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Abstract
CPSMV is one of the various pathogens that infect cowpea (Vigna unguiculata L. Walp.), an important
leguminous crop, and cause signi�cant yield losses. To the best of our knowledge, there is no report on
the reaction of tobacco, a model, non-leguminous plant, in response to CPSMV. In this study, we
inoculated Nicotiana tabacum L. (var. Xanthi) leaves with a CPSMV isolate to evaluate which type of
relationship (compatible, incompatible or tolerance) is established in this pathosystem and what are the
plant biochemical responses to the CPSMV challenge. Tobacco plants were grown in vitro under
controlled conditions and their leaves inoculated with CPSMV. The disease symptoms, the presence of
the virus, and the tobacco biochemical responses were assessed in comparison with the mock-inoculated
controls at 1, 2, and 6 days after inoculation (DAI). CPSMVCE modulated the activity of some enzymes
and gene expression in tobacco to its own bene�t, whereas, in parallel, N. tabacum actively responds
against the viral infection. Accordingly, the severe disease symptoms caused by CPSMVCE in susceptible
cowpea genotypes were not developed although the CPSMVCE viral particles were present in the tobacco
leaves at 6 DAI. These �ndings suggest that N. tabacum (var. Xanthi) exhibited the patterns of a typical
tolerant host to CPSMVCE. However, a comprehensive understanding of the mechanisms of tolerance of
N. tabacum (var. Xanthi) to CPSMVCE is of utmost importance to develop new cowpea genotypes tolerant
or resistant to this viral disease.

Key Message
Nicotiana tabacum tolerates cowpea severe mosaic virus (CPSMV) infection by increased generation of
H2O2 and phenol compounds and strategic adjustments of defense-related protein levels and expression
of translation initiation and elongation factors.

Introduction
Cowpea severe mosaic virus (CPSMV) belongs to the family Comoviridae, genus Comovirus. The CPSMV
bipartite genome is composed of two positive-sense single-stranded RNA (ssRNA), RNA 1 and RNA 2.
Both RNA molecules possess a viral genome-linked protein (VPg) at the 5’ end, and a polyadenine (poly-
A) tail at the 3’ end (Lomonossoff and Ghabrial, 2001). As the CPSMV genome does not have a 5’ cap,
VPg functions as such by binding to the host translation factors that are hijacked to the virus advantage
(Lomonossoff and Ghabrial, 2001). Viral capsid proteins exhibit several essential functions for virus
infection and transmission and are usually taken as markers to detect and quantify the extent of viral
infection in plants (Weber and Bujarski, 2015). The CPSMV genomic RNA 1 and RNA 2 are translated into
precursor polyproteins that are processed by cysteine proteinase to generate active viral proteins (Ponz et
al., 1988). This proteolytic processing can be blocked by plant proteinase inhibitors (PIN) (Gutierrez-
Campos et al., 1999).

Plant viruses recruit the plant cell machinery and modulate transcript expression to infect host cells and
spread systemically through the plant (Medina-Puche and Lozano-Duran, 2019). Eukaryotic translation
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initiation (eIF1, eIF2, eIF3, eIF4, and eIF5) and elongation (EF-1 and EF-2) factors are host proteins
indispensable for virus protein biosynthesis. Viruses use VPg to hijack these factors and produce their
speci�c proteins (Hyodo and Okuno, 2020; Sanfaçon, 2015). The eukaryotic translation initiation factor
4E (eIF4E) and its isoform [eIF(iso)4E], as well as the eukaryotic translation elongation factor 1α (eEF1α),
are the major targets of Potyvirus during a compatible interaction (Domier et al., 1987; Sanfaçon, 2015).
Nevertheless, CPSMV is a Comovirus and, to our best knowledge, there is no information on eukaryotic
translation factors which are used to effectively promote infection and systemic dissemination in
cowpea.

In the pathosystem plant x pathogen, a compatible interaction materializes when a virus (or other
pathogens) successfully infects its host, replicates, and disseminates throughout the plant. In this type of
interaction, the plant cell has all factors needed for the virus replication and the plant defense is not
effective or weak, resulting in disease (Garcia-Ruiz, 2019). Contrary, an incompatible interaction occurs
when the plant cell does not have all or some factors needed for the virus replication and/or the plant
defense armory is effective to avoid viral replication and spreading through the plant (Garcia-Ruiz, 2019).
Other strategy for plant defense against virus infection lies on antiviral RNA-silencing pathways, which
are pathosystem-dependent. For example, three RNA-dependent RNA polymerases (RDR1, RDR2, and
RDR6) are important in the plant defense mechanisms against viruses. They participate, independently or
synergistically, in the early stage of the biosynthesis of plant small interfering RNAs (siRNAs), which
promote the silencing of viral RNAs in plants (Yang et al., 2011; Zhang et al., 2015a).

Upon virus infection, plants rapidly accumulate H2O2 that, besides to be toxic because can directly kill the
pathogen, acts as an important signaling molecule. Indeed, H2O2 functions as a modulator of genetic
reprogramming that induces several complex defense pathways (Štolfa Čamagajevac et al., 2019). For
instance, increased H2O2 content, above the physiological levels, can lead plants to develop
hypersensitive response (HR) and programmed cell death (PCD), events that are unfavorable to viruses as
they are obligate biotrophic pathogens. However, despite its role in plant defense, unbalance levels of
H2O2 content can also damage the plant tissue. To overcome such threat, plants have evolved different
strategies to modulate H2O2 content and preserve cell redox homeostasis. The activity of enzymes such
as superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX), among others,
increases or decreases in response to pathogen attack, at an extent that dependent on whether the
plant/pathogen pathosystem establishes a compatible or incompatible relationship (Sharma et al., 2012;
Varela et al., 2017).

In addition to H2O2, nitric oxide (NO) also rapidly accumulated during viral infections in plants. NO, mainly
produced by nitrate reductase (NR) enzyme activity, also functions as a signal molecule during viral
infection to stimulate several defense responses (Štolfa Čamagajevac et al., 2019). Recently, NO
generation catalyzed by NR was associated to high contents of brassinosteroids (BRs) in Arabidopsis
thaliana challenged with Cucumber mosaic virus (CMV), which resulted in a successful antiviral defense
(Zou et al., 2018).
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Phenolic compounds also participate in plant defense against pathogens. They are associated with
antioxidant events, activation of defense genes, cell wall reinforcement, and callose deposition
(Underwood, 2012). The biosynthesis of phenol compounds and derivatives is dependent on the activity
of phenylalanine ammonia-lyase (PAL) and guaiacol peroxidase (POX). PAL is the key enzyme of the
phenylpropanoid pathway that is required for the biosynthesis of lignin precursors. These precursors (p-
coumaryl, coniferyl, and sinapyl alcohols) are oxidized by POX at the expense of H2O2 leading to lignin
accumulation and further strengthen of the cell wall (Herrero et al., 2013). The cell wall reinforcement
also occurs by cross-linking of glycoproteins catalyzed by POX activity. Cell wall reinforcement reduces or
prevents the spread of the virus through the plant tissue. Virus cell-to-cell movement and spreading can
also be arrested when plants produce and accumulate callose inside the plasmodesmata (Harries and
Ding, 2011; Walsh and Mohr, 2011). However, callose can be degraded by β-1,3-glucanase (GLU) activity.
In a compatible interaction, GLU activity is induced by the virus movement protein to degrade
plasmodesmata-associated callose, which facilitates virus cell-to-cell movement (Zavaliev et al., 2013).

