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Abstract: Strawberry mottle virus (SMoV) and strawberry vein banding virus (SVBV) cause diseases on strawberry

plants, but the effect of coinfection of SMoV and SVBV on the growth, development, and defense system of

strawberry (Fragaria × ananassa Duchesne) remains unknown. We investigated the effect of SMoV and SVBV co-

infection on strawberry cultivar ‘Benihope’. The results showed that stem diameter, leaf size, leaf number, relative

chlorophyll content, total chlorophyll content, photosynthetic parameters, and stomatal aperture of SMoV and SVBV

co-infected strawberry (VIS) plants were in a weaker level than uninfected control plants, indicating that viruses

inhibited the growth and photosynthesis of strawberry plants. Furthermore, the initiation of flowering and fruiting

stages of VIS plants were delayed by about three weeks compared with the controls, and the fruiting period was

shortened, demonstrating that the reproduction of VIS plants was inhibited. Fruit quality was damaged in VIS plants

due to a significant increase in fruit firmness and titratable acidity and decrease in total soluble solid content than

control fruits. More dead cells and H2O2 accumulated along the veins of VIS leaves, and the content of abscisic acid

and catalase activity significantly increased, whereas anthocyanin content was lower than that of control plants. The

results demonstrate that SVBV and SMoV coinfection inhibits the growth and development of ‘Benihope’ strawberry

plants, and the plants respond to viruses by regulating stomatal aperture, the accumulation of ABA and antioxidants.

To our knowledge, this study contributes information to understand how both viruses impair the strawberry growth

and development for the first time.

Introduction

China is the world’s largest strawberry-producing country,
and it produced nearly three million tonnes of fruit in 2018
(FAOSTAT, 2018). By contrast to in developed Western
countries, Chinese strawberry (Fragaria × ananassa
Duchesne) cultivation is mainly facilitated by complex
climate conditions (Deng and Lei, 2005). A short-day
strawberry cultivar that is planted at the end of August and
that blooms and bears fruit in mid-October, is preferentially
cultivated in China. The Japanese strawberry cultivar
‘Benihope’ is a typical short-day cultivar and is grown
widely in Beijing due to its high-quality fruit. However,
‘Benihope’ plants are susceptible to diseases (Luo et al.,
2019). Generally, strawberry is propagated vegetatively via
runners, which explains how viruses can be transmitted

from mother to daughter plants. Previous reports have
described the detection, symptoms and vectors for
strawberry viruses and virus-like diseases of strawberry
(Tzanetakis, 2010; Dara, 2015; Wu et al., 2019). In China,
strawberry vein banding virus (SVBV), strawberry mottle
virus (SMoV), strawberry mild yellow edge virus (SMYEV),
strawberry crinkle virus (SCV), strawberry necrotic shock
virus (SNSV), cucumber mosaic virus (CMV), strawberry
crinivirus 3 (SCrV-3), strawberry crinivirus 4 (SCrV-4) and
strawberry-associated virus 1 (SaV1) have been reported to
infect strawberry. (Li and Yang, 2011; Chen et al., 2014; Li
et al., 2014; Chen et al., 2018; Ding et al., 2019; He et al.,
2021). Only SVBV and SMoV are considered here because
they are the common viruses that infect strawberry in China.

SVBV belongs to the genus Caulimovirus within the
family Caulimoviridae, and was first discovered on
strawberries in the USA and described in 1955 (Frazier,
1955; Mráz et al., 1997; Petrzik et al., 1998). SVBV is
transmitted to strawberry in a semi-persistent mode
predominantly by the aphids Chaetosiphon fragaefolii,
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C. thomasi, and C. jacobi (Martin and Tzanetakis, 2006). To
date, SVBV is restricted to Fragaria spp. Some modern
cultivars, except ‘Gaviota’, ‘Cuesta’, ‘Pacifica’, and ‘Selva’,
remain symptomless when they are infected with SVBV alone
(Martin and Tzanetakis, 2006). Strawberry plants infected
with different strains of SVBV show the yellowing of the main
veins, leaf curling, vein banding, leaf necrosis, a reduction in
fruit yield, and poor fruit quality (Mahmoudpour, 2003;
Martin and Tzanetakis, 2006; Tzanetakis and Martin, 2013).

