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AMEF species do matter:
Rhizophagus irregularis and
Funneliformis mosseae affect
healthy and PVY-infected
Solanum tuberosum L. in a
different way

Edyta Deja-Sikora*, Klaudia Werner and Katarzyna Hrynkiewicz

Department of Microbiology, Faculty of Biological and Veterinary Sciences, Nicolaus Copernicus
University, Torun, Poland

Arbuscular mycorrhizal fungi (AMF) were documented to positively influence plant
growth and yield, which is extremely important for the production of many crops
including potato. However, the nature of the interaction between arbuscular
mycorrhiza and plant virus that share the same host is not well characterized. In
this study, we examined the effect of different AMF, Rhizophagus irreqularis and
Funneliformis mosseae, on healthy and potato virus Y (PVY)-infected Solanum
tuberosum L. The analyses conducted included the measurement of potato
growth parameters, oxidative stress indicators, and photosynthetic capacity.
Additionally, we evaluated both the development of AMF in plant roots and
the virus level in mycorrhizal plants. We found that two AMF species colonized
plant roots to varying degrees (ca. 38% for R. irregularis vs. 20% for F. mosseae).
Rhizophagus irregularis had a more positive effect on potato growth parameters,
causing a significant increase in the total fresh and dry weight of tubers, along with
virus-challenged plants. Furthermore, this species lowered hydrogen peroxide
levels in PVY-infected leaves and positively modulated the levels of nonenzymatic
antioxidants, i.e., ascorbate and glutathione in leaves and roots. Finally, both
fungal species contributed to reduced lipid peroxidation and alleviation of
virus-induced oxidative damage in plant organs. We also confirmed an indirect
interaction between AMF and PVY inhabiting the same host. The two AMF species
seemed to have different abilities to colonize the roots of virus-infected hosts,
as R. irregularis showed a stronger drop in mycorrhizal development in the
presence of PVY. At the same time, arbuscular mycorrhiza exerted an effect on
virus multiplication, causing increased PVY accumulation in plant leaves and a
decreased concentration of virus in roots. In conclusion, the effect of AMF-plant
interactions may differ depending on the genotypes of both symbiotic partners.
Additionally, indirect AMF-PVY interactions occur in host plants, diminishing the
establishment of arbuscular mycorrhiza while changing the distribution of viral
particles in plants.

Solanum tuberosum L., potato virus Y (PVY), Rhizophagus irregularis, Funneliformis
mosseae, mycorrhiza level, oxidative stress, photosynthesis
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FIGURE 5
The combined effect of AMF inoculation and PVY infection on oxidative stress indicators—hydrogen peroxide (A, B), reduced ascorbate (C, D) and

total ascorbate level (E, F) in roots and leaves of in healthy and virus-infected potatoes. The statistically significant differences are marked with letters.

The same letters indicate no significant differences (p > 0.05).
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FIGURE 6

The combined effect of AMF inoculation and PVY infection on oxidative stress indicators in healthy and virus-infected potatoes. Measured
parameters included total root and leaf glutathione (A, B) and lipid peroxidation level in root and leaf (C, D). The statistically significant differences are
marked with letters. The same letters indicate no significant differences (p > 0.05).

D PVY-infected plant, non-inoculated with AMF

E PVY-infected plant, inoculated with F. mosseae

E PVY-infected plant, inoculated with R. irregularis

This observation suggests that the two strains of AMF could
have different levels of susceptibility to PVY. It is also possible
that PVY induced some changes in host plant roots that greatly
disturbed potato-R. irregularis compatibility. Moreover, the tested
AMEF species had different capabilities to induce virus translocation
from roots to leaves. These phenomena may be associated with
the activation of specific plant defense mechanisms, which in
turn affect virus concentrations in host organs. The conclusion
is based on the altered accumulation of the virus, depending on
AMF species colonizing host roots. We found that F. mosseae