Viruses that belong to the genus Comovirus infect leguminous plants, which have a high economic value
worldwide. For example, susceptible cowpea genotypes can be easily infected by CPSMV (Paiva et al.,
2016; Souza et al., 2017; Varela et al., 2017), which causes considerable losses in cowpea yields. Indeed,
in a very recently published paper, Boari et al. (2021) reported that, under experimental (greenhouse)
conditions, 39.4% and 54.3% reductions in the total number of cowpea pods and grains, respectively, and
38.9–66.2% reductions of the total weight of the grains were observed in different yardlong bean (V.
unguiculata subsp. sesquipedalis) cultivars inoculated with CPSMV.

Nevertheless, to the best of our knowledge, there is no report on the reaction of tobacco, a model, non-
leguminous plant, in response to CPSMV infection. A communication poster presented during the Plant
Health 2019 American Physiological Society (APS) Annual Meeting, hold in Cleveland, Ohio, USA (3–7
august, 2019), described that N. benthamiana was systemically infected, but with an infectious CPSMV
clone that had two amino acid changes in the primary structure of the CPSMV RNA1 polyprotein (Zaulda
et al., 2019). Therefore, we raised the following questions: (1) why, contrary to susceptible cowpea
genotypes, N. tabacum cv. Xanthi had no visual disease symptoms when infected with CPSMV, although
the virus particles accumulated in the infected tobacco leaves; (2) which type of relationship (compatible,
incompatible, or tolerance) is establish between N. tabacum and CPSMV?; (3) does CPSMV induce
speci�c genetic reprogramming in N. tabacum cv. Xanthi and what are the resulting biochemical
pathways altered?

We hypothesized that N. tabacum (cv. Xanthi) plants tolerate CPSMV infection through modulation of
defense responses to avoid the characteristic severe symptoms observed in infected susceptible cowpea
genotypes. To test this hypothesis and try to address the above questions, we evaluate in N. tabacum
leaves the kinetic of H2O2 and phenol generation, the activity of defense-related enzymes, and the
expression of the transcripts associated to the eukaryotic translation factor genes in the course of
CPSMV infection in comparison to mock-inoculated controls.
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Material And Methods

2.1. Plant propagation and in vitro growth
Nodal segments of Nicotiana tabacum L. (var. Xanthi) previously grown under in vitro conditions were
used for plant propagation. Two plants were grown in a 250 mL glass container (90 mm x 60 mm) sealed
with a transparent polyethylene lid, containing 25 mL of the complete Murashige and Skoog (MS) basal
culture medium (Murashige and Skoog, 1962), pH 5.8, enriched with 4% (m/v) sucrose and 0.7% (m/v)
agar, previously autoclaved at 121°C and 1.5 x 105 Pa for 15 min. The growth conditions were 12 h
light/12 h dark photoperiod, with photosynthetically active radiation (PAR) of 35 µmol (photons) m− 2 s− 1

provided by phosphorescent lamps, at 28°C, for 45 days before the onset of the experiments.

2.2. CPSMV inoculation
Inoculums of the Cowpea severe mosaic virus, CPSMVCE isolate (Lima et al., 2011), were prepared as
previously reported (Silva et al., 2016) from leaves of a susceptible cowpea (Vigna unguiculata L. Walp.)
genotype (CE-31, syn. Pitiuba) that exhibited the characteristic disease symptoms. The infected cowpea
leaves were collected 6 days after the CPSMVCE inoculation and maintained at -80 ºC until use. To
prepare the virus inoculums, the infected cowpea leaves were taken from the ultra-freezer, macerated in a
mortar and pestle with 10 mM potassium-phosphate buffer, pH 7.0, containing 0.01% (m/v) sodium
sul�te and 600-mesh carborundum powder (1:10, m/v) used as an abrasive. Tobacco plant inoculation
was done by rubbing the adaxial and abaxial surface of fully expanded leaves with the CPSMVCE

inoculum, 45 days after the initiation of the nodal segment propagation. The suspension to treat the
mock-inoculated control was obtained using the same above procedure, but using virus-free, healthy
cowpea leaves. Mock- or CPSMVCE-inoculated leaves were detached with the aid of a scalpel blade at 1,
2, and 6 days after inoculation (DAI), at the junction between the petiole and the stem. These leaves were
immediately frozen in liquid nitrogen and stored at -80 ºC until use.

2.3. Protein extraction and quanti�cation
Mock- and CPSMVCE-inoculated tobacco leaves were taken from the ultra-freezer (-80 ºC) and pulverized
using a mortar and pestle in liquid nitrogen to a �ne powder. This powder was mixed (1:8, m/v) with 100
mM potassium-phosphate buffer, pH 7.0, containing 150 mM NaCl, and the proteins extracted for 3 h at 4
ºC, under gentle agitation. The suspension obtained was �ltered twice using cheesecloth and centrifuged
(15.000 g, 4 ºC, 20 min). The supernatant (crude extract) was recovery and used for protein quanti�cation
and measurement of enzyme activity as described below. Quanti�cation of the soluble leaf proteins was
performed following the Bradford (1976) assay method, using bovine serum albumin (BSA) as a
standard protein. Data were expressed as mg protein g− 1 fresh matter (mg g− 1 FM).

2.4. Enzyme activity assays
The activity assays of superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC. 1.11.1.6), ascorbate
peroxidase (APX; EC. 1.11.1.11), phenylalanine ammonia-lyase (PAL; EC 4.3.1.5), guaiacol peroxidase
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(POX; EC 1.11.1.7), β-1,3-glucanase (GLU; EC 3.2.1.39), and papain inhibitor (PIN) were performed using
the leaf crude extracts from three independent biological samples each from three technical independent
replicates.

SOD activity was measured based on the photochemical reduction inhibition of nitroblue-tetrazolium
(NBT) to blue formazan (van Rossum et al., 1997). The increases in absorbance at 630 nm (Automated
Microplate Reader ELX800, BioTek®, Vermont, USA) were recorded every 1-min interval, for 5 min, during
the exposure of the reaction mixtures to a 32 W �uorescent lamp. The absorbance measured prior to light
exposure was used as the correction factor. A similar reaction mixture in which an 0.1 mL aliquot of 100
mM potassium-phosphate buffer, pH 7.0, containing 150 mM NaCl, replaced the crude extract was used
as blank for each tested sample. One unit of SOD activity (1 UA) was de�ned as the volume of the leaf
crude extract, in mL, that inhibits 50% of the NBT photochemical reduction. The speci�c activity of SOD
was expressed in UA per milligram protein (UA mg− 1 protein).

CAT was assayed as previously described (Havir and McHale, 1987), with minor modi�cations (Peixoto et
al., 1999), by measuring the consumption of hydrogen peroxide (H2O2) from the reaction mixture based
on the decrease in absorbance at 240 nm (Spectrophotometer Genesys 10S UV-Vis, ThermoScienti�c™,
Waltham, USA), recorded every 10-s interval, for 1 min. The absorbance measured at 10 s after the onset
of the reaction was used as blank for every sample. One unit of CAT activity (UA) was assumed as the
decrease of one absorbance unit per mL of sample per min and was expressed as speci�c activity (UA
mg− 1 protein).