SMoV is considered to be the most common virus that
infects strawberry (Tzanetakis and Martin, 2013; Thompson
et al., 2017). SMoV was first described in 1940 and was
characterized as a distinct virus in 1946, when it was isolated
from ‘mild yellow edge’ as a result of different aphid
transmission properties (Prentice and Harris, 1946). SMoV
was recently assigned to the newly proposed subgenus
“Stramovirus” within the genus Sadwavirus, family
Secoviridae (Sanfacon et al., 2020). SMoV is transmitted in a
semi-persistent manner by Chaetosiphon spp. and Aphis
gossypii. It causes viral symptoms on F. vesca indicator plants,
which range from barely discernible mild leaf mottling to
severe stunting and distortion, and plant death, depending on
the severity of the strains and other viruses present in the
host plants. Severe strains of SMoV can reduce vigor
and yield by up to 30% and a greater impact on yield is
observed when SMoV coinfects strawberry with other viruses
(Martin and Tzanetakis, 2006).

Host responses and virus–host interactions are popular
topics of study in the field of plant virology. Host responses
after virus infection and virus–host defense mechanisms in
plants have been extensively reviewed. Following plant
infection, viruses need to escape defenses initiated by the
plant, and initiate a battery of different processes to
complete their productive cycle (Maule et al., 2002). In
response to infection, plants deploy antiviral immune
responses, hypersensitive and necrotic resistance pathways,
systemic necrosis, the salicylic acid pathway, and R gene-
mediated responses (Mandadi and Scholthof, 2013). In recent
years, the transcriptomic response of F. vesca following SVBV
infection has been studied and suggests that SVBV affects the
metabolism of plant pigments (anthocyanins and flavonoids),
photosynthesis and plant–pathogen interactions (Chen et al.,
2016). However, knowledge concerning the physiological
responses of strawberry plants to viral infection is lacking,
and a detailed description of the effect of viruses on the
growth and development of strawberry has also not been
reported. In this study, strawberry plants of the ‘Benihope’
cultivar coinfected by SVBV and SMoV were used as
experimental material. We investigated strawberry plant
growth and development, and determined physiological
indices related to plant defense in response to these viruses.

Materials and Methods

Plant material
‘Benihope’ strawberry plants, from Donggang City of
Liaoning Province, were tested for SMoV, SVBV, SMYEV,
SCV, CMV and SNSV according to previous method
(Fan et al., 2021). Only SMoV and SVBV were detected.
Ten both SMoV and SVBV positive strawberry plants were

used as mother plants to produce more viral plants. Virus-
free ‘Benihope’ strawberry plants at the same seedling stage
as viral plants were obtained from shoot tip culture for
elimination virus and used as mock controls. Three
biological replicates were analyzed for both viral plants and
mock controls, with 15 plants per replicate. These plants
were cultivated on the upper layer of the H-shaped
cultivation rack of a greenhouse at the China Agricultural
University in early September 2018. Sufficient sunlight was
provided, and 60-mesh insect nets were hung after planting
to prevent infestation by insects.

