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Abstract: Tomato bushy stunt virus (TBSV) and Tomato mosaic virus (ToMV) are important economic
pathogens in tomato fields. Rhizoglomus irregulare is a species of arbuscular mycorrhizal (AM) fungus
that provides nutrients to host plants. To understand the effect of R. irregulare on the infection
by TBSV/ToMV in tomato plants, in a completely randomized design, five treatments, including
uninfected control plants without AM fungi (C), uninfected control plants with AM fungi (M)
TBSV/ToMV-infected plants without AM fungi (V), TBSV/ToMV-infected plants before mycorrhiza
(VM) inoculation, and inoculated plants with mycorrhiza before TBSV/ToMV infection (MV), were
studied. Factors including viral RNA accumulation and expression of Pathogenesis Related proteins
(PR) coding genes including PR1, PR2, and PR3 in the young leaves were measured. For TBSV,
a lower level of virus accumulation and a higher expression of PR genes in MV plants were observed
compared to V and VM plants. In contrast, for ToMV, a higher level of virus accumulation and a lower
expression of PR genes in MV plants were observed as compared to V and VM plants. These results
indicated that mycorrhizal symbiosis reduces or increases the viral accumulation possibly via the
regulation of PR genes in tomato plants.

Keywords: gene expression; mycorrhization; Rhizoglomus irregulare; Tomato mosaic virus; Tomato bushy
stunt virus

1. Introduction

A mutualistic association exists between arbuscular mycorrhizal (AM) fungi and 85% of land
plants with substantial advantages to plant fitness and growth [1,2]. Increased productivity and
biomass of AM fungi colonized plants is not only the result of enhanced mineral nutrition [3,4], but also
the result of improved capability to deal with both abiotic and biotic stresses [2,4,5]. For example,
the reduction of symptoms in mycorrhizal plants were observed compared to control plants when
they were infected by fungi such as Alternaria solani [5] and Botrytis cinerea [6,7], or bacteria such
as Xanthomonas campestris [8] and phytoplasma [9,10]. However, scientific research has revealed
that colonization of plants by AM fungi may have positive or negative effect on viral infections [11].
Solanum lycopersicum (tomato) has developed a range of sophisticated defense mechanisms, induced
by either non-pathogenic micro-organisms or environmental factors prior to disease development [7]
when reacted to viral pathogens. For example, Maffei et al. [11] found that AM-colonized tomato plants
had reduced viral titer when infected by Tomato yellow leaf curl Sardinia virus (TYLCSV). However, AM
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colonization could not confront root biomass reduction created by the virus. In contrast, Jabaji-Hare
and Stobbs [12] reported viral titer increase in TMV infected plants colonized by Glomus sp. Similar
results were obtained in the leaves and roots of tomato plants infected with Potato virus X (PVX)
colonized by Funneliformis macrocarpa [13]. Likewise, Miozzi et al. [14] examined the interactions
between Tomato spotted wilt virus (TSWV) and Funneliformis mosseae (syn. Glomus mosseae) in tomato
plants and found that the expression level of defense-related genes was reduced by mycorrhization
and consequently a higher virus titer was observed in mycorrhizal plants.

Viral infections cause loss in tomato yield production worldwide [15,16] and Tomato bushy stunt
virus (TBSV) and Tomato mosaic virus (ToMV) are two of the causal agents of such diseases [17]. However,
the effect of AM fungi on the pathogenicity of these viruses and underlying mechanisms affecting
tomato plant infection is unknown.

Susceptibility or resistance of the different mycorrhizal plants against the virus might be associated
with the pathogenesis related (PR) proteins. PR proteins are intra and extracellularly localized proteins
produced in plants followed by pathogen attack. They are induced as part of systemic acquired
resistance (SAR) [18]. Song et al. [19] found a robust induction of PR protein genes (PR1, PR2 and
PR3) in mycorrhizal tomato plants in comparison to non-mycorrhizal plants in the presence of fungal
infection. However, when a virus infected the mycorrhizal tomato plants, namely the Tomato spotted
wilt virus (TSWV), lower levels of PR proteins were detected [20]. Similarly, reduction in the number of
PR proteins (PR1 and PR3) coding genes in mycorrhizal tobacco plants infected with tobacco mosaic
virus was observed [21].

Our knowledge on whether root colonization by AM fungi has a protective or destructive effect
during TBSV or ToMV viral infection is still limited. Our study showed the impact of the AM fungi
symbiosis on the severity of viral infection in tomato plants and elucidated the relationship between
viral resistance and PR protein expression levels in response to AM fungi colonization.

