (Lin et al. 2011). Some
research has focused on evaluating the efficiency of RNAi
as a protection system when the viral sequence has high
homology to disease-causing begomoviruses. For example,
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Chellappan et al. (2004) used the sequence of the Rep (AC1)
gene, which encodes the replication associated protein of the
African cassava mosaic virus (ACMV) in Manihot esculenta
plants in challenge experiments with East African cassava
mosaic Cameroon virus (EACMCYV) and Sri Lankan cas-
sava mosaic virus (SLCMV). These authors reported strong
protection through an activating gene silencing mechanism.
On the other hand, a sequence obtained from non-coding
conserved regions of five different TYLCVs was used to
design a construct capable of activating the gene silenc-
ing mechanism against three of these viruses and generate
resistant Solanum lycopersicum and Nicotiana benthamiana
plants (Abhary et al. 2006). The efficacy of this strategy
was also demonstrated using other intron-hairpin constructs
(ihp-RNA) from the CP (AV1) gene, which encodes the
capsid protein, and Rep from the Tomato yellow leaf curl
Sardinia virus (Sicily strain; TYLCSV-[Sic]). However, in
viral challenge assays, the plants only showed resistance
against viruses with homologous sequences and not against
those with heterologous ones (Gharsallah-Chouchane et al.
2008). The gene silencing mechanism has been activated
using fragments from DNA-A or DNA-B from begomovi-
ruses. However, the best results were obtained using DNA-A
fragments (Taha et al. 2016). In contrast to previous reports,
a previous study observed extremely low efficiency of RNAi
in the complex of the begomoviruses Cotton leaf curl Mul-
tan virus (CLCuMV) and Cotton leaf curl Multan p-satellite
(CLCuMB) (Mubin et al. 2011). Based on their results,
they argued that high efficiency is achieved when the tar-
get sequence is highly similar to the constructed sequence,
which would allow resistance to be achieved to begomo-
virus complexes. In addition, in a previous report, the effi-
ciency of these constructs was evaluated against infection
by PepGMYV, observing decreases in viral loads from 95.6
to 99.5% for the heterologous and homologous constructs,
respectively (Medina-Hernandez et al. 2013). Although the
silencing mechanism was activated in these studies, as evi-
denced by the observed decreases in symptoms and viral
load, the participating components and how they interact
when homologous and heterologous sequences are used
remains unclear.

RNA interference (RNAI) is gene regulation mechanism
conserved in eukaryotic organisms that also plays important
roles in the control of basic cellular processes in plants, such
as gene expression, heterochromatin formation, and adaptive
antiviral defense (Herr and Baulcombe 2004). RNAI has
been used as a method to study antiviral defense in plants.
It is activated in the presence of double-stranded RNA mol-
ecules (dsRNAs) or small interfering RNAs (siRNAs) and
acts at different levels, such as in the degradation of homol-
ogous RNAs in a sequence-specific manner (homologous
sequence) or DNA methylation and chromatin modification
(Voinnet 2001; Tenllado et al. 2004; Matzke and Mosher
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2014). With respect to the mechanism of RNAI, it is known
that DICER cuts dsRNAs that may then generate siRNAs
of different sizes, including primary and secondary siRNAs
(Wang et al. 2011). Dicer-like 2 (DCL2) acts directly in viral
control by participating in the generation of SRNAs and acti-
vating the production of a secondary series of siRNAs called
secondary or transitive siRNAs. DCL2, DCL3 and DCL4
are known to process endogenous siRNAs in plants, which
are categorized into secondary siRNAs. In addition, DCL4
also participates in the defense against viruses by inducing
the production of primary siRNAs (Yoshikawa et al. 2005;
Axtell et al. 2006; Borges and Martienssen 2015). These
siRNAs then bind to the argonaute (AGO) protein to form
the RNA-induced silencing complex RISC (Pumplin and
Voinnet 2013).

However, the studies have shown that transgenes with
heterologous sequences can also initiate the RNAi process
(Lin et al. 2011; Mubin et al. 2011). Thus, to achieve effec-
tive control strategies against mixed begomoviral infections,
it is necessary to understand the various interactions in a
heterologous RNAI system. This study analyzed a differen-
tial gene expression using microarrays and quantitative real
time reverse transcription polymerase chain reaction (RT-
gPCR) to evaluate the key components that interact during
RNAI activation in N. benthamiana plants, which can be
over- or under-expressed using homologous and heterolo-
gous dsRNA constructs to PepGMYV. The results obtained
will allow implementing effective infection control strate-
gies by begomoviruses with homologous and heterologous
sequences.