Determination of physiological indices and fruit quality
Plant stem diameter and plant height of SMoV and SVBV co-
infected strawberry (VIS) plants and virus-free strawberry
(control) plants were measured from the end of September,
every two weeks. The percentage of stem diameter increase
was calculated by (stem diameter 5 weeks – stem diameter
1 weeks)/stem diameter 1 weeks × 100%. Leaf number, petiole
length, leaflet width, leaflet length, and leaflet area were
recorded in early October. The number of flowering plants
and fruit yield per plant were recorded weekly from mid-
October to the end of February. Non-deformed fruits of the
same maturity stage were measured using vernier calipers to
determine the vertical and horizontal diameters of the fruits
to the nearest 0.01 mm. Fruit firmness was measured using
an FHM-5 fruit hardometer (TAKEMURA, Japan). A hand-
held refractometer (ATC-32, Shanghai, China) was used to
measure the content of fruit total soluble solids (TSS). The
titratable acidity (TA) was measured using the acid–base
titration method described by Berezin et al. (1995). The fruit
shape index represents the ratio between the vertical and
horizontal diameter of the fruits.

Determination of photosynthetic indices
The spectrophotometric method described by Lichtenthaler
and Buschmann (2001) was used to determine the contents
of chlorophyll a (Chla) and Chlb, carotene and total Chl in
plant leaves at the reproductive stage. A total of 45 leaf
punches (about 45 mg, three leaf punches per plant) per
replicate were collected and extracted with 4.5 mL 95%
ethanol. The relative Chl content of the core leaf, the first
leaf from the core and the second leaf from the core of
strawberry plants at the reproductive stage was determined
using a SPAD-502Plus chlorophyll meter (Konica Minolta,
Osaka, Japan). The photosynthetic parameters, including net
photosynthesis rate (PN), stomatal conductance (gs),
intercellular CO2 concentration (ci) and transpiration rate
(E) were measured at 10:00 during the flowering phase
using a portable photosynthesis system (LI-6400XT, LI-
COR, Lincoln, NE, USA). Total 15 fully developed leaves
closest to the top in each replicate were determined at a leaf
temperature of 20°C ± 2°C, a relative humidity of 60%–65%,
an irradiance of 400 µmol/m2s, a CO2 concentration of
400 µmol/mol and a flow of 500 µmol/s.

Trypan blue staining
Trypan blue staining was performed as described previously
(Strober, 2015) with slight modification. Undamaged, second
fully expanded leaves of the same age at the reproductive
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stage of strawberry plants were collected and immersed in 4%
trypan blue staining solution, and then subjected to vacuum
under a pressure of 0.9 kg/cm2 for 6 min. The staining
solution was decanted after heating in a boiling water bath
for 2 min. Treated leaves were decolorized in hot 75%
ethanol for 20–30 min.

Histochemical detection of ROS
The accumulation of the ROS species hydrogen peroxide
(H2O2) and superoxide (O2

−) was detected using the DAB
and NBT staining methods, respectively. DAB staining
solution was prepared as described by Daudi and O’Brien
(2012). Undamaged, second fully expanded strawberry
leaves at the same age and the same plant reproductive stage
were immersed in the DAB staining solution, and vacuum
infiltrated at a pressure of 0.9 kg/cm2 for 6 min and were
then shaken at 80–100 rpm for 8–12 h. The treated leaves
were then destained in 75% hot ethanol (Daudi and
O’Brien, 2012). A visible brown DAB-polymer was
generated by the polymerization of DAB at the sites of
H2O2 accumulation in the presence of endogenous
peroxidase. For the in situ detection of O2

− species, the
procedure described by Jambunathan (2010) was followed.
Undamaged, second fully expanded strawberry leaves at the
reproductive stage of plants were completely immersed in
0.1% NBT staining solution containing 0.02 mol/L of 10 mM
phosphate buffer (pH 7.0). The leaves were then vacuum
infiltrated at a pressure of 0.9 kg/cm2 for 6 min. After
staining, the treated leaves were cleared in 75% hot ethanol to
remove the background green color. Visible blue spots were
produced as a result of the reduction of NBT by O2

−.

Determination of antioxidants
The second fully expanded leaves of strawberry plants at the
reproductive stage were harvested to determine the
concentration of antioxidants. The enzymatic activities of
superoxide dismutase (SOD) and catalase (CAT) were
measured following the methods described by Feng and Wei
(2012). Extracting solvent (100% methanol solution and 37%
HCl at the ratio of 99:1; v/v) was used to determine the
anthocyanin content (Drumm and Mohr, 1978). The proline
content was determined using a ninhydrin-based colorimetric
assay (Ábrahám et al., 2010).