APX activity was assayed as previously described (Koshiba, 1993) by measuring the consumption of
H2O2. The reaction mixture contained ascorbic acid and H2O2 as substrates. During the course of the
reaction, the decrease in absorbance at 290 nm (Spectrophotometer Genesys 10S UV-Vis,
ThermoScienti�c™, Waltham, USA) was recorded at every 20-s interval up to 2 min. The absorbance
measured at 10 s after the onset of the reaction was used as blank. One unit of APX activity (UA) was
assumed as the decrease of one absorbance unit per mL of sample per min and was expressed as
speci�c activity (AU mg− 1 protein)

PAL activity was assayed as described by Varela et al. (2017). The method is based on the formation of
trans-cinnamic acid (TCA) by the action of PAL on L-phenylalanine used as substrate. A reactional
mixture in which the substrate addition was done after stopping the reaction was used as the control for
each sample. TCA was detected by absorbance readings at 290 nm (Spectrophotometer Genesys 10S UV-
Vis, ThermoScienti�c™, Waltham, USA). PAL activity was calculated using a standard curve of known
TCA concentrations. The speci�c activity was expressed as µmol TCA per milligram protein per min (µmol
TCA mg− 1 protein min− 1).

POX activity was assayed according to Urbanek et al. (1991), based on the tetraguaiacol production
resulting from the electron transfer from H2O2 to guaiacol, by measuring the increase in absorbance at
480 nm (Spectrophotometer Genesys 10S UV-Vis, ThermoScienti�c™, Waltham, USA), at every 20-s
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interval for 2 min. The absorbance measured at 10 s after the onset of the reaction was used as blank.
One unit of POX activity (UA) was assumed as the increase of one absorbance unit per mL of sample per
min and was expressed as speci�c activity (UA mg− 1 protein).

GLU activity was assayed as described by Boller (1993). The method is based on the enzymatic liberation
of glucose from laminarin used as substrate. Absorbance readings were taken at 520 nm
(Spectrophotometer Genesys 10S UV-Vis, ThermoScienti�c™, Waltham, USA) and the glucose content
released in the reaction mixture was calculated using a standard curve of known glucose concentrations.
The reaction mixture in which the buffer replaced the sample was taken as the blank. The speci�c activity
was expressed in nanokatal (nkat) of glucose per milligram protein (nkat mg− 1 protein). One nkat was
de�ned as one nmol of glucose liberated from laminarin per mL of sample per second, under the assay
conditions.

Inhibition of the proteolytic activity of papain (EC 3.4.22.2), a cysteine proteinase, by the cowpea leaf
crude extracts was evaluated as previously described (Abe et al., 1992) by measuring the inhibition of the
enzymatic release of β-naphthylamine from N-α-benzoyl-arginine-β-naphthylamide (BANA) used as the
enzyme substrate. The product of the interaction between β-naphthylamine and 4-
dimethylaminocinnamaldehyde (DMACA) was measured at 540 nm. The positive control (100% papain
activity) reaction was performed by adding an aliquot of the buffer solution instead of the corresponding
leaf crude extract. The blank for each leaf crude extract sample consisted of the complete reaction
mixture to which BANA was added after the reaction had been stopped. The level of papain inhibition
was measured by the decrease in absorbance at 540 nm (Spectrophotometer Genesys 10S UV-Vis,
ThermoScienti�c™, Waltham, USA). One unit of inhibition (UI) was de�ned as the decrease in 0.01
absorbance unit caused by the addition of the leaf crude extract sample in comparison to the absorbance
veri�ed in the positive control (100% papain activity) per milliliter of sample. Speci�c inhibitory activity
was expressed as UI mg− 1 protein.

2.5. Quantitative assay of phenolic compounds
Phenolic compounds (PC) were extracted and quanti�ed according to Ainsworth and Gillespie (2007).
Tobacco fresh leaves (500 mg) were pulverized to a �ne powder using a mortar and pestle with liquid
nitrogen and extracted with 1.0 mL 95% (v/v) methanol. The suspension was mixed for 3 min,
centrifuged (13,000 g, 25 ºC, 5 min), and the supernatant was used to perform the assay, using the Folin-
Ciocalteu reagent under alkaline condition. The absorbance of the mixture was taken at 765 nm
(Spectrophotometer Genesys 10S UV-Vis, ThermoScienti�c™, Waltham, USA). The amount of PC was
calculated based on a standard curve of known concentrations of pyrogallic acid. It was expressed as mg
PC per gram fresh matter (mg g− 1 FM).

2.6. Qualitative and quantitative assay of H2O2

The presence of H2O2 in tobacco leaves was performed by the in situ 3,3’-diaminobenzidine (DAB)
staining method (Thordal-Christensen et al., 1997). The DAB solution (0.1%, m/v) was prepared by
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adjusting the pH to 3.0 with HCl and solubilized in ultra-pure water at 50 ºC for 1 h. After cooling, the pH
was adjusted to 4.0 with NaOH. The petiole was submerged in the DAB solution under dark conditions
immediately after the leaves had been detached from the plant stem. After 8 h, the leaves were
depigmented by 24h immersion in a solution of trichloroacetic acid (1.5 g L− 1) in ethanol and chloroform
(3:1, v/v), under slight agitation. The presence of H2O2 was qualitatively evaluated by the presence of
dark brown precipitates.

H2O2 extraction and quanti�cation were performed using the Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen, Carlsbad, CA, USA) according to Zhou et al., (1997). The
method is based on the reaction of the Amplex Red reagent (10-acetyl-3,7-dihydrophenoxazine) and H2O2

(1:1 proportion) in the presence of horseradish peroxidase. The reaction was conducted in wells of 96-
well microplates and absorbance readings were taken at 540 nm (Automated Microplate Reader ELX800,
BioTek®, Vermont, USA). The H2O2 content was calculated using a standard curve of known H2O2

concentrations and was expressed as nanomol de H2O2 per gram of fresh matter (nmol H2O2 g− 1 FM).

2.7. Reverse transcription-polymerase chain reaction (RT-
PCR) analysis for CPSMVCE detection in tobacco leaves
To check for the presence or absence of CPSMVCE in susceptible cowpea and in non-inoculated (mock-)
and virus-inoculated tobacco leaves, degenerate primers, corresponding to the speci�c and conserved
sequence of the coat protein (CP) gene within the genus Comovirus, were used as templates: 5′-YTCRAA
WCCVYTRTTKGGMCCACA-3′ (reverse) and 5′-GCATGGTCCACWCAGGT-3′ (forward) (Brioso et al. 1996).
The RT-PCR products obtained (Martins et al., 2020) were subjected to agarose gel (1.2%, m/v)
electrophoresis (100 mA constant current, 30 min, 26°C) and next the gel was immersed in ethidium
bromide (0.5 µg/µL) for 10 min. Visualization of the RT-PCR products was achieved using an UV light
transilluminator. Photo-documentation was done using a MiniBIS Pro Bio-Imaging Systems + 
GelCapture™ software.