Materials and methods
Plants growth and constructs

Nicotiana benthamiana plants were grown at 28 °C, with
a photoperiod of 16 h light and 8 h dark. Plants at the 3—4-
leaf stage were used in four treatments. To evaluate the key
components that interact during RNA interference activa-
tion when heterologous constructs derived from ToChLPV
and homologous to PepGMYV are used, because viral loads
decreased in (95.6 and 99.5%, respectively), as previously
described by Medina-Hernandez et al. (2013). The con-
structs comprised inverted repeat sequence fragments of
these pathogens and were denominated as homologous
CIRP (construct of the intergenic region of PepGMV) and
heterologous CIRT (construct of the intergenic region of
ToChLPV) and transformed into Agrobacterium tumefaciens
GV2260. These constructs express an intron-hairpin com-
prising 146 nt of the 5’ end of the AV1 gene; the entire 326
nt intergenic region (IR) and 714 nt of the 5’ end of the AC1
gene; the ACI-IR-AV1 total segment comprising 1186 nt
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with sequence identity of 50% and six regions longer than
22 nt of both viruses, which displays the highest identity
from 82 to 100%. CIRP and CIRT contained inverted repeat
sequences of the AC1-IR-AV1 region of each virus, includ-
ing an intron as a spacer with an Xbal restriction digestion
to confirm the presence of the sense and antisense arms and
orientation of the inverted repeat sequences. Four treatments
were performed: (1) CIRP, agro-infiltrated two leaves of
N. benthamiana with CIRP and inoculated with PepGMV
four days after; (2) CIRT, agro-infiltrated two leaves of V.
benthamiana with CIRT and inoculated with PepGMYV four
days after; (3) positive control, agro-infiltrated two leaves of
N. benthamiana with the empty vector (pH7GWIWG2 II)
and inoculated with PepGMYV four days after; and (4) nega-
tive control, agro-infiltrated two leaves of N. benthamiana
with the empty vector but not inoculated with PepGMV.

Microarray and data analysis of Nicotiana
benthamiana plants protected with homologous
and heterologous constructs

Arabidopsis thaliana V.3.0.3 microarrays were used to
analyze and compare global gene expression profiles of N.
benthamiana experimental plants. Three leaves from each
plant were collected at 10 days after inoculation (dpi), imme-
diately frozen in liquid nitrogen and stored at -80 °C until
used for RNA extraction. Total RNA was extracted using
TRIzol (Invitrogen, CA, USA), and 10 pg of RNA was used
for complementary DNA (cDNA) synthesis, incorporating
fluorophores dUTP-Alexa Fluor 555 or dITP-Alexa Fluor
647. Incorporation of the fluorophore was analyzed by meas-
uring absorbance at 555 nm for Alexa555 and 650 nm for
Alexa647.

An equal quantity of labeled cDNA from the positive
control, CIRP or CIRT groups was hybridized with labeled
cDNA from controls at 42 °C for 14 h using UniHyb hybrid-
ization solution (Arrayit Corporation, Silicon Valley CA,
USA). For each spot, the Alexa555 and Alexa647 signal
density and background mean values were calculated with
Array-Pro Analyzer (Houston, TX, USA). Processing and
quantification of the images obtained from the microarray
hybridization were performed in an Array-Pro Analyzer
4000 with the corresponding software (Packard BioChips,
IL, USA). To analyze the microarray data and identify genes
with significant differential expression between sample
classes, the genArise package developed by the Computa-
tional Unit of the Institute of Cellular Physiology (UNAM,
CDMX, MX) was used.

For gene ontology (GO) analysis, the IDs obtained
from the microarray data were loaded into the Arabidopsis
Information Resource (TAIR) database to convert them to
FASTA format. Then, each sequence was searched against
the non-redundant (NR) protein database with the Blast2GO

tool (Conesa et al. 2005) using the parameters 20 hits per
sequence, expected value < 1 x 10°. When the names of
all the genes were identified, evidence codes (EC) were
obtained, which showed the reliability index values of the
GO annotation, and each gene was mapped in the GO data-
base. A one-tailed Fisher’s exact test was used to remove
double IDs, and a false discovery rate (FDR) cutoff of 0.01
was used to verify a significant overrepresentation of GO
annotations. Enrichment of a GO term was considered sig-
nificant at p <0.05. After mapping, each gene was annotated,
and all of the enzymes were labeled using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database. Then,
the data were labeled with respect to InterPRO protein fami-
lies (Conesa and Gotz 2008).

The TAIR (Arabidopsis.org) annotation data were also
obtained from the different databases with available genome
and transcriptome assemblies for N. benthamiana, including
the draft genomes Niben0.4.4 (NbS000) and Niben1.0.1 gen-
erated by the Boyce Thompson Institute for Plant Research
(Bombarely et al. 2012), Nbv3K, Nbv6.1 (Nakasugi et al.
2013), and the re-annotated NbD (Kourelis et al. 2018).

Differential gene expression analysis

First, upregulated genes associated with defense response,
stress, and systemic acquired resistance were selected. Sec-
ond, the overexpressed (upregulated) genes obtained in the
microarray analysis with a Z score < 1.50-3.0 were selected.
To analyze the differential expression of the genes involved
in the RNAI activation response by homologous and het-
erologous sequences to PepGMYV, a search was performed
for key genes involved in RNA silencing pathways, such as
AGO, DCL-type proteins and RNA-dependent RNA poly-
merases (RDRs) using the tools described above (see the
GO analysis section) with the TAIR database. To determine
the effects of differential gene expression and interpret the
results in the context of a protein—protein interaction net-
work, an analysis was performed using the STRING version
9.1 database, which is a valuable tool for searching protein/
protein interactions. The STRING network results were
restricted to those genes that are known to be associated with
RNAI (Franceschini et al. 2012; Szklarczyk et al. 2016).