2. Materials and Methods

2.1. Experimental Design and Biological Materials

Fungal spores of R. irregularis were provided by AGTIV, Premier TechAgriculture Canada and
viruses were provided by Agri-Food and Agriculture Canada institute. Tomato seeds were placed
in germination trays containing vermiculite and sand. Four weeks post planting, the seedlings were
transferred to 1 L pots containing vermiculate soil and sand at a ratio of (1:1, w/w). Using a fully
randomized experimental design, five treatment groups were included: (i) uninfected control plants
without AM fungi (C), (ii) uninfected control plants with AM fungi (M), (iii) TBSV/ToMV-infected plants
without AM fungi (V), (iv) TBSV/ToMV-infected plants before mycorrhiza (VM), and (v) inoculation and
inoculated plants with mycorrhiza before TBSV/ToMV infection (MV). For each treatment, there were
three replicates.

About 150 mL from spray suspension of R. irregularis [1 g (12,000 viable spores per gram of
powder) in 1 L] near the roots was used to inoculate the MV and M treatments. Plants were grown in a
greenhouse and were exposed to a cycle of 14:10 h light:dark at a temperature of 23 ± 3 ◦C. The plants
were sprayed once a week with a nutrient solution. MV plants was inoculated with viruses, 20 days
after inoculation with AM fungi. For the VM group, ten days after virus inoculation, plants were
inoculated with R. irregularis. Plants were then investigated for symptom development at three stages
of 20, 24, and 30 days post inoculation (dpi) with the virus (Table 1).

2.2. Viral Affirmation and Quantification

Total RNA was extracted from young leaves of C, M, MV, V, and VM plants at 20, 24 and 30 dpi by
using RNeasy Mini Kit (Qiagen, Hilden, Germany). It is known that virus accumulation varies in different
tissues and leaves with different ages [22]. Since the effect of age was not the focus of our study, and to
avoid possible variation among plant tissues for virus accumulation and gene expression, all tests were
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conducted on only a single young leaf (second leaf from top) for each plant. In addition, to prevent potential
effect form wounding during sampling on plant gene expression, tissue samples were freezed in liquid
nitrogen immediately after collection [23,24]. The samples were then grinded to obtain a homogenized
powder, and then RNA was extracted from an individual new leaf (~100 mg) for each treatment.

Table 1. Experimental design based on the time for each virus type.

Time Control (C) AMF (M) AMF + Virus (MV) Virus (V) Virus + AMF (VM)

0 days Seed Seed Seed Seed Seed
30 days − +AMF +AMF − −

50 days − − +Virus +Virus +Virus
60 days − − − − +AMF
70 days Leaf sampling Leaf sampling Leaf sampling Leaf sampling Leaf sampling
74 days Leaf sampling Leaf sampling Leaf sampling Leaf sampling Leaf sampling
80 days Leaf sampling Leaf sampling Leaf sampling Leaf sampling Leaf sampling

DNase I kit (Ambion, Austin, TX, USA) was used to remove DNA contaminations following
the manufacturer’s instructions. The purified RNA was used for Random hexamer-primed
first-strand cDNA synthesis by iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA).
Specific primer pairs [25], corresponded to TBSV-Gral-R1 (5′-TTTGGTAGGTTGTGGAGTGC-3′)
and TBSV-Gral-F1 (5′-AAGGGTAAGGATGGTGAGGA-3′) were used to quantify the TBSV virus
in test samples. For ToMV [26], the ToMVR (5′-GACCCCAGTGTGGCTTCGT-3′) and ToMVF
(5′-TTGCCGTGGTGGTGTGAGT-3′) primers were used. For each test, 2 µL of template cDNA
was utilized in a reaction, including 10µL of SsoFastGreen supermix buffer and 0.6 µL of primers:
(TBSV-GRAL for TBSV) and (ToMVF and ToMVR for ToMV). In order to examine the reaction specificity,
at the end of each run a melting curve was recorded. The viral accumulation level was normalized
to that of a reference gene [19], UBI3 (Accession No. X58253), utilizing LeUBI3 primers (Table 2).
The 2−∆∆Ct method as described by Livak and Schmittgen [27] was used to calculate the relative
accumulation of the virus for each sample. Three biological replicates were performed for each
treatment. Statistical analysis of the mean of biological replicates at three time points was performed
by repeated measures ANOVA and Bonferroni post-hoc test utilizing SPSS software. We also used
ANOVA-Tamhan post-hoc test for comparing viral expression between five treatments.

Table 2. Gene specific primers were used for real-time PCR in this study.

