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Abstract: Fusarium solani, a soil-borne pathogen of stored potato may be disseminated, and thus,
the damage caused by the pathogen may be aggravated by the grazing activities of arthropods.
To investigate whether terrestrial woodlice contribute to the spread or, instead, to the control of F.
solani, we launched a series of pilot experiments. First, a laboratory feeding trial was set up to find
whether and to what extent woodlice consume the mycelia of fungal pathogens, namely, Aspergillus
niger, F. solani, Macrophomina phaseolina, and Sclerotinia sclerotiorum. This was followed by a second set
of experiments to simulate storage conditions where potato tubers, either healthy or infected with F.
solani, were offered to woodlice. We found that: (1) F. solani was accepted by woodlice but was not
their most preferred food source; (2) the presence of woodlice reduced the spread of F. solani among
potato tubers. Our results suggest that the classification of terrestrial woodlice as “storage pests”
needs re-evaluation, as isopods have the potential to disinoculate infective plant remnants and, thus,
reduce the spread of storage pathogens.

Keywords: ecosystem services; storage pest; disinoculation; disease control; food choice test; benefi-
cial arthropods; Armadillidium vulgare; Porcellionides pruinosus; Porcellio scaber

1. Introduction

Potato (Solanum tuberosum L.) ranks fourth worldwide among the most important
vegetables worldwide, only preceded by corn, rice, and wheat [1]. Post-harvest potato
storage is burdened by soil-borne storage pathogens, among which Fusarium species are
the most dangerous ones. Damage is always higher if more than one Fusarium species
is involved. The spoilage involves the creation of dry spots, and although the oncoming
symptoms may not appear at a visual check-up, they are even more serious. Among them
are the reduction of starch and amylose content and the increase of sucrose and total soluble
sugars [2]. In an artificial inoculation experiment, disease severity was found significantly
different depending on Fusarium species and potato cultivars, but not on the methods of
seed propagation [3]. Small-scale storage usually means storing the product grown on
the neighboring land of the producer. This allows enjoying one’s own products in the
freshest conditions, as well as avoiding synthetic pesticides thus improving safety. One of
the promising biological alternative methods is to apply chitosan in water with acetic
acid. The effect on F. oxysporum, F. sambucinum, and F. graminearum was higher when the
application took place before inoculation, rather than post-inoculation [4]. Moreover, a
correlation was found recently between treating tubers with Bacillus subtilis strains and
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salicylic acid. Some of the tested combinations had a synergistic effect, and there was
one combination whose effect outstandingly increased disease manifestation. Finding this
synergy suggests another promising ecological alternative to Fusarium control [5]. The nat-
ural suppressivity of soils may also contribute to the natural control of Fusarium species.
The most important prerequisites for suppressivity are that soil are covered (mulched), and
their nutrient supply is adequate [6]. In a two-year study, where Fusarium-infected wheat
straw was offered to various soil-dwelling arthropods, the quantity of fungal matter was
significantly decreased in the faunistically enhanced mesocosms. This finding suggests not
only that some arthropods do feed on fungal matter, regardless of its pathogenicity, but also
that the reduction of the dispersal of fungal agents by feeding can be really effective [7].

Woodlice/isopods (Isopoda: Oniscidea) were found to feed on algae and fungal
matter to obtain their polyunsaturated fatty acids [8]. In a semi-natural experimental
setting, isopods massively feeding on fungi were able to control fungal communities [9].
Moreover, the genetic material of Aspergillus nidulans changed in relation to the grazing
pressure by fungivorous macroarthropods including isopods [10]. The fact that fungi not
only serve as a food for terrestrial isopods but also are preferred over bacterial material in a
laboratory feeding experiment using the leaf litter of Alnus nepalensis [11] inspired us to
conduct experiments with three isopods species to monitor their behavior and effect on the
soil-borne pathogen Fusarium solani.

We monitored changes to fungal matter by recording the decrease and increase in
the mycelia and documented the loss of tubers due to the feeding activities of isopods.
Our aim was to monitor and possibly quantify the beneficial and/or harmful effect these
three isopod species may have on stored potato by recording the loss of the mycelia of
plant pathogens and the loss of tuber material due to feeding. We were also interested
in evaluating the effect, if any at all, of isopods on the dissemination of a pathogenic
agent in stored potato, observing the potential of isopods as potential biocontrol agents of
fungal diseases.

2. Materials and Methods
2.1. Tested Isopod Species and Fungal Pathogens
2.1.1. Isopod Species
Armadillidium vulgare (Latreille)

The common pillbug is a small- to medium-sized isopod with body length of 12 mm.
The body is twice as long as it is wide. Most adults have a uniform, dark grey-colored body
with motifs in pale shades of yellow, sometimes brown or red (in females). The margins
of the patches are never white. Their pereopods are relatively short, and the telson has a
distinctive trapezoid shape [12]. Often considered an invasive species [13,14], the common
pillbug is a habitat generalist, one of the most frequent and abundant species of the genus.
Its cuticle has a fine-grained surface, allowing for a wider tolerance of environmental
conditions [15].