RT-qPCR analysis of differential gene expression

For RT-qPCR analysis, RNA from experimental plants was
treated with DNase I (1 U/pL; Thermo Fisher Scientific,
Inc. MA, USA) to remove genomic DNA. Then, first strand
cDNA was synthesized from 5 pg of total RNA with Super
Script III Reverse Transcriptase (Thermo Fisher Scientific,
Inc. MA, USA) according to the manufacturer’s instructions.
Actin (ACT) was used as an internal control for normaliza-
tion due to its similar expression level in all viral infections

pisllase ol ay .
Ay &) Springer



114 Page 4 of 19

3 Biotech (2021) 11:114

and its efficiency in PCR amplification. According to Liu
et al. (2012) and Wu et al. (2014), genes associated with
RNAIi were selected for gene expression analysis, including
DCLI, DCL2, DCL3, DCL4, AGO1, AGO2, RDR6, and
pentatricopeptide repeat (PPR) proteins using the primers
shown in Table 1. This study analyzed the primers previ-
ously described for AGO1 with available sequences in the
NCBI database for AGOla, AGO1b, AGO1-1 and AGO1-2
from N. benthamiana, observing alignment with AGOla
and AGO1-1 but not AGO1b or AGO1-2. RT-qPCR was
performed in triplicate in a 96-well thermocycler (CFX-96,
Bio-Rad, CA, USA) using SsoFast EvaGreen Supermix (Bio-
Rad) in a final volume of 20 pL per reaction. The PCR condi-
tions were as follows: one cycle at 95 °C/30 s followed by 39
cycles of 95 °C/0.05 s and 60 °C/0.05 s. After amplification,
melting curve analyses were performed to verify the products
amplified by their specific melting temperatures (7,,) from 65
to 95 °C with increments of 0.5 °C/0.05 s. A sample without
DNA was used as control in each analysis. The amplification

Table 1 Primer sequences used for quantitative gene expression anal-
ysis

Primer  Sequence (5'-3") Reference
DCL2F CGGGATCCCCGGGATTTATTCGTAAT
DCL2R CCCTCGAGAATGACAAAGCCGCTA  Wuetal.
CT (2014)
DCL3F ACTTGTTGAATGCGGTGAAG
DCL3R CCCCTGTCGTTCTAGCTCAT Wau et al.
(2014)
DCL4F CGTCCGTGCCCAGAAATCT
DCL4R AATGCAATTGCCGCTTTGA Wau et al.
(2014)
AGOIF GCTCTAGAAGATCTGTACAAGACT
TGGC
AGOIR CGAATTCTTATTGGCAAACAACCT Wau et al.
AGT (2014)
AGO2F CATTTGAACCTCCTTTCTATCGAC
AGO2R CATACCTCTAGAAGTGAGGATCAC Liu et al.
(2012)
RDR6F TTCAGGAATGTCTTCTTCGAGCG
RDR6R AGTGATCTAGCAACCCAATGAG Liu et al.
(2012)
PPR1 ATGAGGGTCCATTTGAGTGAC
PPR1 AGGCTGATGTTGGAATCTGG Liu et al.
(2012)
ACT TCCTGATGGGCAAGTGATTAC
ACT TTGTATGTGGTCTCGTGGATTC Liu et al.
(2012)

This table shows primer sequences used for quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR) gene expression anal-
ysis of treatments of Nicotiana benthamiana plants protected with
CIRP (homologous construct of the intergenic region of PepGMV) or
CIRT (heterologous construct of the intergenic region of ToChLPV)
and challenged with PepGMV
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efficiency (E), E=10 (—1/slope) X 100% was determined in
accordance with the minimum information for publication of
quantitative real-time PCR experiments (MIQE) guidelines.
The RT-qPCR data were normalized with respect to the CT
reference gene (Table 1). Relative expression was determined
with the 2-AACT method, where AACT = ([CT1Target-
Cl1TReference] - [CTOTarget-CTOReference]) (Livak and
Schmittgen 2001), using the results from three independent
biological replicates for each treatment (n=3). One-way
analysis of variance (ANOVA) and statistical significance
was determined using IBM SPSS Statistics (version 22.0,
IBM Corp. NY, USA) software.

Results

Microarray based gene expression analysis of plants
previously protected

A total of 27,342 and 27,218 genes were obtained in the
samples of plants protected with homologous CIRP and
heterologous CIRT constructs. Figure 1a shows the micro-
array results where the data and colors are associated with
the differential gene expression, and the color of each point
depends on the absolute value of -3 to 3 Z-score associ-
ated with the differential expression of down-or upregu-
lated genes. Functional characterization of the differentially
expressed genes was performed using TAIR and the GO
program Blast2GO, with 1473 upregulated genes were iden-
tified in plants with CIRP and 2169 identified in plants with
CIRT (Fig. 1b).