Gene Primer Sequence (5′ to 3′) Accession No. PCR Product Size

LePR1
F: 5′-GCCAAGCTATAACTACGCTACCAAC-3′ DQ159948 139 bp
R: 5′-GCAAGAAATGAACCACCATCC-3′

LePR2
F: 5′-GGACACCCTTCCGCTACTCTT-3′

M80604 81 bp
R: 5′-TGTTCCTGCCCCTCCTTTC-3′

LePR3
F: 5′-AACTATGGGCCATGTGGAAGA-3′

Z15140 81 bp
R: 5′-GGCTTTGGGGATTGAGGAG-3′

LeUBI3
F: 5′- TCCATCTCGTGCTCCGTCT-3′

X58253 144 bp
R: 5′-GAACCTTTCCAGTGTCATCAACC-3′

2.3. Disease Severity Evaluation

Symptoms in the inoculated plants were observed, beginning in the second week and assessed
at 20, 24, 30 dpi in V, MV and VM plants. In the infected plants, disease symptoms were scored by
utilizing the following scale as Friedmann et al. [28] suggested, with some modifications; for infected
plants with TBSV: zero for having no symptoms; one for leaf mild mosaic; two for leaf mosaic and
cupped leaf; three for yellowing, cupped leaf; four for yellowing, cupped leaf and stunted plants.
For infected plants with ToMV: zero for having no symptoms; one for leaf mild mosaic; two for
leaf mosaic and leaf deformation; three for yellowing, leaf deformation; and four for yellowing, leaf
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deformation and stunted plants. The index of plant disease severity (PDS) was calculated, as previously
described [29,30]. Briefly, PDS = Sum of numerical rating/ (total number of observed × maximum
disease grade) × 100. Also, we used an analysis of variance for the calculated PDS to differentiate
(ANOVA-Bonferroni post hoc-test, p < 0.05) the response of each treatment to viruses statistically.

2.4. Differential Gene Expressions

The expression patterns of the three pathogen-related genes (PR1, PR2, and PR3) were analyzed
using RT-qPCR from tomato young leaves at 20, 24 and 30 dpi (days post infected with virus). RT-qPCR
tests were performed for these genes, utilizing the prepared cDNA and their specific primers (Table 2).
Each reaction included 2 µL of cDNA template, 1 µL of each primer, and 10 µL SsoFastGreen super mix
(Bio-Rad). The PCR cycling program contained: 95 ºCfor 10 min, followed by 40 cycles at 95 ◦C for 20 s,
56 ◦C for 30 s, 72 ◦C for 30 ending with a melting curve from 60 to 95 ◦C. The efficiency of PCR was
measured by drawing a standard curve for each gene and preparing serial dilutions of pooled cDNAs.
The expression level of these genes for each sample was normalized to that of the reference gene, UBI
(ubiquitin). Calculating and analyzing the relative amount of gene expression for each sample was
performed, as described above.

2.5. Mycorrhiza and Biomass Assessment

To avoid possible stress applying to plant roots (MV, VM and M), we only assessed mycorrhization
at the end of experiments. For measuring AM colonization, M, VM and MV plants were carefully
pulled up (with their whole roots) from each treatment and rinsed with water to clean sticky soil
particles. Modified Vierheilig et al. [31] Sheaffer ink protocol was used to stain roots. Briefly, the roots
were rinsed for 5 min in 10% KOH at 90 ◦C and then washed three times with RO water. Cleared
roots were stained in 5% black Sheaffer Ink and vinegar solution at 90 ◦C for 3.5 min. RO water
with few drops of vinegar was used to de-stain the roots (30 min). Root segments of the whole root
system for 8 plants were placed on slides and observations were performed for the presence of vesicles,
mycelium or arbuscules according to the Trouvelot quantification method [32]. We did data analysis
for calculation of colonization using one-way ANOVA and Bonferroni post-hoc test (p < 0.001).

For the evaluation of biomass, the aboveground parts of plants from all treatments were harvested
at 80 days after planting the seeds. We determined fresh and dry weigh and conducted statistical
analysis on the data (one-way ANOVA-Bonferroni post hoc-test, p < 0.05).

3. Results

3.1. Phenotypic Responses of Mycorrhizal Plants to VIRAL Infection

Various symptoms appeared in both mycorrhizal and non-mycorrhizal plants inoculated by
viruses. Infected plants with TBSV indicated leaf mosaic, yellowing, cupped leaf, necrosis and stunting.
A significantly higher PDS was observed for V plants as compared to the MV and VM plants at 20, 24
and 30 dpi [ANOVA-Tamhan post-hoc test (p < 0.05)]. Also, our results showed a significant decrease of
disease severity in MV and VM plants over time [repeated measures ANOVA and Bonferroni post-hoc
test (p < 0.05)] (Figure 1A).

For ToMV, infected plants showed leaf mosaic and leaf deformation, yellowing and stunting.
A significantly higher PDS was seen for MV plants as compared to the V and VM plants at all three
times (ANOVA-Tamhan post-hoc test (p < 0.05)). A significant increase of disease severity in all
treatments was seen over time [Repeated measures ANOVA and Bonferroni post-hoc test (p < 0.05)]
(Figure 1B). No disease symptoms were observed in the control plants.