2.8. RNA extraction from tobacco leaves and quantitative
reverse transcription-polymerase chain reaction (qRT-PCR)
for analysis of the relative expression levels of selected
genes
Total RNA was extracted from tobacco leaves using the NucleoSpin® RNA Plant kit (Macherey-Nagel,
Düren, Germany) as advised by the manufacturer. The extracted RNA was quanti�ed (NanoDrop 2000
spectrophotometer, ThermoScienti�c™, Waltham, USA) and its integrity was checked after electrophoresis
in 1.5% (m/v) agarose gel performed in a Pharmacia Biotec electrophoresis system, at 50 mA, 100 V. The
puri�ed RNAs were reverse transcribed to cDNAs by RT-PCR (ImProm-II™ Reverse Transcription System,
Promega, Madison, USA) according to the manufacturer’s instructions. Initially, the mixture containing the
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RNAs, RNase-free water, and the oligo(dT)s were incubated in a thermocycler (Endurance TC-512,
Techne®, Burlington, USA) at 70 ºC for 5 min, and chilling at 4 ºC for 5 min. Next, the Reverse
Transcription Mix and oligo(dT)s were added and the annealing step carried out at 25 ºC for 5 min,
elongation at 42 ºC for 60 min, and the enzyme denaturation at 70 ºC for 15 min. The synthesized cDNAs
were kept under − 20 ºC until use. The relative levels of the mRNAs (transcripts) of the corresponding
genes RDR1 (RNA-dependent RNA polymerase 1), RDR2 (RNA-dependent RNA polymerase 2), EF1α
(elongation factor 1α), eIF4E (eukaryotic translation initiation factor 4E) and its isoform eIF(iso)4E, NR
(nitrate reductase), BRI1 (brassinosteroid insensitive 1), BAK1 (BRI1-associated receptor kinase 1), and
RBOHB (respiratory burst oxidase homolog protein B) was estimated using the GoTaq® qPCR Master Mix
for Dye-Based Detection (Promega, Madison, USA) following the manufacturer’s instructions and
performed on a Mastercycler® RealPlex4 (Eppendorf, Hamburg, Germany). The schedule used for
quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis was: enzyme activation
at 94 ºC for 10 min; 40 cycles of denaturation at 94 ºC for 15 s, annealing at 41.0, 56.6, 57.3, 61.0, or 62.5
ºC for 15 s, elongation at 60 ºC for 20 s; and a �nal elongation step at 60 ºC for 2 min. The relative
quanti�cation (relative gene expression) of transcripts was performed using the 2−ΔΔCt method (Livak
and Schmittgen, 2001). The genes L23A1, L23A3, PP2A, and F-BOX, which code for the ribosomal protein
L23A1, ribosomal protein L23A1, phosphatase 2A, and F-box protein, respectively, were tested to
determine the most stable reference (housekeeping) genes (Martins et al., 2020) across the biological and
technical replicates to calculate the relative gene expression. PP2A was the most stable and thus selected
as the housekeeping gene. The forward and reverse primers used for qRT-PCR analyses were designed
based on the cowpea mRNA sequences available at NCBI using the Perl Primer v1.1.19 software. Primer
e�ciency was determined by the dilution method and e�ciencies between 95 and 100% were achieved.
Reaction products were analyzed by melting curves to verify the absence of unspeci�c products and
dimer formation.

2.9. Experimental design and statistical analysis
The experiments were set in a completely randomized design in a factorial arrangement (2 treatments x 3
days of measurement), with three independent biological replicates. Each biological replicate was
represented by 5 or 6 plants. Three independent analyses (technical replicates) were performed on three
independent biological replicates for each studied time point. The mean of three independent biological
replicates was calculated. One-way ANOVA was carried out and means were compared between CPSMV-
and mock-inoculated tobacco plants within each day using the Student's T-test (p ≤ 0.05), whereas the
Tukey’s test (p ≤ 0.05) was employed to detect any difference between the means of the distinct
experimental days after inoculation (1 DAI, 2 DAI, and 6 DAI) within the same treatment. Analyses were
done with three technical replicates for each biological replicate.

Results

3.1. Detection of CPSMVCE in tobacco leaves
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Tobacco leaves inoculated with CPSMVCE accumulated cDNA fragments of the CPSMV-coat protein at 6
DAI (Fig. 1A) to a lesser extent than the susceptible cowpea genotype (CE-31) that was used for
comparison and similarly inoculated with the virus (Fig. 1A). However, contrary to cowpea, no
characteristic symptoms of the viral disease or morphological changes were developed in tobacco leaves
even at 30 DAI (data not shown).

3.2. Soluble protein and RNA contents in tobacco leaves
The protein contents (Fig. 1B) in the mock- and CPSMVCE-inoculated tobacco leaves did not vary
signi�cantly within the same treatment group along the experimental period (same lowercase letter).
However, comparison between the two studied plant groups showed that the protein contents of the
CPSMVCE-inoculated tobacco leaves were signi�cantly (p ≤ 0.05) lower (different uppercase letters) than

those in the respective mock-inoculated plants at 1 DAI (2.66 ± 0.14 mg protein g− 1 FM versus 3.72 ± 0.15
mg protein g− 1 FM; 28% decrease) and 6 DAI (2.47 ± 0.08 mg protein g− 1 FM versus 4.07 ± 0.06 mg
protein g− 1 FM; 39% decrease).

The RNA contents (Fig. 1C) within the mock-inoculated control group decreased signi�cantly (p ≤ 0.05) at
2 DAI (7.15 ± 1.16 mg RNA g− 1 FM) and stayed lower at 6 DAI (8.14 ± 0.17 mg RNA g− 1 FM) as compared
with the value at 1 DAI (10.37 ± 0.16 mg RNA g− 1 FM). In contrast, the RNA contents of the CPSMVCE-

inoculated tobacco leaves signi�cantly (p ≤ 0.05) increased from 1 DAI (4.09 ± 0.24 mg RNA g− 1 FM) to 2
DAI (6.92 ± 0.92 mg RNA g− 1 FM), but at 6 DAI decreased to 3.59 ± 0.69 mg RNA g− 1 FM, a value which is
not signi�cantly different when compared to that calculated at 1 DAI. The RNA contents in the CPSMVCE-

inoculated tobacco leaves at 1 DAI (4.09 ± 0.24 mg RNA g− 1 FM) and 6 DAI (3.59 ± 0.69 mg RNA g− 1 FM)
were signi�cantly (p ≤ 0.05) lower (~ 60% and 56% decrease, respectively) as compared with the
corresponding data for the mock-inoculated leaves at the corresponding experimental periods (1 DAI = 
10.37 ± 0.16 mg RNA g− 1 FM; and 6 DAI = 8.14 ± 0.17 mg RNA g− 1 FM). At 2 DAI the data found for the
CPSMVCE-inoculated tobacco leaves (6.92 ± 0.92 mg RNA g− 1 FM) was not signi�cantly different

compared with that of the control plants (7.15 ± 1.16 mg RNA g− 1 FM).