Frontiers in Microbiology 10

induced greater changes, i.e., a stronger decrease in PVY content
in roots and simultaneously higher accumulation of pathogen in
leaves. We compared our observations with the outcomes of other
studies. The number of articles on plant virus-AMF interactions
is limited. Furthermore, these studies involved different plant-
virus-AMF models. Some previous reports indicated that AMF
lowered virus concentrations in plant organs (Maffei et al., 2014).
In other reports, AM fungi were associated with elevated virus
levels (Daft and Okusanya, 1973; Miozzi et al., 2011). Our finding
is consistent with the results described by Sipahioglu et al. (2009),
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The combined effect of AMF inoculation and PVY infection on photosynthetic capacity in healthy and virus-infected potatoes. Measured parameters
included CO; assimilation rate (A), transpiration (B), and stomatal conductance (C). Values dA1 (Agoo-Asoo) and dA2 (A1 200-Aspo) show changes in the
assimilation rate between two different light intensities. The statistically significant differences are marked with letters. The same letters indicate no

significant differences (p > 0.05). The asterisk means significant difference between each two parameters measured for the experimental variant (for

A: dAl and dA2; for B, C: 1500 and 2200).

where R. irregularis stimulated an increase in the PVY reproduction
and accumulation rate in leaves of potato cv. Marfona. Moreover,
F. mosseae also induced long-term accumulation of phytovirus
(tomatoes spotted wilt virus) in leaves of other solanaceous plants,
ie., tomatoes (Miozzi et al., 2011). However, none of these
studies evaluated the effect of AMF on virus content in plant
roots, which are the target organ for arbuscular mycorrhiza. We
demonstrated that AM-induced changes in phytopathogen levels
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occurred in both leaves and roots. On the other hand, the lower
the concentration of the virus in roots, the lower the impact of
this pest on the symbiotic plant-fungus association. Interestingly,
several mechanisms were proposed to link virus accumulation
with arbuscular mycorrhiza (Hao et al, 2019). One of them
involves viral multiplication due to increased P supply in plants
expressing mycorrhiza-specific phosphate transporters PT4 (Daft
and Okusanya, 1973; Lacroix et al., 2017). Better nutritional status
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FIGURE 8
Effect of AMF on the relative quantity of PVY in leaves (A) and roots (B) in virus-infected potatoes. Each value is calculated as a ratio of the PVY level in
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plant roots. The statistically significant differences are marked with letters. The same letters indicate no significant differences (p > 0.05).

of the mycorrhizal plant can enhance plant tolerance to virus
pressure by compensating for the harmful effects of the pathogen
(Hao et al, 2019). The other mechanism may be related to
the downregulation of specific defense factors, e.g., pathogenesis-
related (PR) proteins, heat-shock (HS) proteins, and glutathione
S-transferase (GST) in virus-infected mycorrhizal tomatoes as was
reported by Miozzi et al. (2011). Authors noticed that reduced
activity of defense proteins was linked to increased infectivity of the
virus in tomatoes and corresponded to virus accumulation in plant
leaves. Finally, enhanced multiplication of the virus in mycorrhizal
plants may be related to AMF-dependent improvement in their
photosynthetic capacity. It was shown that infection sites can
function as photosynthetic carbon sinks (Herbers et al., 2000;
Zanini et al., 2021) to provide resources for virus replication. Thus,
more efficient assimilation of CO; due to mycorrhiza could result
in more photosynthates, which in turn may positively affect virus
development in potatoes.

Contrary to the results of the in vitro experiment (Deja-Sikora
et al., 2020), where the colonization of potato cv. Pirol with R.
irregularis did not influence shoot and root fresh weights, the
effect obtained in the pot experiment was different. We noticed
no positive effect of the two tested AMF species on either shoot
or root growth (ie., FW and DW). Interestingly, R. irregularis
seemed to induce a stronger decrease in the values of the mentioned
parameters than F. mosseae. On the other hand, healthy and PVY-
infected plants inoculated with AMF produced significantly higher
tuber yields, reflected by increased tuber FW and DW, and the
effect was greater for R. irregularis. Furthermore, the total DW
of PVY-free and PVY-positive mycorrhizal plants was significantly
enhanced compared to that of the control and did not differ
between the tested AMF species. The obtained results showed that
AM improved the growth capacity of potatoes, independent of
virus presence, but the effect could be seen mostly for belowground
parts of plants, especially tubers. Our finding is in agreement
with other communications, indicating that AMF improved potato
yield quality and quantity (Dufty and Cassells, 2000; Douds et al.,
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2007; Hijri, 2016). Hijri (2016), who performed 3-year field trials,
reported that R. irregularis-treated potato seeds gave nearly 10%
higher yields than noninoculated controls. Similarly, Douds et al.
(2007) revealed a 10 to 20% higher potato yield after the application
of R. irregularis inoculum. Finally, Dufty and Cassells (2000)
concluded that the final effect of plant-AMF interactions depends
on the species used and can result in either a yield increase or
decrease, as host-fungus functional compatibility is an important
factor modulating an outcome (Ravnskov and Jakobsen, 1995; Lone
et al.,, 2020; Santander et al., 2021; Fritz et al., 2022). We expect
that the gain in tuber biomass observed in our experiment resulted
from the better nutritional status of plants associated with AME, as
indicated by Liu et al. (2018) and Yang et al. (2020). The authors
showed that arbuscular mycorrhiza was involved in enhanced
phosphorus, nitrogen, and potassium acquisition by potatoes. P
and N are key for plant biomass development, while K is important
for plant osmoregulation (Clark and Zeto, 2000).