3.2. Effect of Mycorrhiza on the Viral Accumulation

Viral accumulation was examined by RT-qPCR in the newly appeared leaf tissues of plants at 20,
24 and 30 dpi. Since the time of simultaneous onset of viral symptoms and mycorrhization was on
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the twentieth day after inoculation of the plants with viruses, we tested virus accumulation and gene
expression assay from 20 dpi to provide a reasonable time for interaction among mycorrhiza, plant
and virus. When we compared the TBSV accumulation in the V, MV and VM plants by RT-qPCR, our
results showed that V plants produced a significantly higher level of viral accumulation compared to
VM and MV plants at 20, 24 and 30 dpi (p < 0.001) and the MV plants had the lowest viral accumulation
at all-time points. Interestingly, our results demonstrated that TBSV infection was increased over time
when plants were not colonized by AM fungi (V plants), while infection had a decreasing trend in AM
colonized groups, more significantly in those that were colonized with AM fungi after viral infection
(VM group) (Figure 2A). Comparing the ToMV accumulation in the V, MV and VM plants by qPCR
demonstrated that MV plants produced a significantly higher level of ToMV accumulation compared
to V and VM plants at 20, 24 and 30 dpi [ANOVA-Tamhan post-hoc test (p < 0.001)]. Our results also
showed that ToMV infection increased significantly over time in the AM colonized groups and in the
plants that were not colonized by AM fungi (V plants) [repeated measures ANOVA and Bonferroni
post-hoc test (p < 0.001)] (Figure 2B).
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  Figure 1. Disease severity of tomato plants infected by TBSV (A) and ToMV (B) at 20, 24 and 30 dpi (days
post inoculation) of uninfected control plants without AM fungi (C), uninfected control plants with
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post-hoc test (p < 0.05)]. Error bars represent SD.
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3.3. Regulation of Genes in Mycorrhizal Plants Infected by Viruses

TBSV and ToMV infection in tomato plants induced the expression of PR genes in the tomato
young leaves. For TBSV, the induction was much less and slower in V plants compared to that in the
AM colonized groups. Figure 3 showed a significant decrease of expression in PR1, PR2, and PR3 in V
plants over time. However, this trend was positive in the MV and VM plants (Figure 3A–C). For ToMV,
our results showed a significant decrease of expression in PR genes in MV, V and VM plants over
time but the induction was significantly much more in V plants compared to that in the AM colonized
groups (Figure 3D–F). The results indicated a very low expression of these genes in C and M plants
compared to infected groups.

Microorganisms 2020, 8, x FOR PEER REVIEW 6 of 13 

 

 
Figure 2. The result of RT-qPCR shows an accumulation level of viral infection by TBSV (A) and 
ToMV(B) in uninfected control plants without AM fungi (C), uninfected control plants with AM fungi 
(M), TBSV/ToMV -infected plants without AM fungi (V), TBSV/ToMV -infected plants before 
mycorrhiza (VM) inoculation and inoculated plants with mycorrhiza before TBSV/ToMV infection 
(MV) at three stages of infection (20, 24 and 30 dpi). For each treatment, three replicates were tested 
by qPCR. A significant difference between the expressions of viral gene for each treatment in three 
different times is shown by (*) [using repeated measures ANOVA and Bonferroni post-hoc test (p < 
0.001)]. Error bars represent SD. 

3.3. Regulation of Genes in Mycorrhizal Plants Infected by Viruses 

TBSV and ToMV infection in tomato plants induced the expression of PR genes in the tomato 
young leaves. For TBSV, the induction was much less and slower in V plants compared to that in the 
AM colonized groups. Figure 3 showed a significant decrease of expression in PR1, PR2, and PR3 in 
V plants over time. However, this trend was positive in the MV and VM plants (Figure 3A–C). For 
ToMV, our results showed a significant decrease of expression in PR genes in MV, V and VM plants 
over time but the induction was significantly much more in V plants compared to that in the AM 
colonized groups (Figure 3D–F). The results indicated a very low expression of these genes in C and 
M plants compared to infected groups. 

  

Figure 3. Cont.



Microorganisms 2020, 8, 2038 7 of 12

Microorganisms 2020, 8, x FOR PEER REVIEW 7 of 13 

 

   

   

Figure 3. Expression analysis of PR1, PR2, PR3 genes by RT- qPCR for the plants infected by TBSV 
(A–C) and for the plants infected by ToMV (D–F). Uninfected control plants without AM fungi (C), 
uninfected control plants with AM fungi (M), TBSV/ToMV -infected plants without AM fungi (V), 
TBSV/ToMV-infected plants before mycorrhiza (VM) inoculation and inoculated plants with 
mycorrhiza before TBSV/ToMV infection (MV) at three stages of infection (20, 24 and 30 dpi). For each 
treatment, three replicates were tested. A significant difference between the expression of PR genes 
for each treatment in three different times is shown by (*) [using repeated measures ANOVA and 
Bonferroni post-hoc test (p < 0.001)]. Error bars represent the SD. 