Each identified gene was assigned to one of the three pri-
mary GO categories (Fig. 2): (1) biological process (BP); (2)
molecular function (MF); and (3) cellular components (CC).
BP (GO level 2) was represented by transcripts associated
with cellular processes, such as differentiation, organization,
growth, cycle, cell—cell signaling (16 and 17% in plants with
CIRP and CIRT, respectively), metabolic processes of pro-
tein, lipid, carbohydrate, nucleobase-containing compound,
DNA (15 and 16% in plants with CIRP and CIRT, respec-
tively) and primary and secondary metabolites (generation
of precursor metabolites and energy), as well as response to
stimuli (biotic, abiotic, endogenous) or defense (9 and 10% in
plants with CIRP and CIRT, respectively). In plants protected
by CIRP, these transcripts were associated with response to
stress; abiotic, biotic, endogenous and external stimuli medi-
ated through mitogen-activated protein kinase (MAPK) cas-
cades; gene expression regulation and epigenetics (histones
methylation and maintenance of DNA methylation). In CIRT,
these transcripts were associated with (MAPK cascades)
oxide reduction and transcription regulation, response to
abscisic acid, acquired systemic resistance, signaling path-
ways mediated by salicylic acid, hypersensitive response,
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Fig. 1 a Graphic results of the evaluation of Z-scores from the micro-
arrays analysis from Nicotiana benthamiana plants protected with
CIRP (homologous construct of the intergenic region of PepGMV) or
CIRT (heterologous construct of the intergenic region of ToChLPV)

even positive regulation transcription dependent on DNA,
and protein ubiquitination. MF was represented by transcripts
associated with binding of proteins, DNA, RNA, nucleotide,
lipid, chromatin, signaling receptor, DNA-binding transcrip-
tion factor activity (51% in plants with both constructs), cata-
lytic activity (41 and 40% in plants with CIRP and CIRT,
respectively) and transcription regulator activity (8 and 9%
in plants with CIRP and CIRT, respectively). CC was repre-
sented in different percentages for each construct. For exam-
ple, in plants protected by CIRP, transcripts were associated
with cell part (27%), cell (27%), organelles (23%), membrane
(10%), organelle part (6%), and membrane part (3%). Dif-
ferences were also observed with respect to the extracellular
region (3 and 8% in plants with CIRP and CIRT, respec-
tively), for plants protected by CIRT transcripts associated
with nucleus (25%), chloroplast (13%), intracellular organelle
(13%), protein-containing complex (13%), plasma membrane
(11%), mitochondrion (9%), and cytosol (8%) (Fig. 2).

and challenged with PepGMYV, where ‘up” and “down” values are
indicated by green, blue, cyan and white. b Results of the analysis of
annotated sequences

Upregulated genes associated with defense response,
stress, systemic acquired resistance and hypersensitive
response in plants protected with CIRP and CIRT are shown
in Table 2. The data were obtained from different databases
with available genome and transcriptome assemblies and
have the names of the proteins and biological functions
derived from TAIR. The genes were also associated with
IDs that correspond to the assembly version and code that
identify genome and transcriptome assemblies (Bombarely
et al. 2012; Nakasugi et al. 2013; Kourelis et al. 2018).

Differential expression of genes associated
with RNAi and methylation in plants protected
by CIRP and CIRT

Regarding the genes associated with RNAi (Table 3),
upregulated genes with high identity with genes annotated
from N. benthamiana transcriptomes (Bombarely et al.

ilate ¢llodl ay .
e ) Springer



114 Page 6 of 19

3 Biotech (2021)11:114

CIRT Biological Process

negative regulation of
biolagical process: (198/2%)-—
signaling; (268/3%)

multi-organism
process: (277/3%)

— e cellular
\ process: {1,364/17%)

reproduction; (306/4%)
metabolic
reproductive process: (1.271/16%)
process: (306/4%)

localization: (423/5%)

multicellular organismal
process: (453/6%)
response to

cellular component stimulus: (828/10%)

organization or
biogenesis: (454/6%)

developmental process: (488/6%)

regulation of
biclogical process: (654/8%)

| : (77
/blologlca regulation: (776/10%)

Molecular Function

transcription regulator
activity: (188/9%) ———

binding:
(1,088/51%)

\

catalytic
activity: (848/40%)

Cellular Component

extracellular region: (248/8%) —— \

cytosol: (258/8%) F——\

mitochondrion:

(300/9%) — -\

plasma membrane:
(368/11%)

/— nucleus: (814/25%)

chloroplast;
(427113%)

protein-containing

CIRP Biological Process

positive regulation of
biological process: (116/2%) ~———__

negative regulation of
biclogical process: (138/2%)

signaling: (204/3%)

—___ cellular
/ process: (936/16%)

multi-organism
process: (211/4%)
reproduction: (233/4%)

reproductive
process: (233/4%)

metabolic
process: (877/15%)

multicellular organismal
process: (353/6%)

cellular component
organization or

response to
biogenesis: (365/6%)

stimulus: (567/9%)