3.3. H2O2 content and SOD, CAT, and APX enzyme activities
in tobacco leaves
Qualitatively, the presence of H2O2 in the CPSMVCE-inoculated leaves, observed by naked eyes, barely
increased in comparison to the mock-inoculated controls at 1 DAI, 2 DAI, and 6 DAI, as detected by the
DAB staining method (Fig. 2A). Nevertheless, the H2O2 accumulation was more evident at the leaf midrib
and secondary veins. However, the quantitative estimation of the H2O2 contents (Fig. 2B) revealed
signi�cant (p ≤ 0.05) higher amounts in the CPSMVCE-inoculated tobacco leaves at 1 DAI (11.87 ± 0.87

nmol H2O2 g− 1 FM) (~ 40% increase) and 6 DAI (14.71 ± 0.05 nmol H2O2 g− 1 FM) (~ 34% increase) in

comparison with the respective mock-inoculated controls (1 DAI = 7.16 ± 1.50 nmol H2O2 g− 1 FM; 2 DAI = 

9.71 ± 0.54 nmol H2O2 g− 1 FM). At 2 DAI, the H2O2 contents were similar.
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The SOD speci�c activity data (Fig. 3A) in the CPSMVCE-inoculated tobacco leaves markedly increased

(~ 155% and 180%, respectively) at 6 DAI (3.11 ± 0.33 UA mg− 1 protein) in comparison to those at 1 DAI
(1.22 ± 0.07 UA mg− 1 protein) and 2 DAI (1.11 ± 0.25 UA mg− 1 protein), values that were not signi�cantly
different. The SOD speci�c activity data of the mock-inoculated control increased (35%) at 2 DAI (1.85 ± 
0.26 UA mg− 1 protein) in relation to 1 DAI (1.37 ± 0.07 UA mg− 1 protein), but decreased at 6 DAI (1.52 ± 
0.15 UA mg− 1 protein) to a value that was not different from that veri�ed at 1 DAI (1.57 ± 0.15 UA mg− 1

protein). Nevertheless, the CPSMVCE challenge of tobacco induced a 68% increase in the SOD activity at 6
DAI over that of the mock plants at 2 DAI.

The CAT speci�c activity (Fig. 3B) of the CPSMVCE-inoculated leaves stayed approximately similar from 1

DAI to 6 DAI (1 DAI = 0.73 ± 0.02 UA mg− 1 protein; 2 DAI = 0.59 ± 0.16 UA mg− 1 protein; 6 DAI = 0.59 ± 0.12
UA mg− 1 protein), whereas that of the mock-inoculated control signi�cantly (p ≤ 0.05) increased from 1
DAI (1.03 ± 0.12 UA mg− 1 protein) to 2 DAI (1.35 ± 0.05 UA mg− 1 protein), but decreased considerably
(60%) at 6 DAI (0.53 ± 0.06 UA mg− 1 protein). In addition, besides to present similar data along the
studied experimental time course, the CAT speci�c activity values (Fig. 3B) of the CPSMVCE-inoculated
leaves were signi�cantly (p ≤ 0.05) lower than those of the mock-inoculated control at 1 DAI and 2 DAI,
except at 6 DAI.

The APX speci�c activity (Fig. 3C) of the CPSMV-inoculated leaves decreased (~ 19%) signi�cantly (p ≤ 
0.05) at 2 DAI (6.65 ± 0.86 UA mg− 1 protein), but increased notably (~ 48%) at 6 DAI (12.21 ± 0.67 UA mg− 

1 protein) in comparison to the data at 1 DAI (8.23 ± 0.93 UA mg− 1 protein). In the mock-inoculated
control, the APX speci�c activity increased signi�cantly (p ≤ 0.05) at 2 DAI (8.12 ± 0.37 UA mg− 1 protein)
and 6 DAI (7.23 ± 0.91 UA mg− 1 protein) in comparison with the data at 1 DAI (5.33 ± 1.55 UA mg− 1

protein). Comparatively, the APX speci�c activity values of the CPSMV-inoculated leaves were higher at 1
DAI (8.23 ± 0.93 UA mg− 1 protein) and at 6 DAI (12.21 ± 0.67 UA mg− 1 protein) than those respective
mock-inoculated control values (1 DAI = 5.33 ± 1.55 UA mg− 1 protein; 6 DAI = 7.23 ± 0.91 UA mg− 1

protein). At 2 DAI, the data did not differ signi�cantly (mock-inoculated = 8.12 ± 0.37 UA mg− 1 protein;
CPSMV-inoculated = 6.65 ± 0.86).

3.4. Phenolic compound content and PAL and POX enzyme
activities in tobacco leaves
The contents of phenolic compounds (PC) (Fig. 4A) in the CPSMVCE-inoculated tobacco leaves was

signi�cantly higher at 1 DAI (7.19 ± 0.75 mg PC g− 1 FW) and 6 DAI (15.37 ± 1.21 mg PC g− 1 FW) in
comparison with the corresponding mock-inoculated controls (1 DAI = 4.28 ± 0.47 mg PC g− 1 FW; 6 DAI = 
11.15 ± 1.10 mg PC g− 1 FW).

In parallel, the PAL activity (Fig. 4B) was signi�cantly higher in CPSMVCE-inoculated leaves at 1 DAI (1.28 

± 0.07 µmol TCA mg− 1 protein min− 1), 2 DAI (2.08 ± 0.09 µmol TCA mg− 1 protein min− 1), and 6 DAI (2.22 
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± 0.00 µmol TCA mg− 1 protein min− 1) in comparison with the respective mock-inoculated controls (1 DAI 
= 0.48 ± 0.06 µmol TCA mg− 1 protein min− 1; 2 DAI = 1.08 ± 0.13 µmol TCA mg− 1 protein min− 1; 6 DAI = 
0.78 ± 0.19 µmol TCA mg− 1 protein min− 1).

The POX activity (Fig. 4C) was similar between the CPSMVCE- and mock-inoculated at 1 DAI and 2 DAI.
However, the tobacco leaves responded to the CPSMV challenge with a very prominent increase (~ 3x) at
6 DAI (120.80 ± 5.38 UA mg− 1 protein) in relation to the mock-inoculated (control) control (38.58 ± 3.79
UA mg− 1 protein).

3.5. Enzyme activities of the PR-proteins GLU and PIN in
tobacco leaves
The GLU activity (Fig. 5A) in CPSMV-inoculated tobacco leaves (1.85 ± 0.07 nkat mg− 1 protein) was not
different from the data calculated for the mock-inoculated control (1.73 ± 0.23 nkat mg− 1 protein) at 1
DAI, neither at 2 DAI (2.50 ± 0.31 nkat mg− 1 protein and 1.92 ± 0.12 nkat mg− 1 protein, respectively).
However, the GLU activity in CPSMV-inoculated tobacco leaves (2.65 ± 0.16 nkat mg− 1 protein) more than
doubled in relation to that calculated for the mock-inoculated control at 6 DAI (1.02 ± 0.11 nkat mg− 1

protein).

The protease inhibitor (PIN) activity (Fig. 5B) was signi�cantly higher at 1 DAI (455.35 ± 17.81 UI mg− 1

protein) and 2 DAI (361.46 ± 27.95 UI mg− 1 protein) when compared with the respective mock-inoculated
controls (1 DAI = 211.10 ± 19.52 UI mg− 1 protein; 2 DAI = 299.19 ± 14.04 UI mg− 1 protein), even taken into
consideration that controls presented a crescent trend of PIN activity along the time course.