Surprisingly, the positive effect of arbuscular mycorrhiza
on potato yield can be dramatically changed by phytoviruses.
Sipahioglu et al. (2009) observed an 85% drop in tuber weight
only when PVY and R. irregularis were present at the same
time. Potato cv. Marfona almost completely inhibited tuber
development as a result of virus-fungus interactions. In our
study, the PVY-infected potato cv. Pirol reacted positively to
both AMF species. As expected, the virus itself disturbed tuber
production causing more than two-fold yield loss. The application
of F. mosseae elevated tuber biomass to the level reached by
healthy plants, while inoculation with R. irregularis showed an
even stronger effect. In addition, we noticed no symptoms of
viral disease exacerbation. We conclude that the positive effect
of AM on PVY-infected potatoes is directly related to lowered
levels of oxidative stress and improved photosynthetic capacity in
mycorrhizal plants.

We measured different indicators of oxidative stress to assess
the physiological condition of plants colonized with PVY and
AMEF. In our experiments, F. mosseae seemed to have a minimal
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effect on the oxidation status in healthy plants, as only a slightly
lowered concentration of root HyO, was noticed. Nevertheless, this
change corresponded to a decreased lipid peroxidation in root cells.
Again, R. irregularis regulated H, O, levels and elements of the host
antioxidative system much more strongly. In the absence of PVY,
R. irregularis significantly reduced root and leaf levels of H,O,.
This entailed further changes comprising decreases in total GSH
(leaf), total ascorbate content (leaf and root), and lipid peroxidation
(root). The measured parameters suggest that AME, especially R.
irregularis, alleviated oxidative stress in potatoes. Interestingly, the
two AMF species interacted with the same host with different
intensities. The degree of induced changes varied, depending on the
species used, which was also noticed in other plant-AMF models
(Cao et al., 2020; Malicka et al., 2021; Guo et al., 2022).

In our experiment, host plants responded to PVY with
enhanced accumulation of ROS in leaves. This phenomenon was
previously reported by many authors (Otulak and Garbaczewska,
2010; Deja-Sikora et al., 2020; Lukan et al., 2020). Additionally,
the virus negatively impacted the total ascorbate pools in leaves
and roots and simultaneously increased the GSH content, but
the difference was significant only in leaves. All changes in the
antioxidative system induced by PVY seemed to disrupt the
oxidative balance in host plants as strongly increased levels of
lipid peroxidation in leaves were apparent. Similarly, antioxidative
imbalance and a higher lipid peroxidation rate, which are
typical for susceptible host-virus interaction, were described by
Garcia-Marcos et al. (2009) in Nicotiana benthamiana infected
with PVY and PVX. Several studies have reported that the
accumulation of ROS upon systemic viral infection can contribute
to disease symptom development including mosaic spots and
plant deformations resulting in abnormal growth (Riedle-Bauer,
2000; Diaz-Vivancos et al., 2008; Garcia-Marcos et al., 2009).
Increased generation of ROS in leaves may be specifically linked
to disturbed chloroplast metabolism, i.e., elevated electron leakage
from photosynthetic electron transport chains, resulting from
the inhibition of PSI and PSII (Garcia-Marcos et al, 2009).
This suggestion is supported by our observation of the adverse
effect that PVY exerted on photosynthetic efficiency in potato cv.
Pirol. Furthermore, Kogovsek et al. (2010) announced that PVY
could upregulate the expression of antioxidant system enzymes,
i.e., ascorbate peroxidase (APX), glutathione peroxidase (GPX),
glutathione reductase (GR), and glutathione S-transferase (GST),
and the effect depended on virus aggressiveness and host genotype.
In this study, we noticed significantly increased leaf GSH content,
which suggests a rather mild virus-host interaction.