{
f

developmental process: (379/6%)

localization: (366/6%)

e

biological regulation: (560/9%)
regulation of
biological process: (482/8%)

Molecular Function

transcription regulator -
activity: (113/8%) —

/\ binding:

(734/51%)

catalytic
activity: (591/41%)

Cellular Component

extracellular region: (146/3%) — — ‘\

membrane part: (165/3%) —

/\ cell part: (1,298/27%)

organelle part: (283/6%)

membrane: (461/10%)

(1,114/23%)

complex: (417/13%) - i o
T part )

Fig.2 Gene ontology annotation obtained by microarray analysis
from Nicotiana benthamiana plants protected with CIRP (homolo-
gous construct of the intergenic region of PepGMV) or CIRT (het-
erologous construct of the intergenic region of ToChLPV) and chal-
lenged with PepGMV. Transcripts were grouped into functional

2012; Nakasugi et al. 2013) were observed in the plants
protected with homologous CIRP and heterologous CIRT
constructs; as DCL2, DCL4, AGO3, AGOS5, AGO6, AGO7,
AGOI10, nuclear RNA polymerase D2B (NRPD2B/POL 1V),
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|

cell: (1,298/27%)

Blast2GO groups: biological process, molecular function and cellu-
lar component categories with Z-scores 2 and 1.5. The percentages
of differentially expressed genes during infection in each category are
shown within the parentheses

NRPDI1A, Dawdle (DDL), defective in meristem silenc-
ing 3 (DMS3), dsRNA-binding protein 3 (DRB3), DRB4,
DRB5, domains rearranged methylase 3 (DRM3), RDR6,
chromo-methylase 3 (CMT3), PPR, SU(VAR)3-9 homolog
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Table 2 List of upregulated genes in the transcriptome of protected Nicotiana benthamiana plants, associated with defense response, stress, and
systemic acquired resistance