3.6. Relative expression of the selected transcripts
Challenge of the tobacco leaves with CPSMVCE up-regulated (1.45-fold change) the relative expression of
the eIF4E gene in comparison with the mock-inoculated control, at 6 DAI (Fig. 6). RDR2 gene slightly
increased but not signi�cantly. By contrast, signi�cant decreases in the relative levels of the following
transcripts were detected in the CPSMVCE-inoculated leaves in comparison with the mock-inoculated
control (Fig. 6): EF1α (0.45-fold); NR (0.64-fold); and BRI1 (0.46-fold). No signi�cant changes were noted
for RDR1, eIF(iso)4E, RBOHB, and BAK1.

Discussion
Effective infection of tobacco and cowpea leaves by CPSMVCE was detected based on the presence of
the corresponding cDNA fragments of the CPSMV-coat protein (Fig. 1A). Somehow, tobacco accumulated
less viral particles than the susceptible cowpea genotype. Severe mosaic and chlorosis, which are typical
symptoms observed in the virus-susceptible cowpea genotype CE-31 inoculated with CPSMVCE, were not
noticed in the tobacco leaves (Fig. 1B), even at 30 days after inoculation (�gure not shown). CPSMVCE

accumulation was previously reported in CE-31 (Souza et al., 2017; Varela et al., 2017), which
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characterize a compatible interaction. This suggests that the studied tobacco variety (Xanthi) is tolerant
to CPSMVCE, as it limits the virus disease severity and established a style of asymptomatic co-existence
(Sanfaçon, 2020) probably through induction of speci�c mechanisms, most of them still not well
understood because tolerance, in comparison with resistance to plant pathogens, has received much less
attention. Consequently, experimental results and data on the mechanism of tolerance that helps plants
to prevent the severe symptoms observed in susceptible hosts are scarce in the pertinent literature (Pagán
and Garcia-Arenal, 2018). Nevertheless, in tolerant interactions, considerable accumulation of viruses has
been observed in asymptomatic plants (Sanfaçon, 2020). Then, what biochemical responses are induced
by CPSMVCE in tobacco (var. Xanthi) plants to attain tolerance is an open question. To address this
demand, we challenged tobacco plants with CPSMVCE and compared with mock-inoculated controls.

Lower accumulation of soluble proteins and RNA in CPSMVCE-inoculated tobacco leaves (Fig. 1B, C)
might be a plant strategy to reduce the available cellular machinery for virus replication. Lower protein
and RNA contents is a broadly-known plant response against virus infection in consequence of gene
silencing and protein target to degradation (Garcia-Ruiz, 2018; Souza et al., 2017). Protein degradation
and the resulting constituent amino acids are linked to the supply of energy and metabolic intermediates
necessary for an effective defense strategy (Rojas et al., 2014). Recently, a proteomic study carried out by
our research group showed that proteins involved in RNA metabolism, in addition to speci�c transcription
factors, were less accumulated in resistant cowpea plants inoculated with CPSMVCE (Varela et al., 2017).

Part of the defense mechanism of tobacco plants against CPSMVCE infection consisted of increased
H2O2 content at 1 and 6 DAI (Fig. 2). H2O2 accumulation in tobacco leaves is similar to that in cowpea,
either in susceptible or resistant genotypes (Paiva et al., 2016; Silva et al., 2016; Souza et al., 2017),
possibly as an attempt to limit the CPSMVCE spread in the host plants at the earlier stages of infection. At
this infection phase, H2O2 accumulation may act as a microbicidal agent at the site of pathogen invasion
and also as a signaling molecule to trigger the plant defense responses (Deng et al., 2016; Lei et al., 2016;
Zhang et al., 2020).

One of the sources of H2O2 production in plants is dismutation of superoxide anions (O2
• −) catalysed by

SOD (Smirnoff and Arnaud, 2019). The SOD activity of the CPSMVCE-inoculated tobacco plants (Fig. 3A)
increased remarkably (180%) at 6 DAI in comparison to the respective mock-inoculated control. Changes
in SOD activity and H2O2 content in CPSMVCE-inoculated tobacco plants apparently did not match, apart
from 6 DAI when both SOD and H2O2 increased concomitantly. However, the net amount of H2O2 is also
dependent on CAT, APX, and POX activities as they use H2O2 as substrate and thus are scavenge
enzymes. As shown in Fig. 3B, 3C, and 4C, whereas CAT activity is overall lower, APX and POX are much
higher, particularly at 6 DAI, in comparison to the respective tobacco plant controls. Together, these data
would suggest that H2O2 should be lower at 6 DAI. However, SOD is regarded as the main intracellular
antioxidant defense against superoxide anions, which are converted into H2O2 and O2 (Stephenie et al.,
2020), and may have overwhelmed APX and POX activities to explain the net high amount of H2O2 at 6
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DAI. Moreover, there are other many biochemical ways, non- and enzymatic, by which H2O2 is produced in
plants such as mitochondrial generation through the electron transport chain (ETC), oxidases involved in
photorespiration, photosynthesis, fatty acid oxidation, amine/polyamine oxidation, and purine catabolism
(Smirnoff and Arnaud, 2019). As previously mentioned, H2O2 accumulation may act as a direct toxic
agent against CPSMVCE at the site of pathogen invasion. For instance, H2O2 was considered an effective
agent for in vitro inactivation of adenovirus types 3 and 6, adenoassociated virus type 4, rhinoviruses 1A,
1B, and type 7, myxoviruses, in�uenza A and B, respiratory syncytial virus, and coronavirus strain 229E
(Mentel et al., 1977). In addition of being antimicrobial, H2O2 acts as a signalling molecule in the
induction of systemic acquired resistance (SAR) and defence-associated genes in plants (Smirnoff and
Arnaud, 2019). Lei and collaborators (2016) showed that the M strain of Cucumber mosaic virus (M-
CMV) induced H2O2 accumulation in inoculated leaves of Nicotiana tabacum (cv. white burley) during
systemic infection, compared with mock-inoculated leaves. Previous works suggested that the higher
activities of SOD, APX, and POX, and the lower activity of CAT, compared to mock-inoculated controls,
were associated to plant defense mechanisms against virus infection (Gonçalves et al., 2013; Souza et
al., 2017; Varela et al., 2017).

In our study, the phenolic compound content increased at 1 DAI and 6 DAI (Fig. 4A) and the PAL activity
was considerably higher at all studied time points (Fig. 4B) in CPSMVCE-inoculated tobacco leaves,
compared with the respective mock-inoculated controls. Therefore, both the increased PAL activity and
the biosynthesis of secondary compounds (phenols) appeared to be important in conferring tolerance of
tobacco plants to CPSMVCE. In most plants, the key step of the biosynthesis of phenolics is the non-
oxidative deamination of phenylalanine by PAL to trans-cinnamate, which constitutes the initial reaction
of the phenylpropanoid pathway. In wheat plants infected with Wheat streak mosaic virus the
phenylpropanoid pathway was stimulated upon infection, but ligni�cation was not (Kofalvi and Nassuth,
1995). When the cotyledons of 3–true leaf potted seedlings of a common Japanese tomato cultivar (cv.
Fukuju No. 2) were inoculated with potato Virus X (PVX) and with an attenuated strain (L11A) of tobacco
mosaic virus (TMV-L11A), the time-course analysis of the methanol-extractable free, and saponi�able
ester-bound phenol contents accumulated signi�cantly in the primary leaves during the �rst 3 days,
continued to increase steadily, and peaked between 6 and 10 days postinoculation, compared to
uninoculated controls. These results indicated that PVX and TMV-L11A infection not only affected the
quantity, but also altered the type of phenol components of the infected tomato plants (Balogun and
Teraoka, 2004). Other studies indicated that increased PAL activity and elevated phenolic contents play
active roles in virus defense as veri�ed in resistant cowpea plants infected with CPSMVCE (Varela et al.,
2017), Capsicum baccatum infected with Pepper yellow mosaic virus (PEPYMV) (Gonçalves et al., 2013),
and Gossypium arboreum and Gossypium herbaceum both infected with Cotton leaf curl burewala virus
(CLCuBuV) (Siddique et al., 2014)