At the end of the experiment, colonization of AM fungi (Figure 4) was evaluated in M, MV and 
VM plants. For the plants infected by TBSV and ToMV, the percentages of root colonization by R. 
irregulare were about 40%, 46% and 48% in VM, MV and M groups (Figure 5A, B). ANOVA test results 
showed that there was no significant difference between mean colonization percentage of uninfected 
control plants with AM fungi (M) and inoculated plants with mycorrhiza before TBSV/ToMV 
infection (MV). It also showed that the mean of colonization percentage of M and MV treatments 
were significantly higher than the mean of colonization in the VM treatment (p < 0.001). 

Figure 3. Expression analysis of PR1, PR2, PR3 genes by RT- qPCR for the plants infected by TBSV
(A–C) and for the plants infected by ToMV (D–F). Uninfected control plants without AM fungi (C),
uninfected control plants with AM fungi (M), TBSV/ToMV -infected plants without AM fungi (V),
TBSV/ToMV-infected plants before mycorrhiza (VM) inoculation and inoculated plants with mycorrhiza
before TBSV/ToMV infection (MV) at three stages of infection (20, 24 and 30 dpi). For each treatment,
three replicates were tested. A significant difference between the expression of PR genes for each
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At the end of the experiment, colonization of AM fungi (Figure 4) was evaluated in M, MV and VM
plants. For the plants infected by TBSV and ToMV, the percentages of root colonization by R. irregulare
were about 40%, 46% and 48% in VM, MV and M groups (Figure 5A,B). ANOVA test results showed
that there was no significant difference between mean colonization percentage of uninfected control
plants with AM fungi (M) and inoculated plants with mycorrhiza before TBSV/ToMV infection (MV).
It also showed that the mean of colonization percentage of M and MV treatments were significantly
higher than the mean of colonization in the VM treatment (p < 0.001).

For TBSV, VM and MV plants produced significantly higher Fresh weight (FW) and Dry weight
(DW) compared to the V plants (Table 3). In contrast to ToMV, V plants produced significantly higher
FW and DW compared to the MV and VM plants (Table 3). ANOVA test results showed that there was
no significant difference between the level of FW and DW in uninfected control plants with AM fungi
(M) and uninfected control plants without AM fungi (C) (Table 3).
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Figure 5. Average percentage of colonization in the plants infected by TBSV (A) and ToMV (B).
Uninfected control plants without AM fungi (C), uninfected control plants with AM fungi (M),
TBSV/ToMV -infected plants without AM fungi (V), TBSV/ToMV -infected plants before mycorrhiza
(VM) inoculation and inoculated plants with mycorrhiza before TBSV/ToMV infection (MV). Significant
difference between colonization of treatments is shown by (*) [using oneway ANOVA and Bonferroni
post-hoc test (p < 0.001)]. For each treatment, three replicates were tested. Error bars represent SD.

Table 3. Level of fresh weight (g) and dry weight (g) in the plants infected with TBSV and ToMV.

TBSV ToMV

Treatment Fresh Weight (g)
M ± SD

Dry Weight (g)
M ± SD

Fresh Weight (g)
M ± SD

Dry Weight (g)
M ± SD

C 8.12 ± 0.39 a 3.1 ± 0.30 a 8.12 ± 0.39 a 3.1 ± 0.30 a

M 8.61 ± 0.30 a 3.4 ± 0.38 a 8.61 ± 0.30 a 3.4 ± 0.38 a

MV 7.18 ± 0.34 b 2.07 ± 0.23 b 5.48 ± 0.23 b 1.11 ± 0.15 b

V 5.93 ±0.51 c 1.06 ± 0.23 c 7.16 ± 0.49 d 2.13 ± 0.43 c

VM 7.08 ± 0.28 b 2.01 ± 0.37 b 6.13 ± 0.84 b 1.16 ± 0.24 b

Note. M ± SD = Mean ± Std. Deviation. Uninfected control plants without AM fungi (C), uninfected control
plants with AM fungi (M) TBSV/ToMV-infected plants without AM fungi (V), TBSV/ToMV -infected plants before
mycorrhiza (VM) inoculation and inoculated plants with mycorrhiza before TBSV/ToMV infection (MV). Values of
each column followed by different letters indicate significant difference between the level of FW and DW treatments
according to ANOVA-Bonferroni post hoc-test (p < 0.05). Values of each column followed by the same letters are not
significantly different between the level of FW and DW treatments according to ANOVA-Bonferroni post hoc-test
(p < 0.05). Each value represents the mean of three replicates ± SD.
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4. Discussion

AMs have been reported to induce host plant resistance against several plant diseases such as
below-ground and shoot pathogens, soil-borne fungal pathogens, nematodes and some viruses [33–36].