In contrast to previously described results, both AMF species
showed more diverse and pronounced effects on PVY-infected
potatoes. As leaves are a target for PVY and roots are a place
where mycorrhiza is developed, plant antioxidative responses were
noted in both organs. In general, potatoes reacted to the virus
and AMF with decreased levels of leaf and root HyO,. Arbuscular
mycorrhiza additionally contributed to the elevation of the total
ascorbate pool in leaves, while R. irregularis also lowered the
GSH content in these organs. In roots, AM seemed to specifically
increase GSH levels and either total (F. mosseae) or reduced (R.
irregularis) ascorbate content. Changes in the oxidation status of
PVY-positive plants associated with arbuscular mycorrhiza resulted
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in greatly diminished lipid peroxidation in root and leaf cells,
which indicates AMF-induced alleviation of virus-caused stress.
Nonenzymatic antioxidants, i.e., ascorbate and GSH, are linked to
each other via the ascorbate-glutathione pathway used by plants
for H,O; reduction in water (Noctor et al.,, 2012). These results
may suggest elevated activity of APX and GR in mycorrhizal plants
infected with PVY; however, further confirmation is needed.

Finally, we found that PVY negatively impacted photosynthetic
parameters including CO, assimilation rate, transpiration, and
stomatal conductance during increasing light intensity. The weaker
photosynthetic activity of infected plants is possibly related
to the photosystem inhibition mentioned earlier. Nevertheless,
mycorrhiza improved the photosynthetic capacity of potatoes
to such a level that PVY-infected plants reached similar values
of the abovementioned parameters as healthy plants. This
finding is, in general, in agreement with numerous studies
where AMF positively influenced photosynthesis and protected
the photosynthetic apparatus, especially under different types
of stresses (Chandrasekaran et al, 2019; Gavito et al., 2019;
Mathur et al., 2019; Popescu and Popescu, 2022). However,
direct improvement of CO, uptake efficiency, transpiration, and
stomatal conductance in mycorrhizal PVY-infected plants was
not demonstrated. Some indirect evidence, based on chlorophyll
content analysis, was previously described (Sipahioglu et al., 2009;
Deja-Sikora et al,, 2020). It was only shown that AMF-colonized
healthy potato cv. Pirol had a higher chlorophyll content than
the control, but no such result was found in the presence of
the virus (Deja-Sikora et al, 2020). Sipahioglu et al. (2009)
reported no significant difference in this parameter for mycorrhizal
PVY-infected potato cv. Marfona. This means that chlorophyll
content may not adequately reflect the photosynthetic capacity of
mycorrhizal plants. More reliable results are obtained by recording
the CO, assimilation rate, which reveals that AMF significantly
contributes to the improvement of the photosynthesis process.
It is not clear what exact mechanism underlies this finding;
however, disinhibition in PSI and PSII (in spite of virus presence)
is concluded.

Conclusion

This study indicated that multipartite interactions can take
place in plant hosts inhabited by phytopathogens and endophytes.
We demonstrated that plant viruses exerted a negative impact
on arbuscular mycorrhizal development in host roots. At the
same time, AM was associated with an increased rate of virus
multiplication in host leaves, possibly due to improved plant
nutritional status, lowered activity of defense proteins, or increased
plant photosynthetic capacity. Arbuscular mycorrhiza positively
affected tuber yield in potatoes, alleviating the negative effect
of PVY; thus, the application of AMF inoculum can reduce
economic losses caused by the virus. Finally, AMF contributed
to a decrease in virus-induced oxidative stress and protected
cell lipids from peroxidation. Interestingly, the two tested AMF
species interacted with the host variety at different intensities,
suggesting that plant-fungus compatibility may be critical for
obtaining benefits.
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