Gene model

Protein name GO term

Nicotiana benthamiana

CIRP 25 CIRT 26

GO or product

AT2G13360

AT2G14170

AT2G19560

AT1G60940

AT2G24850
AT2G30360

AT2G38730

AT3G11840

AT3G11930

AT3G23250

AT3G32920
AT3G58620
AT4G08500

AT4G19530
AT4G19840

AT4G29100

AT4G30480

AT4G31550

AGT

ALDH6B2

EER5

SNRK2.10

TAT3
CIPK11

RCA

PUB24

AT3G11930

MYBI15

CSNSA
TTL4

MAPK
MEKK1

AT4G19530
ATPP2-Al

AT4G29100

AT4G30480

WRKY11

Response to stress

Oxidation-reduction

Response to stress

Response to stress

Response to stress
Response to stress

Systemic acquired resistance

Hypersensitive response

Response to stress

Defense response

Defense response
Response to stress
Response to stress

Defense response
Hypersensitive response

Defense response

Hsp90 TPR1

Response to stress

AGT1
NbDO006757
NbS00019758g0008.1

Niben101Scf00797g18009.1

mmsA

NbDO000775
ALDH6B2
NbS00024307g0010.1

Niben101Scf01633g00029.1
Niben101Scf07229g00011.1

EER5
NbS00028917g0001.1

Niben101Scf01993g08016.1

Niben101Scf01970g
08001.1

SRK2B
NbS00005219g0010.1
Nf

WNK4

NbDO010417

CIPK11
NbS00028941g0005.1

Niben101Scf04098g00017.1

NbS00029897g0007.1
PUB24

NbDO001850
NbS00032295g0001.1

Niben101Scf09610g00017.1

NbS00029709¢0002.1

MYBA4-like
NbD008259

Niben101Scf01013g01003.1

NbS00011517g0003.1
Nf

Nf

STK10

Niben101Scf03906g03013.1

MEKK1
NbS00011174g0009.1

Nf

Niben101Scf03867g02041.1
Niben101Scf02174g03009.1

ATPP2-Al
NbS00041802g0007.1
bHLH68-like
NbD002325
NbS00049384g0003.1

TTC1

Niben101Scf03964g04005.1

NbS00020723g0011.1

WRK22
NbDO013410

Niben101Scf01721g08007.1

NbS00042305g0004.1

Serine-glyoxylate aminotrans- 1.5

ferase

Response to oxidative stress 2

Response to stress

Response to stress

Response to stress

1.5

1.5

Systemic acquired resistance 1.5

Defense response

Response to stress

Defense response

Nf
Response to stress

Nf

1.5

Protein phloem protein 2-LIKE 2

Al

Defense response

TTCl1

Response to stress

1.5

2

1.5

1.5

1.5
1.5

1.5

1.5

1.5

1.5

1.5
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Table 2 (continued)
Gene model Protein name GO term Nicotiana benthamiana GO or product CIRP 25 CIRT 26
AT5G09420 ATTOC64-V Hypersensitive response OMo64 Hypersensitive response 1.5 2
NbDO010896
Niben101Scf01370g00007.1
NbS00018282g0024.1
AT5G37930 AT5G37930 Ubiquitin-protein NbS00011136g0002.1 2 2
AT5G40010 AATP1 Systemic acquired resistance AATP1 AATP1 1.5 1.5
NbD010669.1
NbS00033104g0001.1
AT5G40990 GLIP1 Systemic acquired resistance Nf Nf 1.5 1.5
AT5G42020 BIP2 Response to stress BIPS BIP5 2 2
Niben101Scf04126g01011.1
NbS00020855g0001.1
AT5G45800 MEE62 Systemic acquired resistance Probable LRR LRR 2 2
NbS00022774g0009.1
NbS00016395g0015.1
AT5G50720 HVA22E Response to stress HVA22-like protein Response to stress 1.5 1.5
Niben101Scf03886g04003.1
NbS00031130g0003.1
AT5G55990 CBL2 Hypersensitive response CBL2 CBL2 1.5 1.5

NbS00029252¢0013.1

The following table shows a list of upregulated genes in the transcriptome of Nicotiana benthamiana plants protected with CIRP (homologous
construct of the intergenic region of PepGMYV) or CIRT (heterologous construct of the intergenic region of ToChLPV) constructs and chal-
lenged with PepGMV that are associated with defense response, stress, and systemic acquired resistance. Annotation data obtained from differ-
ent databases genome and transcriptome assemblies available for N. benthamiana Niben0.4.4 (NbS000) and Niben1.0.1 (Bombarely et al. 2012).
Nbv3K, Nbv6.1 (Nakasugi et al. 2013). NbD (Kourelis et al. 2018). Nf not found

1 (SUVH1), SUVHS5 and HUA enhancer 1 (HEN1). These
upregulated genes, which were activated by both constructs,
participate in interwoven pathways of gene regulation and
plant defense that generate and use different types of SRNAs
(siRNA, miRNA, ta-siRNA, nat-siRNA and hc-siRNA)
to participate in viral defense, developmental regulation,
stress response and transcriptional silencing (Eamens et al.
2008; Nakasugi et al. 2013; Borges and Martienssen 2015).
In plants protected with the homologous CIRP construct
upregulated genes included AGO4a because AGO9 from A.
thaliana is homologous to AGO4 of N. benthamiana AGO4b
(Nakasugi et al. 2013), as well as DRM?2, variant in methyla-
tion 1 (VIM1) and SUVH2. In contrast, in plants protected
with the heterologous CIRT construct, upregulated genes
included RDR2 and SUVHA4. In addition, genes upregulated
by CIRP but not CIRT and vice versa were associated with
the synthesis of different siRNAs and methylation (Eamens
et al. 2008).

Downregulated genes observed in both plants protected
with homologous CIRP and heterologous CIRT con-
structs included DCL1, DCL3, AGO1, AGO2, RNA Pol
II (NRPB1), DRB1, DRB2, DRM1, SUVH3 and SUVHS6.
Genes that were only downregulated in the plants protected
with the homologous CIRP construct included RDR2 and
SUVH4, whereas those only observed in the plants protected

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

with the heterologous CIRT construct included AGOA4a,
DRM2, VIM1 and SUVH2.

In addition, the protein network analysis using STRING
allowed the molecular interactions to be visualized among
the differentially expressed genes identified from the micro-
array. The results of this analysis identified groups of pro-
teins involved in RNAi-activated pathways by CIRT (Fig. 3a)
and CIRP (Fig. 3b) constructs, such as the major proteins
involved in biogenesis of different small RNAs (sRNAs),
including secondary siRNAs and other core components that
participate in initiation and maintenance of RNA-directed
DNA methylation (RdDM) (Eamens et al. 2008; Nakasugi
et al. 2013; Borges and Martienssen 2015).

RT-qPCR gene expression analysis

To validate the reference genes, the relative expression level
of target genes was analyzed, and the Actin (ACT) gene was
used for data normalization. Figure 4 shows the RT-qPCR
results for seven RNAi-associated genes, previously identi-
fied as being differentially expressed by microarray analyses
of N. benthamiana plants protected with homologous CIRP
and heterologous CIRT constructs and inoculated with Pep-
GMV. These genes include DCL2, DCL3, DCL4, AGO1-1,
AGO2, RDR6, and PPR1, all of which exhibited significant
differences in expression (p <0.05).
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Fig.3 STRING network of functional protein associations with gene
silencing. a High connectivity is observed among the proteins associ-
ated with gene silencing and methylation in CIRT (construct of the
intergenic region of ToChLPV), and b subset of proteins involved in

The qPCR analysis showed that genes RDR6, AGO?2,
DCL3 and AGO1-1 had higher expression levels 55, 38, 35,
and 31%, respectively when the plants were protected with
heterologous CIRT constructs, whilst the same genes in plants
protected with homologous CIRP constructs represented 8, 10,
8, and 17, respectively. Expression levels at the controls were
close to zero. DCL4 had higher expression level 6% when the
plants were protected with heterologous CIRT constructs than
when the plants were protected with homologous CIRP con-
structs 2%, and in the control with virus, it had an expression
level of 1.3%. However, PPR1 and DCL2 showed a similar
expression pattern when both constructs were used for pro-
tection and similar in the controls. PPR1 and DCL2 had an
expression level of 6 and 2%, respectively, when the plants
were protected with heterologous CIRT constructs and when
they were protected with homologous CIRP constructs, rep-
resenting 40 and 27%, respectively. Whilst the control with
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des Shevis @) Springer

WRPDZB

CIRP =/

NUVHS

gene silencing and methylation in CIRP (construct of the intergenic
region of PepGMV). The colors of lines connecting the proteins indi-
cate an interaction

virus cv PPR1 and DCL2 had an expression level of 10 and
11%, respectively, and in the controls without virus PPR1 and
DCL2 had higher expression levels that represented 160 and
130%, respectively.