Our results suggest that inoculation of tomato plants with R. irregulare fungi significantly decreases
the accumulation of TBSV RNA in young plant leaves. This was also in accordance with the overall level
of biomass in MV and VM treated plants. We observed a statistically higher level of biomass in these
plants compared to V treated plants. In a previous study by Maffei et al. [11], a decreased symptom
severity and a lower level of accumulation of tomato yellow leaf curl Sardinia virus was reported in
AM colonized tomato plants, which may provide a possible explanation of our observed experimental
results. On the contrary, while investigating the effect of ToMV infection, our results revealed that
ToMV established higher levels of virus accumulation in the young leaves. Plant disease severity (PDS)
was also found to be significantly higher for MV treated plants in comparison to the V and VM treated
plants at all dpi time points. This is in agreement with previous studies that reported and positive
effect of Piriformospora indica, on the accumulation of Tomato spotted wilt virus [14] and Pepino mosaic
virus [37]. In addition, another study highlighted that a higher level of virus accumulation was found
in mycorrhizal petunia (Petunia atkinsiana), tobacco (Nicotiana tabacum) and tomato plants affected by
Alfalfa Tobacco mosaic virus, mosaic virus, and Potato virus x, respectively [13].

Mycorrhizal colonization is restricted to plant roots. However, its physiological influence may
extend beyond to the aboveground non-colonized section of the plant. This systemic effect can be
deciphered through gene expression levels in the mycorrhizal plants’ aboveground tissues. For instance,
a large number of genes that are associated with defense or stress response were up-regulated in the
mycorrhizal Medicago truncatula shoots [8]. Nevertheless, in mycorrhizal tomato plants, PR encoding
genes were reported to be down-regulated [21]. The PR proteins were discovered in various plant
species [38]. Examples of PR proteins include: PR2 (b-1, 3-glucanase), PR3 (chitinase type 1, 2, 4, 5, 6,
7), PR5 (osmotins), PR1 (unknown), PR10 and PR8 (chitinase type 3) [39,40]. These PR proteins can be
produced under a controlled PR genes expression mechanism against related pathogen attack. It has
been previously reported that the protein isoforms PR1, PR2, and PR5 are specifically activated during
infection with the pepper mild mottle virus (PMMoV) [41]. In another study, viral infection with the
Beet severe curly top virus (BSCTV) amplified the expression of several genes that plays a vital role in
the salicylic acid pathways, including the PR1 gene [42]. Friorilli et al. [20], in a similar experiment,
observed that PR protein expression decreased in the plants colonized with Glomus mosseae.

In this study, AM inoculated tomato plants infected with TBSV expressed higher levels of PR
gene expression in the young leaves than other treated groups. However, for the inoculated plants
infected with ToMV, our findings showed lower levels of PR genes expression in the young leaves of
MV plants than V and VM plants. Similarly, in a study by Ebrahimi et al. [43], a reduction in gene
expression of the PR1 gene in mycorrhizal plants infected with Beet curly top Iran virus (BCTIV) was
observed. Additionally, in tobacco mosaic virus infected mycorrhizal plants, several defense-related
genes, such as PR proteins coding genes were decreased and it was suggested to be related to the higher
infectivity of the virus [20]. This shows the relationship between viral resistance and the AM fungi
effect on PR protein expression levels and may explain the change in the amount of viral infectivity
in MV plants. We also found that colonization of tomato, whether after or before viral infection, can
increase plant defense responses against TBSV. This may result in an increased systemic acquired
resistance in the mycorrhizal plants due to the high expression of PR genes.

Another significant finding from this study was that infection of both viruses shows no clear
effect on the percentage of mycorrhization in MV and M plants at the last time point. There was no
significant difference in root colonization by R. irregulare between M and MV treatments. Similarly,
Maffei et al. [11] found that tomato root mycorrhization by Funneliformis mosseae was not influenced
by TSWV and tomato yellow leaf curl virus (TYLCV) infection. In addition, an identical level of
mycorrhizal colonization in healthy mycorrhizal potato plants and infected Potato virus Y (PVY)
mycorrhizal potato plants were reported by Sipahioglu et al. [44]. Among the five treatments, VM
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treatments showed lower colonization at 30 dpi than M and MV treatments, probably due to the
delay in mycorrhizal inoculation and plant growth stage, not the effect of the virus. While this may
provide a preliminary understanding of the effect of AM fungal colonization and viral infection,
further investigations are needed to better understand the correlation between viral infectivity and
AM colonization. Our study showed that under the same greenhouse conditions, host cultivar and
mycorrhiza, the outcomes were different for ToMV and TBSV, so the control effect of AM fungi may
depend on the type of virus. The interaction among virus, plant, and AM fungi is a multifaceted
system when there are numerous factors such as viral pathogen type, virus lifestyle and the timing
of interaction [41]. This study clearly shows this specific interaction, which results in differential
regulation of PR proteins in tomato in response to TBSV and ToMV infection.

This study had some limitations. Specifically, we tested young leaves from tomato for virus
accumulation and gene expression. It has been reported that the virus concentration is variable for
leaves of different ages [22]. For this, any comparison between the treatments for the leaves of different
ages may be incorrect. Additionally, to prevent additional stress on experimental plants used in the
treatments, comparing mycorrhization only was done at the end of the experiment.