Determination of abscisic acid (ABA)
The ABA content of strawberry leaves at the reproductive stage
was determined using an ABA enzyme-linked immunoassay kit
according to the manufacturer’s instructions (Jiangsu Enzyme
Biotechnology Co., Ltd., Jiangsu). The mixed leaf sample of 15
strawberry plants (0.5 g) per replicate was extracted with 5 mL
of 80% methanol as previously described (Luo et al., 2020).

Statistical analysis
The experiment consisted of a completely randomized design
(CRD) with three replications. Microsoft Excel 2019 was used
for data processing and plotting. The data were articulated as
the mean ± standard deviation (SD) (N = 3 replicates, 15
plants per replicate). One-way analysis of variance (ANOVA)
and the SD were performed and calculated, respectively,
using IBM SPSS Statistics 20.0 software at P ≤ 0.05.

Results

VIS plants were from ten mother plants that were positive for
SMoV and SVBV while negative for other four tested viruses
by RT-PCR (Figs. 1A and 1B). For experimental strawberry
plants, 44 samples including 22 VIS and 22 control plants
were chosen randomly to test viruses by RT-PCR. The result
showed that all VIS samples were positive for SMoV and
SVBV (Figs. 1C and 1D), and all control samples were
negative for tested viruses (Figs. 1E and 1F). The leaves of
most VIS plants showed different degrees of distortion,
chlorosis, and vein banding (Figs. 2A, 2B, and 2D). Some
viral leaves were no obvious symptom (Fig. 2C).

From the vegetative growth stage (1–3 weeks) to the
reproductive growth stage (4–6 weeks), the stem diameter of
VIS plants was significantly lower than that of the control
plants (Tab. 1). The increase in stem diameter of control
and VIS plants was calculated from week 1 to week 5 and
was larger for control plants (18.40%) than for the VIS
plants’ (12.21%). The height of VIS and control plants did
not differ significantly (data not shown).

The leaf characteristics of control and VIS plants were
measured, and the petiole length of VIS leaves was not
significantly different from that of the control (Tab. 2). The
leaflet width, length, area, and leaf number of VIS plants were
also significantly lower in VIS plants than in control plants.

The relative chlorophyll content (RCC) of the core leaf, the
first leaf outside the core and the second leaf outside the core was
6.88%, 6.34% and 9.75% significantly lower, respectively, than
that in the corresponding control leaves (Fig. 3).

No significant differences in the Chla and carotene
content and Chla/b ratio were observed between control and
VIS plants, but the Chlb and total Chl contents of VIS
plants were significantly lower than in control plants (Tab. 3).

The photosynthetic parameters (PN, gs, E, ci) for VIS
plants were lower than for control plants (Tab. 4) and
values for PN, gs, ci and E for VIS plants were 12.31%,
38.78%, 4.15% and 19.62% significantly lower, respectively,
than those for control plants (Tab. 4).

Three fully developed leaves closest to the top (one leaf
per plant) per replicate were chosen randomly and observed
stomatal aperture of the lower leaf epidermis under the
microscope at 400 × magnification. The results showed that
the stomatal aperture of all VIS leaves was smaller than
control leaves (Fig. 4).