Porcellio scaber (Latreille)

The common rough woodlouse is a medium-sized isopod whose length ranges be-
tween 10 and 15 mm. It has a uniform color in the shades of brown, grey, or orange.
Males tend to be grey in their shades, while females and juveniles are more colorful.
The motifs are pale, sometimes invisible. The epimera may be decorated with a line of spots
along the sides. They do not have that smooth cuticle as many other Porcellio species and
appear rough and coarse. The two pairs of lungs, distinctive to the Porcellio genus, appear
as white patches on the abdominal side of the pleon. The common rough woodlouse is
often found abundantly and flees when disturbed. It is common around settlements and in
other habitats disturbed by human activities [12].
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Porcellioinides pruinosus (Brandt)

The plum woodlouse is a medium-sized isopod whose length ranges between 8 and
12 mm. Its color can be brownish, purple, or plum blue. The pale motifs are most visible
on brown individuals [12]. The body is covered with a layer of microscopic bubbles,
which gives the species its characteristic blue-gray bloom [16,17]. The pleon is wider than
the pereion, so there is a split in the outline of the whole body where these parts meet.
The widely distributed plum woodlouse flees when disturbed. It is of Mediterranean
origin, synanthropic, common around humans worldwide, and prefers compost heaps and
decomposing plant material [18].

2.1.2. Tested Plant Pathogenic Fungi

Fungi, except for Aspergillus niger, were obtained from the stock collection of the Ento-
mology and Plant Pathogen Laboratory of the Department of Integrated Plant Protection of
MATE, Hungarian University of Agricultural and Life Sciences (hereinafter: Laboratory).

Aspergillus niger Tieghem

The pathogen agent of the black mold that may be found on the surface of certain
stored fruit belongs to the division Ascomycota, subdivision Pezizomycotina, class Euro-
tiomycetes, order Eurotiales, family Aspergillaceae, genus Aspergillus [19]. Although this
fungus is responsible for economic loss related to various fruits and vegetables [20], it is
also widely used to produce industrial compounds including citric acid, glucoamylase, and
other enzymes [21]. The biological control of the Aspergillus niger black mold in onion may
be accomplished by using antagonists of certain Penicillium species [20].

Fusarium solani (Martius) Saccardo

The foot or root rot pathogen belongs to the division Ascomycota, subdivision Pezi-
zomycotina, class Sordariomycetes, order Hypocreales, family Nectriaceae, genus Fusar-
ium [19]. F. solani may infect a wide range of plants of agricultural importance including
members of the leguminous and solanaceous family, causing symptoms including wilting,
chlorosis, or lesions [22]. For its biological control, growers may use crop rotation, soil
improvement, resistant cultivars, and antagonistic bacterial agents [23].

Macrophomina phaseolina (Tassi) Goidànich

The pathogen that causes the disease described according to its symptoms as charcoal
rot belongs to the division Ascomycota, class Dothideomycetes, order Botryosphaeriales,
family Botryosphaeriaceae, genus Macrophomina [19]. The fungus poses a serious economic
threat to soybean production and has a wide range of hosts including other pulses, corn,
and sorghum, but certain fruit trees and forest trees can be hosts as well [24]. One of the
recent ways for its biological control is based on breeding resistant soybean cultivars after
the identification of genetic determinants of resistance to the disease [25].

Sclerotinia sclerotiorum (Libert) de Bary

White mold belongs to the division Ascomycota, subdivision Pezizomycotina, class
Leotiomycetes, order Helotiales, family Sclerotiniaceae, genus Sclerotinia [19]. The disease
it causes affects a spectrum of plant genera. Its most important hosts are members of com-
posite, leguminous, or cruciferous families, most of them herbaceous [26,27]. The presence
of white mold often coincides with optimal environmental conditions for maximum crop
production; therefore, when loss occurs, it is usually serious [26]. Recent studies have
found that bacterial agents may have the potential to combat the disease in rapeseed [28].

2.2. Selection and Pre-Experimental Confinement Condition of Isopods

Besides their simple availability and synanthropic lifestyle, A. vulgare, P. scaber, and P.
pruinosus were selected as test species because they respond well to various environmental
circumstances and are easy to rear in artificial conditions. Original specimens for woodlice
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culture were collected partly in a household compost pile (Monor, Pest county, Hungary)
and partly at the Regional Waste Management Center (Pusztazámor, Pest county, Hungary)
by handsorting and were identified using the taxonomic key of Farkas and Vilisics [12].
We made no difference between genders as this type of selection would have hurt the
individuals, but gravid females were excluded. Before the experiment, animals were kept
at 22–25 ◦C, following a 0–24 h light/dark regime in plastic containers at the Laboratory.
For feeding, we used the same material they consumed at their location of collection: a
mixed municipal green waste containing fallen leaves of maples, oak, planes, and fruit
trees of local origin.