Finally, results from this study and other studies on the interaction of plant-virus and AM
fungi [43–45] show a differential effect for AM fungi on plant virus disease development. We found
that mycorrhizal symbiosis has a positive effect on tomato plant resistance to TBSV. We need to examine
other tomato cultivars and AM fungal species for their interaction with TBSV infection before applying
these results in the field.

Author Contributions: Conceptualization, N.K., J.N.K., and S.P.; methodology, N.K., A.P., O.E., D.K., J.N.K., S.P.;
formal analysis, N.K.; writing—original draft preparation, N.K., S.P.; writing—review and editing, N.K., O.E.,
D.K., J.N.K., S.P.; supervision, J.N.K., S.P.; funding acquisition, J.N.K., S.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the corresponding authors’ Natural Sciences and Engineering Research
Council of Canada and funds received from Materials and Manufacturing Research Institute (MMRI) at UBC.

Acknowledgments: We acknowledge the editorial help of Sahar Alousi for this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jung, S.C.; Martinez-Medina, A.; Lopez-Raez, J.A.; Pozo, M.J. Mycorrhiza-induced resistance and priming of
plant defenses. J. Chem. Ecol. 2012, 38, 651–664. [CrossRef] [PubMed]

2. Augé, R.M.; Toler, H.D.; Saxton, A.M. Arbuscular mycorrhizal symbiosis alters stomatal conductance of host
plants more under drought than under amply watered conditions: A meta-analysis. Mycorrhiza 2015, 25,
13–24. [CrossRef] [PubMed]

3. Bona, E.; Scarafoni, A.; Marsano, F.; Boatti, L.; Copetta, A.; Massa, N.; Gamalero, E.; D’Agostino, G.; Cesaro, P.;
Cavaletto, M.; et al. Arbuscular mycorrhizal symbiosis affects the grain proteome of Zea mays: A field study.
Sci. Rep. 2016, 6, 26439. [CrossRef] [PubMed]

4. Fiorilli, V.; Vannini, C.; Ortolani, F.; Garcia-Seco, D.; Chiapello, M.; Novero, M.; Domingo, G.; Terzi, V.;
Morcia, C.; Bagnaresi, P.; et al. Omics approaches revealed how arbuscular mycorrhizal symbiosis enhances
yield and resistance to leaf pathogen in wheat. Sci. Rep. 2018, 8, 1–18. [CrossRef]

5. Fritz, M.; Jakobsen, I.; Lyngkjær, M.F.; Thordal-Christensen, H.; Pons-Kühnemann, J. Arbuscular mycorrhiza
reduces susceptibility of tomato to Alternaria solani. Mycorrhiza 2006, 16, 413–419. [CrossRef]

6. Fiorilli, V.; Catoni, M.; Francia, D.; Cardinale, F.; Lanfranco, L. The arbuscular mycorrhizal symbiosis reduces
disease severity in tomato plants infected by Botrytis cinerea. Eur. J. Plant. Pathol. 2011, 93, 237–242.

7. Pozo, M.J.; Jung, S.C.; López-Ráez, J.A.; Azcón-Aguilar, C. Impact of arbuscular mycorrhizal symbiosis on
plant response to biotic stress: The role of plant defence mechanisms. In Arbuscular Mycorrhizas: Physiology
and Function; Springer: Berlin/Heidelberg, Germany, 2010; pp. 193–207. [CrossRef]

8. Liu, J.; Maldonado-Mendoza, I.; Lopez-Meyer, M.; Cheung, F.; Town, C.D.; Harrison, M.J. Arbuscular
mycorrhizal symbiosis is accompanied by local and systemic alterations in gene expression and an increase
in disease resistance in the shoots. Plant. J. 2007, 50, 529–544. [CrossRef]

http://dx.doi.org/10.1007/s10886-012-0134-6
http://www.ncbi.nlm.nih.gov/pubmed/22623151
http://dx.doi.org/10.1007/s00572-014-0585-4
http://www.ncbi.nlm.nih.gov/pubmed/24831020
http://dx.doi.org/10.1038/srep26439
http://www.ncbi.nlm.nih.gov/pubmed/27216714
http://dx.doi.org/10.1038/s41598-018-27622-8
http://dx.doi.org/10.1007/s00572-006-0051-z
http://dx.doi.org/10.1007/978-90-481-9489-69
http://dx.doi.org/10.1111/j.1365-313X.2007.03069.x


Microorganisms 2020, 8, 2038 11 of 12

9. García-Chapa, M.; Batlle, A.; Laviña, A.; Camprubí, A.; Estaún, V.; Calvet, C. Tolerance increase to pear
decline phytoplasma in mycorrhizal OHF-333 pear rootstock. Acta Hortic. 2004, 657, 437–441. [CrossRef]