Our study showed that the GLU speci�c activity in CPSMVCE-inoculated tobacco leaves was higher than
in mock-inoculated controls, at 6 DAI (Fig. 5A). This increase of GLU activity in CPSMVCE-inoculated
tobacco, may have been induced by the virus as an attempt to degrade deposited callose, a β-1,3-glucan
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polysaccharide, at the neck region of plasmodesmata (Zavalievet al., 2013). GLU is an enzyme that
degrades callose. Callose accumulation regulates plasmodesmata permeability and limits the cell-to-cell
movement of plant viruses, whereas its degradation allows virus spread (Harries and Ding, 2011; Zavaliev
et al., 2013; Walsh and and Mohr, 2011). It is well known that viruses subvert the host protein synthesis
machinery to their own purpose. The increased GLU activity observed in our study may be an example of
such interference on the tobacco protein metabolism.

The cysteine proteinase inhibitor (PIN) of tobacco leaves infected with CPSMVCE was strongly induced at
the early stage of infection (Fig. 5B). Plausibly, increased PIN activity constitutes an attempt of tobacco
to inhibit the CPSMVCE cysteine proteinase that is required for the proteolytic cleavage of the CPSMVCE

RNA 1-encoded polyprotein precursor (208 kDa molecular mass), which is processed to yield �ve mature,
functional protein sub-units (a 32 kDa proteinase cofactor, a 58 kDa presumed helicase, a viral genome
5′-linked protein [VPg] of the CPSMV genomic RNAs [RNA-1 and RNA-2], a 24 kDa proteinase, and a 87
kDa presumed RNA-dependent RNA polymerase) that are required for replication, a crucial event for
successful viral infection (Chen and Bruening, 1992; Ponz et al., 1988; Rodamilans et al., 2018). For
instance, increased proteinase inhibitor activity was reported in the incompatible interactions of both G.
arboreum and G. herbaceum with CLCuBuV (Siddique et al., 2014) and transgenic tobacco plants infected
with Tobacco etch virus (TEV) and Potato virus Y (PTY) (Gutierrez-Campos et al., 1999). Therefore,
inhibitors of cysteine proteinases could be further studied as potential antiviral agents against plant
viruses that use cysteine proteinases to process genomic precursor proteins for replication.

Viruses depend on the host cellular translation initiation factors to synthesize their proteins to regulate
replication, the systemic movement into the plant cells, and complete their cycle (Keima et al., 2017;
Sanfaçon, 2015; Shopan et al., 2020; Walsh and Mohr, 2011). The transcript content of the elongation
factor EF1α (also referred as eEF1A, in the literature) was down-regulated in CPSMVCE-inoculated tobacco
at 6 DAI, whereas eIF4E was up-regulated and its eIF(iso)4E isoform did not change. eIF4E and eIF(iso)4E
have similar activities, but may have distinct physiological functions and the lack of eIF4E or eIFiso4E
does not in�uence the viability of plants. However, de�ciency of eIF4E or eIFiso4E decreases the
infectivity of plant viruses (Keima et al., 2017). For instance, natural recessive resistance to potyvirus and
several other viruses has been often linked to mutations in eIF4E or eIF(iso)4E that impede their
interactions with the VPg protein (Sanfaçon, 2015; Shopan et al., 2020). Presumably, CPSMVCE induced
the increase of the eIF4E gene products (Fig. 6) in tobacco as an attempt to support infection. Therefore,
increase of the EF1α level was expected, together with eIF4E, to enhance the synthesis of the CPSMVCE

polyprotein. However, in response to the augmented eIF4E expression, the CPSMVCE-inoculated tobacco
plants down-regulated EF1α (Fig. 6). Plausibly, it represents an attempt to control CPSMVCE replication.
For instance, CPSMVCE is also a positive-strand RNA virus. EF1α is frequently found in association with
eIF4E/eIF(iso)4E and PABP (poly(A)-binding protein) to comprise the virus translation/replication
complexes of positive-strand RNA viruses (Sanfaçon, 2015). EF1α is required to deliver selected
aminoacylated tRNA to the 80S ribosome A site (Walsh and Mohr, 2011). The positive-strand RNA virus
type constitutes the majority of the characterized infectious plant viruses (Sanfaçon, 2020). Proteomic
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analyses of a resistant cowpea genotype infected with CPSMVCE also showed lower EF1α accumulation
(Varela et al., 2017). Moreover, recent �ndings by our research group revealed that a susceptible cowpea
genotype up-regulated eIF(iso)4E when inoculated with CPSMVCE, while the resistant cowpea genotype
exhibited no alteration in both eIF4E and eIF(iso)4E (data not published). eIF4E is a major target factor
hijacked by Potyviruses, to which Comoviruses are similar, to enhance protein synthesis, cell-to-cell and
systemic movements, and regulate replication (Sanfaçon, 2015).

BRI1 gene, which codes for a receptor kinase, was down-regulated in tobacco plants infected with
CPSMVCE as compared to uninoculated controls (Fig. 6). BRI1 and BAK1 are receptors for brassinosteroid
(BR) signalling and play important functions in infections caused by RNA virus, like those promoted by
Turnip crinkle virus (TCV), Oilseed rape mosaic virus (ORMV), and TMV (Zhao and Li, 2021). Silencing of
the BR biosynthetic and signaling genes NbBRI1 and NbBAK1, along with NbDWARF, NbBSK1, and
NbBIK1, enhanced the susceptibility of N. benthamiana plants to TMV infection indicating that these
genes also support the antiviral immune response (Deng et al., 2016a). Moreover, silencing of NbBRI1
compromised the BR-induced H2O2 and NO production associated with systemic virus resistance (Deng
et al., 2016). Therefore, lower BRI1 expression induced in tobacco by CPSMVCE may represent an
additional virus strategy by which the BR-induced resistance of tobacco to CPSMVCE is blocked.

The NR gene, which code for nitrite-dependent nitrate reductase, was down-regulated upon tobacco
inoculation with CPSMVCE (Fig. 6). Deng et al. (2016) showed that silencing of NbNR or systemic
pharmacological inhibition of NR compromised BR-triggered systemic nitric oxide (NO) accumulation that
participates in the BR-induced general virus defence signalling in Nicotiniana benthamiana. Probably,
down-regulation of NR in tobacco, induced by CPSMVCE, limits the BR-induced defence mechanism of
tobacco as there is evidence that H2O2 and NO are involved in the BR-mediated systemic defense
signaling pathway against plant viruses (Deng et al., 2016; Štolfa Čamagajevac et al., 2019). This
suggests that CPSMVCE successfully inhibited the BR-dependent defense pathway in tobacco plants. For
instance, BR levels and signalling were positively correlated with the tolerance of Arabidopsis thaliana to
Cucumber mosaic virus (CMV) (Zhang et al., 2015b). Zou et al. (2018) showed that there is indeed a BR-
dependent pathway that induces NO accumulation through NR activity to suppress viral infection in A.
thaliana challenged with CMV.