Discussion

The results of this study indicate that homologous CIRP
(construct of the intergenic region of PepGMYV) and het-
erologous CIRT (construct of the intergenic region of
ToChLPV) against infection of the PepGMYV activate
key components of the RNAi gene silencing mechanism.
Global gene expression results demonstrated that the over-
expression of some key RNAi and methylation-associated
components could have been activated by heterologous
dsRNA obtained from ToChLPV. Upregulated genes
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activated by both constructs participated in interwoven
pathways of gene regulation and plant defense that gener-
ate and use different types of SRNAs (siRNA, miRNA,
ta-siRNA, nat-siRNA and hc-siRNA) to participate in
viral defense, development regulation, stress response
and activate transcriptional silencing (Eamens et al. 2008;
Nakasugi et al. 2013). The results showed that the mecha-
nisms activated in response to infection by PepGMYV in
N. benthamiana recognized the dsRNAs generated from
CIRP and CIRT and caused the overexpression of DICER
as DCL2, DCL3 and DCL4 (Fig. 5). DICER has been
reported to cleave dsRNAs, and these dSRNAs may then
generate siRNAs of different sizes, including primary and
secondary siRNAs (Wang et al. 2011). Small siRNAs are
assembled in the multiprotein complex RISC (Li et al.
2017), and the systemic movement of siRNAs among cells
can occur through the phloem (Qin et al. 2017; Zhang et al.
2019). DCL2 acts directly in viral control in a hierarchical
manner, participates in the generation of SRNAs, and acti-
vates the production of a second series of siRNAs called
secondary or transitive siRNAs. In addition, DCL2, DCL3
and DCL4 are known to participate in the processing of
endogenous siRNAs in plants, which are categorized as
secondary siRNAs, while DCL4 also participates in the
defense against viruses by inducing the production of pri-
mary siRNAs (Yoshikawa et al. 2005; Axtell et al. 2006;
Borges and Martienssen 2015). In this study, microarray
and RT-qPCR analyses confirmed that DCL2 and DCL4
were activated by the homologous CIRP and heterologous
CIRT constructs. RDR6 is involved in the pathway that
triggers the biogenesis of secondary RNAI in cell-to-cell
signaling, and plants with mutated RDR6 have shown to
be more susceptible to begomoviral infections than wild-
type plants (Qu et al. 2005). A transcript associated with
RDRG6 is SDES, which has RNA helicase activity and func-
tions with RDR6 in the generation of dsRNA from specific
dsRNA to produce trans-acting small-interfering RNA (ta-
siRNA), which participates in RNA interference (Hernan-
dez-Pinzon et al. 2007). Both CIRP and CIRT constructs
activated SGS3, another transcript that directly interacts
with RDR6 in the ta-siRNA production pathway (Xie et al.
2012; Li et al. 2017). HEN1, which is a crucial factor in
biogenesis of siRNAs and miRNAs that methylates and
protects against uridylation (Movahedi et al. 2018), was
also activated by homologous CIRP and heterologous
CIRT constructs. In addition, NRPD1A can maintain RNA
silencing and transitivity through DNA methylation, par-
ticipating in SRNA production and amplification together
with NRPD2B/Pol IV (Eamens et al. 2008).

Genome and transcriptome microarray data from A. thali-
ana vs different genome and transcriptome assembly ver-
sions of N. benthamiana were compared, resulting in the
identification of genes homologous to transcripts associated

with those involved in defense response, stress, systemic
acquired resistance; even some genes that participate in
MAPK cascades involved in signaling multiple defense
responses as the defense gene activation- were identified
(Ichimura et al. 2002; Meng and Zhang, 2013) (Table 2),
and RNAI (Table 3). The results indicated that AGO3 from
A. thaliana is similar to AGO2 of N. benthamiana, AGO1
is homologous to AGO1la or AGO1-1 from N. benthamiana
and that AGO9 from A. thaliana is homologous to AGO4b
from N. benthamiana (Bombarely et al. 2012; Nakasugi
et al. 2013; Kourelis et al. 2018). All of those components
were activated by the heterologous CIRT construct, suggest-
ing that CIRT can activate transcriptional silencing.