To establish the frequency of flowering and fruiting,
October 17 was defined as the first day of the first week.
The control plants began to flower on 10 October and
showed a flowering frequency of 22.2% on October 17
(1 week) (Fig. 5A). By contrast, the VIS plants started to
flower approximately three weeks later than the control
plants, in early November. The peak flowering stage of
control occurred on October 31 (3 weeks) but for the VIS
plants, this was recorded on November 28 (7 weeks), which
represented a delay of about four weeks. No significant
difference in total flowering frequency was observed
between control plants and VIS plants at eight weeks
(Fig. 5A). The control fruits started to ripen in mid-
November and yielded about 1.4 g per plant on November
21 (6 weeks), whereas the VIS fruits became ripe on about
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FIGURE 1. Investigation of strawberry
mottle virus (SMoV) and strawberry
vein banding virus (SVBV) in
strawberry plants by RT-PCR. (A–B)
Ten mother plants were positive for
both SMoV and SVBV. (C–D) 22 VIS
samples chosen randomly were
positive for both SMoV and SVBV.
(E–F) 22 control samples chosen
randomly were negative for both
SMoV and SVBV. Abbreviations: M,
DNA marker 2000; N, double-
distilled water as a negative control;
P, SVBV or SMoV plasmid as a
positive control.

FIGURE 2. Field performance of ‘Benihope’ strawberry. (A–D) Strawberry plants co-infected by SMoV and SVBV. (E) Virus-free strawberry
(control) plants.
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TABLE 1

The effect of strawberry vein banding virus (SVBV) and strawberry mottle virus (SMoV) on the stem diameter of ‘Benihope’ strawberry

1 week (mm) 2 weeks (mm) 3 weeks (mm) 4 weeks (mm) 5 weeks (mm)

Control 13.21 ± 0.83 14.24 ± 0.66 15.09 ± 0.58 15.61 ± 0.63 15.64 ± 0.60

VIS 11.22 ± 1.17** 11.92 ± 0.88** 12.28 ± 1.03** 12.50 ± 0.99** 12.59 ± 1.44**
Note: **Significantly different to control values at P < 0.01. Values are means ± SD, (N = 3 replicates, 15 plants per replicate).

FIGURE 3. The effect of SVBV and
SMoV infection on the relative
chlorophyll content of leaves of
‘Benihope’ strawberry. The vertical
bar indicates the SD; N = 3 replicates
(15 plants per replicate). Statistically
significant different between viral
plants (VIS) and control plants are
shown by asterisks: **P < 0.01.

TABLE 3

The effect of SVBV and SMoV on chlorophyll and carotene content in leaves of ‘Benihope’ strawberry

Chlorophyll a
(mg/g FW)

Chlorophyll b
(mg/g FW)

Carotene
(mg/g FW)

Total chlorophyll
(mg/g FW)

Chlorophyll
a/b

Control 1.26 ± 0.06 0.67 ± 0.04 0.32 ± 0.01 1.95 ± 0.08 1.87 ± 0.07

VIS 1.24 ± 0.06 0.63 ± 0.04* 0.33 ± 0.01 1.86 ± 0.09* 1.97 ± 0.14
Note: *Significantly different to control values at P < 0.05.

TABLE 4

The effect of SVBV and SMoV on photosynthetic parameters in leaves of ‘Benihope’ strawberry

PN

(µmol/m2 s)
gs
(mol/m2 s)

ci
(µmol/mol)

E
(mmol/m2 s)

Control 10.01 ± 1.12 0.31 ± 0.04 301.00 ± 11.50 3.35 ± 0.29

VIS 8.78 ± 0.92** 0.19 ± 0.05** 288.50 ± 14.45* 2.70 ± 0.46**
Note: *Significantly different to control values at P < 0.05 or P < 0.01 (**).

TABLE 2

The effect of SVBV and SMoV on leaf characteristics of ‘Benihope’ strawberry

Petiole length (cm) Leaflet width (cm) Leaflet length (cm) Leaflet area (cm2) Leaf number

Control 8.78 ± 2.10 5.24 ± 0.43 6.60 ± 0.58 23.69 ± 3.03 5.89 ± 0.95

VIS 8.84 ± 1.87 4.40 ± 0.32** 6.04 ± 0.46* 17.73 ± 2.30** 5.00 ± 1.35**
Note: *Significantly different to control values at P < 0.05 or P < 0.01 (**).
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10 December and produced approximately 1.1 g per plant on
December 12 (9 weeks). The VIS fruits ripened three weeks
later than the control fruits. From eight weeks to 14 weeks,
the fruit yield per VIS plant was significantly lower than
that per control plant. At 20 weeks (February 27, 2019), the
total fruit yield per VIS plant (63.7 g) was significantly
lower than that per control plant (85.5 g) and both VIS and
control plants finished fruiting at 20 weeks (Fig. 5B).