10. Lingua, G.; D’Agostino, G.; Massa, N.; Antosiano, M.; Berta, G. Mycorrhiza-induced differential response to
a yellows disease in tomato. Mycorrhiza 2002, 12, 191–198. [CrossRef]

11. Maffei, G.; Miozzi, L.; Fiorilli, V.; Novero, M.; Lanfranco, L.; Accotto, G.P. The arbuscular mycorrhizal
symbiosis attenuates symptom severity and reduces virus concentration in tomato infected by Tomato yellow
leaf curl Sardinia virus (TYLCSV). Mycorrhiza 2014, 24, 179–186. [CrossRef]

12. Jabaji-Hare, S.; Stobbs, L. Electron microscopic examination of tomato roots coinfected with Glomus sp. and
tobacco mosaic virus. Phytopathology 1984, 74, 277–279. [CrossRef]

13. Daft, M.; Okusanya, B. Effect of endogone mycorrhiza on plant growth v. influence of infection on the
multiplication of viruses in tomato, petunia and strawberry. New Phytol. 1973, 72, 975–983. [CrossRef]

14. Miozzi, L.; Catoni, M.; Fiorilli, V.; Mullineaux, P.M.; Accotto, G.P.; Lanfranco, L. Arbuscular mycorrhizal
symbiosis limits foliar transcriptional responses to viral infection and favors long-term virus accumulation.
Mol. Plant. Microbe Interact. 2011, 24, 1562–1572. [CrossRef] [PubMed]

15. Gerik, J.; Duffus, J.; Perry, R.; Stenger, D.; Van Maren, A. Etiology of tomato plant decline in the California
desert. Phytopathology 1990, 80, 1352–1356. [CrossRef]

16. Luis-Arteaga, M.; Rodríguez-Cerezo, E.; Fraile, A.; Sáez, E.; García-Arenal, F. Different tomato bushy stunt
virus strains that cause disease outbreaks in solanaceous crops in Spain. Phytopathology 1996, 86, 535–542.
[CrossRef]

17. Ohki, T.; Uematsu, S.; Lesemann, D.-E.; Honda, Y.; Tsuda, S.; Fujisawa, I. Characterization of Tomato bushy
stunt virus newly isolated from nipplefruit (Solanum mammosum) in Japan. J. Gen. Plant. Pathol. 2005, 71,
74–79. [CrossRef]

18. Lawrence, C.; Joosten, M.; Tuzun, S. Differential induction of pathogenesis-related proteins in tomato
byAlternaria solaniand the association of a basic chitinase isozyme with resistance. Physiol Mol. Plant. Pathol.
1996, 48, 361–377. [CrossRef]

19. Song, Y.; Chen, D.; Lu, K.; Sun, Z.; Zeng, R. Enhanced tomato disease resistance primed by arbuscular
mycorrhizal fungus. Front. Plant. Sci. 2015, 6, 786. [CrossRef]

20. Fiorilli, V.; Catoni, M.; Miozzi, L.; Novero, M.; Accotto, G.P.; Lanfranco, L. Global and cell-type gene
expression profiles in tomato plants colonized by an arbuscular mycorrhizal fungus. New Phytol. 2009,
975–987. [CrossRef]

21. Shaul, O.; Galili, S.; Volpin, H.; Ginzberg, I.; Elad, Y.; Chet, I.; Kapulnik, Y. Mycorrhiza-induced changes in
disease severity and PR protein expression in tobacco leaves. Mol. Plant. Microbe Interact. 1999, 12, 1000–1007.
[CrossRef]

22. Scagliusi, S.M.M.; Basu, S.K.; de Gouvea, J.A.; Vega, J. Comparison of two diagnostic methods for evaluation
of Sugarcane yellow leaf virus concentration in Brazilian sugarcane cultivars. Funct. Plant Sci. Biotechnol.
2009, 3, 26–30.

23. Esteban, R.; Balaguer, L.; Manrique, E.; de Casas, R.R.; Ochoa, R.; Fleck, I.; Pintó-Marijuan, M.; Casals, I.;
Morales, D.; Jiménez, M.S.; et al. Alternative methods for sampling and preservation of photosynthetic
pigments and tocopherols in plant material from remote locations. Photosynth Res. 2020, 101, 77–88.
[CrossRef]

24. Brederode, F.T.; Linthorst, H.J.M.; Bol, J.F. Differential induction of acquired resistance and PR gene
expression in tobacco by virus infection, ethephon treatment, UV light and wounding. Plant Mol. Biol.
1991, 17, 1117–1125. [CrossRef] [PubMed]

25. Harris, R.; Ochoa-Corona, R.; Lebas, B.; Timudo, O.; Stewart, F.; Alexander, B. Broad detection and diagnosis
of viruses of the genus Tombusvirus by RT-PCR coupled to single strand conformation polymorphism
analysis. In Proceedings of the 7th Australasian Plant Virology Workshop, Rottnest Island, Perth, Australia,
8–11 November 2006; p. 48.
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