The protein network analysis using STRING allowed
visualizing molecular interactions among the differentially
expressed genes induced by the CIRT (Fig. 3a) and CIRP
(Fig. 3b) constructs. In both cases, the network of proteins
was involved in pathways associated with RNAI, including
proteins involved in biogenesis of different small RNAs, sec-
ondary siRNAs, other core components that participate in
the initialization and maintenance of RNA-directed DNA
methylation (RADM) in N. benthamiana and other dicots
(Eamens et al. 2008; Nakasugi et al. 2013; Borges and Mar-
tienssen 2015). Furthermore, both constructs could activate
PTGS and TGS.

The RT-qPCR results (Fig. 4) for genes associated with
RNAi showed that PPR1 was expressed in protected plants
with homologous CIRP and heterologous CIRT constructs
and in the controls, with higher expression levels in sv. PPR1
is known to participle in growth and developmental stages
in plant structure and plant genomes have up to five hundred
PPR genes per genome whereas non-plant genomes encode
only two to six PPR proteins (Klepikova et al. 2016). High
expression levels in sv might be normal in plants, and they
were affected by exogenous material in the other treatments.
PPR1 belongs to the clade of genes that encode PPR pro-
teins, which have been documented to play important roles
in antiviral defense in plants (Wu et al. 2016). In addition,
PPR1 participates in the reaction cascade by which gene
silencing is propagated via the SGS3/RDR6/DCL4 path-
way, and their transcription depends on trans-acting siR-
NAs (tasiRNAs) (Li et al. 2017). An alternate RNAIi route
involves small RNAs called ct-siRNAs derived from tran-
scription encoders, which have been shown to function as a
regulatory system to maintain controlled protection systems
and prevent cells from being overloaded by the overexpres-
sion of foreign genes (Zhang et al. 2015). This route solely
focuses on the defense against the transcription of invasive
DNA (Alvarez et al. 2010), and these small RNAs as well as
ta-siRNAs depend on interactions with RDR6, SGS3, DCL2,
DCL4 and AGO1 (Li and Wang 2018). The microarray and
RT-qPCR analysis results were congruent, indicating that
these transcripts were expressed in the assayed plants, when
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«Fig.4 RT-qPCR expression analysis of DCL2, DCL4, AGO1, AGO2,
RDR6 and PPRI in Nicotiana benthamiana plants protected with
CIRP (homologous construct of the intergenic region of PepGMV) or
CIRT (heterologous construct of the intergenic region of ToChLPV)
and infected with PepGMV. Means indicate significant difference
(p<0.05) among treatments CIRP, CIRT, cv (positive control) and sv
(negative control)

heterologous constructs derived from ToChLPV and homol-
ogous to PepGMYV are used, because viral loads decreased in
(95.6 and 99.5%, respectively), as previously described by
Medina-Hernandez et al. (2013). DCL2 has been reported
to be involved in processing endogenous siRNAs in plants
as well in the defense against viruses but it also has specific
roles in regulation of genome expression and maintenance
(Vazquez and Hohn 2013), which may explain its high
expression levels observed in negative control (sv) plants.

The high expression levels of AGO1-1 and AGO2 provide
evidence for the activation of RNAI in plants protected with
homologous CIRP and heterologous CIRT constructs and
infected with PepGMYV. Furthermore, several studies have
documented the participation of NbAGO1 and NbAGO?2 in
defense mechanisms against viruses (Ghoshal and Sanfagon
2014; Kontra et al. 2016; Odokonyero et al. 2017; Paudel
et al. 2018).

The results of this study indicate that plants protected
with homologous and heterologous constructs against

PepGMYV activate key components of the RNAI gene silenc-
ing mechanism (RNAi). Despite the sequence identity of
DNA-A of PepGMYV with ToChLPV was 52% and that of
the fragments used was approximately 50% with six regions
longer than 22 nt of both viruses, with highest identity. This
result contributes to understanding cross protection using
RNAI, and might be efficient for controlling these patho-
gens, even in mixed infections (Robinson et al. 2014; Yousaf
et al. 2015; Chen et al. 2016; Rasool et al. 2016). Evaluating
heterologous dsRNAs is important due to the occurrence of
mixed infections in nature and may result in the development
of strategies that focus on diseases with symptoms that are
difficult to diagnose and control. However, to our knowledge
the majority of published studies have not compared tran-
scripts between homologous and heterologous sequences to
the challenged virus. Such comparisons may increase our
understanding of virus-virus interactions and provide infor-
mation to confront unknown etiologies. The results in this
study were consistent with those that have demonstrated that
each type of dsRNA produces a different type of small RNA
that functions in diverse pathways involved in gene silencing
or DNA methylation activation (Matzke and Mosher 2014).
The increased expression of some key factors involved in
the TGS and PTGS responses play a crucial role in silenc-
ing and epigenetic regulation (Ding 2010; Saze et al. 2012).
In this study, different specialized pathways were activated

Fig.5 Schematic representa-
tion of the proposed model for
RNAi-mediated protection of
Nicotiana benthamiana against
PepGMYV infection with CIRP
(homologous construct of the
intergenic region of PepGMYV)
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and involved in the production and function of different
classes of SRNAs that are required to trigger and propagate
the PTGS and TGS responses.
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