The parameters of strawberry fruit quality, i.e., vertical
diameter, horizontal diameter and shape index did not differ
significantly different between VIS and control plants. The
firmness of VIS fruits was 27.54% higher than that of
control plants, but the TSS and TA contents were 21.09%

and 36.11% significantly lower, respectively, than those of
the controls. The solid acid ratio of VIS was significantly
higher (23.48%) than that of the control (Tab. 5).

No blue spots were observed on NBT-stained leaves of
control plants (Fig. 6A); however, blue spots distributed
near leaf veins, indicating the accumulation of reactive O2

−

species on VIS NBT-stained leaves (Fig. 6B). The DAB-
staining of leaves of control (Fig. 6C) and VIS (Fig. 6D)
plants was light brown, but a yellowish-brown precipitate
was observed along the veins of the VIS DAB-stained leaves,
indicating the accumulation of H2O2 (Fig. 6D).

Following trypan blue staining, blue regions were
visualized at the margins of control leaves (Fig. 6E),
suggesting that dead cells were distributed on the control
leaf margins. By contrast, blue regions were observed along
the veins of VIS leaves (Fig. 6F), indicating the presence of
dead cells. Under 40 × magnification, no blue cells (dead
cells) were observed near the veins of control leaves
(Fig. 6G) but lots of dead cells were distributed along the
veins of VIS leaves (Fig. 6H).

The CAT activity of VIS leaves was 39.93% higher than
that in control leaves, which was a significant increase
(Fig. 7A). The SOD activity (Fig. 7B) and proline content
(Fig. 7C) did not differ significantly between control and
VIS leaves. Anthocyanin content was significantly higher
(50.93%) in control leaves than in VIS leaves (Fig. 7D) and
the ABA content was significantly higher (10.86%) in VIS
leaves than in control leaves (Fig. 7E).

Discussion

The production of strawberries per unit-cultivated area has
gradually increased in the last decade, due to the protected
cultivation and greenhouse production. However, vector
transmission and vegetative reproduction assists the spread
of viruses, which cause serious losses to strawberry
production. According to previous reports, a severe SMoV
strain, or with SVBV or SNSV can result in a reduction of
fruit yield by up to 30%, and mixed infection leads to more
serious losses (Martin and Tzanetakis, 2006). Here, we
observed that the fruit yield of single plants infected by
SMoV and SVBV was 25.5% lower than that of control
plants, which is consistent with previous observations

FIGURE 4. Stomata on ‘Benihope’
strawberry leaves. (A) The stomatal
aperture of control leaves; (B) The
stomatal aperture of VIS leaves.
Scale bar = 25 µm.

FIGURE 5. The effect of SVBV and SMoV infection on the flowering
rate (A) and fruit yield per plant (B) of ‘Benihope’ strawberry. The
vertical bar indicates the SD; N = 3 replicates (15 plants per
replicate). Statistically significant different between viral plants
(VIS) and control plants are shown by asterisks: *P < 0.05, **P < 0.01.
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(Martin and Tzanetakis, 2006; Silva-Rosales et al., 2013). We
suggest that the most important reason for this was a
shortening of the fruiting period. The flowering and fruit
ripening time of VIS plants was delayed by about three
weeks, but the end of the fruiting period was the same as that
of the controls, demonstrating that the fruiting period of VIS
plants was about three weeks shorter than that of the controls.