We conclude that CPSMVCE modulated the activity of some enzymes and gene expression in tobacco to
its own bene�t, as proposed in the supplementary Figure S1. Indeed, the genes related to the plant
defense pathways (NR, BRI1, and BAK1) had their expression down-regulated, whereas eIF4E, which is
related to CPSMVCE protein synthesis, replication, and spread, was up-regulated. However, even with
alterations induced by CPSMVCE to facilitate the viral action, N. tabacum overcomes and actively
responds against the viral infection (Fig. S1). For example, the EF1α gene, which is also related to viral
protein synthesis, was down-regulated. Moreover, the H2O2 and polyphenol contents (PC), as well as the
activity of the enzymes SOD and PAL increased. Nevertheless, the severe mosaic disease symptoms
caused by CPSMVCE in susceptible cowpea genotypes were not developed in N. tabacum (var. Xanthi),
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although CPSMVCE viral particles were present in the plant leaves at 6 DAI (Fig. 1). Taken together, these
�ndings suggest that N. tabacum (var. Xanthi), a non-leguminous plant, exhibited the patterns of a typical
tolerant host to CPSMVCE since this virus did not cause any harmful disease symptoms although it
modulated some transcripts and enzyme activities crucial for successful viral replication. Nevertheless,
other many biochemical and molecular aspects of this pathosystem need to be investigated to obtain a
complete picture of the mechanisms driving the tolerance of N. tabacum (var. Xanthi) to CPSMVCE, which
is of utmost importance to develop new cowpea genotypes tolerant or resistant to this viral disease.
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Figure 1

PCR products (cDNA) of the CPSMV coat protein (A), and the contents of the leaf protein (B) and RNA (C)
of tobacco plants. The mock- (Tobacco + Mock) control and the CPSMV-inoculated (Tobacco + CPSMV)
tobacco leaves were analyzed. For comparison, a susceptible cowpea genotype (CE-31), equally
inoculated with CPSMV (Cowpea + CPSMV), was included. The PCR products (cDNA) of the CPSMV coat
protein were assessed at 6 days after CPSMV inoculation (6 DAI) by electrophoresis in 1.5% (v/v) agarose
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gel. The leaf soluble protein and RNA contents were evaluated in mock- (mock) and CPSMV-inoculated
(CPSMV) tobacco leaves at 1, 2, and 6 DAI. Each time point represents the mean of three independent
samples with three analytical replicates each ± standard deviation. Different lower-case letters indicate
signi�cant (p ≤ 0.05) difference between the means of the same treatment plant group along the
experimental days (1 DAI, 2 DAI, and 6 DAI), according to the analysis of variance (ANOVA) followed by
the Tukey’s test. Different upper-case letters indicate significant (p ≤ 0.05) difference between the means
of the two treatment groups (mock- and CPSMV-inoculated plants) compared at each time point.  
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Figure 2

In situ H2O2 accumulation (A) and H2O2 content (B) in CPSMV-inoculated tobacco leaves measured at 1,
2, and 6 days after CPSMV inoculation (DAI) compared with the respective mock-inoculated controls.
Each leaf represents an independent biological sample. Each data point represents the mean of three
independent samples with three analytical replicates each ± standard deviation. Different lower-case
letters indicate signi�cant (p ≤ 0.05) difference between the means of the same treatment plant group
along the experimental days (1 DAI, 2 DAI, and 6 DAI), according to the analysis of variance (ANOVA)
followed by the Tukey’s test. Different upper-case letters indicate significant (p ≤ 0.05) difference
between the means of the two treatment groups (mock- and CPSMV-inoculated plants) compared at each
time point.  
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Figure 3

Superoxide dismutase (SOD; A), catalase (CAT; B), and ascorbate peroxidase (APX; C) enzyme activity at
1, 2, and 6 days after CPSMV inoculation (DAI) compared with the respective mock-inoculated controls.
Each data point represents the mean of three independent samples with three analytical replicates each ±
standard deviation. Different lower-case letters indicate signi�cant (p ≤ 0.05) difference between the
means of the same treatment plant group along the experimental days (1 DAI, 2 DAI, and 6 DAI),
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according to the analysis of variance (ANOVA) followed by the Tukey’s test. Different upper-case letters
indicate significant (p ≤ 0.05) difference between the means of the two treatment groups (mock- and
CPSMV-inoculated plants) compared at each time point.  

Figure 4
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Phenolic compound content (PC; A) and activities of phenylalanine ammonia-lyase (PAL; B) and guaiacol
peroxidase (POX; C) at 1, 2, and 6 days after CPSMV inoculation (DAI) compared with the respective
mock-inoculated controls. Each data point represents the mean of three independent samples with three
analytical replicates each ± standard deviation. Different lower-case letters indicate signi�cant (p ≤ 0.05)
difference between the means of the same treatment plant group along the experimental days (1 DAI, 2
DAI, and 6 DAI), according to the analysis of variance (ANOVA) followed by the Tukey’s test. Different
upper-case letters indicate significant (p ≤ 0.05) difference between the means of the two treatment
groups (mock- and CPSMV-inoculated plants) compared at each time point.
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Figure 5

β-1,3-glucanase (GLU; A) and papain inhibitor (PIN; B) activities at 1, 2, and 6 days after CPSMV
inoculation (DAI) compared with the respective mock-inoculated controls. Each data point represents the
mean of three independent samples with three analytical replicates each ± standard deviation. Different
lower-case letters indicate signi�cant (p ≤ 0.05) difference between the means of the same treatment
plant group along the experimental days (1 DAI, 2 DAI, and 6 DAI), according to the analysis of variance
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(ANOVA) followed by the Tukey’s test. Different upper-case letters indicate significant (p ≤ 0.05)
difference between the means of the two treatment groups (mock- and CPSMV-inoculated plants)
compared at each time point.  

Figure 6

Relative transcript levels of RNA-dependent RNA polymerase 1 (RDR1), RNA-dependent RNA polymerase 2
(RDR2), elongation factor 1α (EF1α), eukaryotic translation initiation factor 4E (eIF4E), eukaryotic
translation initiation factor isoform 4E (eIF(iso)4E), nitrate reductase (NR), respiratory burst oxidase
homolog protein B (RBOHB), brassinosteroid insensitive 1-associated receptor kinase 1 (BAK1), and
brassinosteroid insensitive 1 (BRI1) in CPSMV-inoculated tobacco leaves at 6 days after CPSMV
inoculation (6 DAI). The values are relative to the transcript expression values in the mock-inoculated
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leaves also at 6 DAI. Each data point represents the mean of three independent samples with three
analytical replicates each ± standard deviation. Asterisks indicate significant (p ≤ 0.05) difference
between treatments (mock- and CPSMV-inoculated plants) as evaluated by the Student’s Test.
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