We sought potential reasons for the shortened fruiting
period of the VIS plants and identified that a decrease
photosynthesis was responsible. The VIS plants showed a
significant reduction in Chlb, total Chl and relative Chl
content compared with control plants. This is consistent
with the report that the Chlb content decreased in virus-
infected apple leaves (Bertamini et al., 2002) and suggests
that Chlb was more sensitive than Chla to similar stress
conditions, as reported by Palanisamy et al. (2009) and
Zhang et al. (2020). Previous research has suggested that a
decrease in the Chl content of infected leaves might reduce
PN (Funayama et al., 1997; Sayed, 2003). Here, we not only
observed a decrease in PN, but also in gs, ci and E. These
data are consistent with similar findings for other species
following virus infection (Chia and He, 1999; Guo et al.,
2005; Platt et al., 1979). Thus, another reason for the
reduction in PN in VIS leaves is probably a low gs and a
small stomatal aperture, as was shown by Guo et al. (2005).
The reduced ci also reduced mesophyll conductance of CO2

and limited photosynthesis (Flexas et al., 2004; Saradadevi et

al., 2017). Furthermore, the smaller leaflet area and fewer
leaves in VIS plants was responsible for a decrease in
photosynthesis.

Abscisic acid regulates stomatal closure by inducing
H2O2 accumulation in response to pathogen invasion (Ton
et al., 2009). Many studies have demonstrated a strong
correlation between leaf ABA content and gs in wheat
(Henson et al., 1989; Saradadevi et al., 2014; Saradadevi et
al., 2015). A high degree of stomatal closure limited
photosynthesis, and consequently reduced the yield of wheat
(Saradadevi et al., 2017). Here, a lower gs and stomatal
aperture in VIS leaves compared with control leaves were
accompanied by a higher ABA content, and DAB staining
showed a greater H2O2 accumulation in VIS leaves. These
results indicate that ABA probably results in stomatal
closure by exacerbating H2O2 release, and thus, indirectly
decreasing photosynthesis and yield, concurrently, the
accumulation of H2O2 leads to cell death. ABA also inhibits
flowering (Levy and Dean, 1998). Finkelstein (2006) showed
that the transcription of FLOWERING LOCUS C (FLC) was
enhanced when ABA prevents FLOWERING CONTROL
LOCUS A (FCA) from interacting with FLOWERING
LOCUS Y (FY), which consequently causes a delay in
flowering. Moreover, leaf ABA also negatively influences
wheat pollination (Innes et al., 1984) and is associated with
pollen sterility (Ji et al., 2011). Therefore, we speculate that
the high ABA content observed here may play an important

TABLE 5

The effect of SVBV and SMoV on fruit quality of ‘Benihope’ strawberry

Vertical
diameter (mm)

Horizontal
diameter (mm)

Shape index Fruit firmness
(kg/cm2)

Total soluble
solids (%)

Titratable
acidity (%)

Solid acid ratio

Control 39.71 ± 2.64 32.31 ± 3.68 1.22 ± 0.07 0.69 ± 0.12 10.67 ± 1.08 1.08 ± 0.22 9.88 ± 1.68

VIS 40.10 ± 2.81 33.19 ± 3.99 1.21 ± 0.10 0.88 ± 0.21** 8.42 ± 1.26** 0.69 ± 0.14** 12.20 ± 1.36**
Note: **Significantly different to control values at P < 0.01.

FIGURE 6. Staining of strawberry leaves. (A) Nitro-blue tetrazolium (NBT) staining of control leaves; (B) NBT staining of VIS leaves; (C) 3, 3’-
diaminobenzidine (DAB) staining of control leaves; (D) DAB staining of VIS leaves. (E) Trypan blue staining of control leaves; (F) Trypan blue
staining of VIS leaves; (G) Trypan blue staining of cells near the veins of control leaves observed at 40× magnification with a stereomicroscope;
(H) Trypan blue staining of cells near the veins of VIS leaves observed at 40× magnification with a stereomicroscope. Scale bar = 1 mm.
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role in strawberry flowering, pollination and/or pollen
sterility, although further study is necessary to clarify this role.

Proline is considered a physiological marker of plant
stress, because it accumulates under environmental stresses
(Crizel et al., 2020). Here, in contrast to data from other
studies, no significant difference in proline content was
observed between VIS leaves and healthy leaves. Proline also
possesses an antioxidant function, similar to anthocyanins
and antioxidases, which might confer plant tolerance to
external stresses (Szabados and Savouré, 2010). Here, we
demonstrated that O2

−, H2O2 and dead cells accumulated
along the veins of VIS leaves, indicating that SMoV and
SVBV may trigger ROS accumulation and cause cell death
in VIS plants. These results are consistent with those of
Conti et al. (2012) and Yang et al. (2020), who showed that
tobacco mosaic virus and chilli veinal mottle virus stimulated
ROS accumulation, and infected leaves underwent cell death.
Correspondingly, we observed a higher CAT activity in VIS
leaves than in control leaves, suggesting that the defense
response of VIS plants involves the induction of CAT to
eliminate H2O2. This is consistent with the results of other
studies that demonstrated the inhibition of cell death by CAT
(Riedle-Bauer, 2000). The decrease in the activity of SOD in

VIS leaves was not significant, which contrasts with previous
findings that showed a rapid increase following virus
infection (Lv et al., 2020; Li et al., 2019; Lan et al., 2020).
Anthocyanins in leaves possess ROS scavenging activity and
function to maintain photosynthetic capacity (Xu and
Rothstein, 2018). Here, the anthocyanin content in VIS leaves
decreased significantly in comparison to that in control
leaves, demonstrating that the photosynthetic system was
impaired. SMoV and SVBV infection probably caused cell
death along the leaf veins by inducing ROS accumulation,
whilst concomitantly decreasing plant resistance and
photosynthetic capacity by blocking anthocyanin synthesis.

We also analyzed the effect of SMoV and SVBV infection
on strawberry fruits and observed a significant increase in
firmness, and a reduction in TSS and TA in VIS fruits.
These findings correspond well with those of Cieślińska and
Rutkowski (2008), who demonstrated that ACLSV infection
affected fruit firmness, TSS and TA in apple. The solid acid
ratio of VIS fruits was higher than in the control and was
associated with the greater decrease in the TA content than
the TSS amount. This might explain why most virally
infected fruits taste sweeter than healthy fruits; however, they
contain fewer nutrients, including both TSS and TA. The

FIGURE 7. The effects of SVBV and
SMoV infection on catalase activity
(A), superoxide dismutase activity
(B), proline content (C), anthocyanin
content (D) and abscisic acid content
(E) of leaves of ‘Benihope’ strawberry.
The vertical bar indicates the SD;
N = 3 replicates (15 plants per
replicate). Statistically significant
different between viral plants (VIS)
and control plants are shown by
asterisks: *P < 0.05, **P < 0.01.
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fruits may be also less palatable due to sugar accumulation or
acid reduction or both. No significant differences were
observed in vertical diameter, horizontal diameter and shape
index between control and VIS fruits, indicating that SMoV
and SVBV infection does not affect the size of strawberry fruits.

In conclusion, ‘Benihope’ strawberry plants infected with
SVBV and SMoV showed attenuated vigor and reduced fruit
yield and quality. The reason for this is that infections with these
viruses leads to leaf-cell death by inducing ROS accumulation,
and to a decrease in photosynthesis by reducing photosynthetic
parameters, chlorophyll content, stomatal aperture, and
anthocyanin content. The viruses also increased the ABA
content, which can inhibit flowering or affect pollination and
pollen sterility. In addition, viral infection decreased strawberry
flavor by enhancing fruit firmness and causing a decrease in fruit
TSS and TA content. To our knowledge, this is the first detailed
description of the effect of SVBV and SMoV infection on the
growth and development of strawberry.
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