2.3. Feeding Trial

The experiment was conducted in the Laboratory, between 10 November and 6 De-
cember 2016. We used 40 (4 × 10: 10 per treatment plus 10 control dishes) Petri dishes with
a diameter of 8.5 cm in this experiment. Inocula of F. solani, M. phaseolina, and S. sclerotiorum
were introduced separately into the Petri dishes. Fungal colonies were kept on a potato
dextrose agar medium [29]. The PDA medium was prepared on the first day. To 1000 mL
of water, we added the following ingredients: tomato juice solids 20.0 g, enzymatic digest
of casein 10.0 g, peptonized milk 10.0 g, agar 11.0 g, chloramphenicol 25.0 mg, reaching
the final pH of 5.6 ± 0.2 at 25 ◦C. The remaining 10 Petri dishes were left uninoculated to
serve as controls, but since they appeared to have been naturally infected with A. niger
before the feeding experiment began, we deviated from the original conception and used
this fourth fungus as the fourth treatment and only the “fungus-only” as a control in this
experiment. A week after inoculation, 10 P. pruinosus individuals per dishes (at an average
body weight of 115.03 mg per individual) were introduced into 7 Petri dishes per every
fungal colony, making 7 repetitions per fungus. The remaining 3 Petri dishes per fungus
served as a “fungus-only” control (Figure 1).
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Figure 1. Food choice experiment to investigate different plant pathogen consumption of terrestrial
isopods. From left to right, the image shows the pathogen-free control (later spontaneously infested
by Aspergillus niger), followed by Petri dishes with Fusarium solani, Macrophomina phaseolina, and
Sclerotinia sclerotiorum (Photo: Nóra Balázs, Gödöllő, Hungary, 2016).

Petri dishes were kept at a 0–24 h light/dark regime and placed randomly on a
tray at 22–25 ◦C. We monitored the loss of mycelia and propagules of the different fungi
(Figures 2–4) and recorded the number of isopod individuals to survey their mortality.

Samples were taken five times along the experiment (on 21, 24, 29 November and 02,
06 December). All Petri dishes were photographed throughout the experimental period
according to the same setting (Resolution 5520 × 4140, 72 dpi, sRGB, 1/32s, ISO–100, focal
length 4 mm, no flash, Sony E5823), using the same station point. The diameter of the
Petri dishes was uniformly 8.5 cm. The print versions of these photographs were copied
to a millimeter paper to quantify and evaluate the amount of mycelial loss. Initially, the
computer programs AutoCAD, ImageJ, and some other software were also used for mea-
surements but they were not reliable enough. Therefore, a manual but much more reliable
method was chosen to quantify the results. AutoCAD is basically a design program that
could have calculated the area consumed by woodlice, but did not give accurate results for
some photograph and fungal species (Macrophomina phaseolina). Based on the AutoCAD
program, the area of the consumed parts was calculated using graph paper, which also
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showed the amount of mushroom consumption. The images taken during the recordings
were printed, and then the parts consumed by the isopods were redrawn using graph
paper, while providing the appropriate light source (Figure 5). The amount of weight loss
could be quantified in square millimeters.
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2.4. The Effect of Isopods on Fusarium Solani Infection of Stored Potato
2.4.1. Experiment A—Small boxes

The experiment was conducted in the Laboratory, between 15 and 23 March 2017.
We used 30 plastic boxes (15 × 11 × 11 cm with lids) with a slightly damp filter paper
on the bottom to preserve moisture. F. solani was inoculated into a Petri dish on potato
dextrose agar medium. Once the distinctive white mycelium appeared on the surface,
5 mm-diameter discs were cut out of the agar to infect the tubers. For the experiment, we
used 60 pieces of small, intact potato tubers with an average weight of 70.11 g. We used two
varieties in equal amount: the red-skin ‘Balatoni Rózsa’ and the yellow-skin ‘Hópehely’.
Thirty tubers were bruised with a lancet, and the agar discs with the mycelia were placed
upon the fresh wounds. To prevent the mycelium from getting desiccated, each disc was
secured to the tuber with a thin plastic wrap, which was discarded upon recognition of
successful infection.

Two tubers of the same potato variety were placed into each box. One of the tubers
was healthy, and the other one was inoculated. After the potatoes were inside the box,
we introduced 5 individuals of P. scaber in each of the 10 boxes and 10 individuals of P.
pruinosus in each of other 10 boxes. For P. scaber, we used half the number of individuals
per box because the specimens of this species are larger and twice as heavy as those of
the second species. The remaining 10 boxes were control boxes, containing only potatoes.
After the setup, the boxes were covered (L/D = 0–24) and placed randomly at 22–25 ◦C.
The mortality of isopods, the development and spread of the fungus, and the loss of fungal
and potato matter due to the feeding of the isopods were recorded every other day for
10 days. The loss of potato was calculated by multiplying the diameter of the holes in
the tubers by their depth. We generated a subjective scale to estimate the status of fungal
infection, where 0 indicated visually Fusarium-free tubers, while 5 indicated the presence of
the most severe symptoms (Figure 6).

2.4.2. Experiment B—Large Boxes

The experiment started on 18 February 2018 and was closed on 17 May 2018. To simulate
the general household storage conditions of potato, the experiment was conducted in
three cellars in Gödöllő, Makó, and Neszmély between 18 February and 9 May (Gödöllő)
and 17 May (Makó, Neszmély). In every location, there were 10 plastic boxes measuring
28 × 38 × 20 cm. The bottom 5 cm layer of the boxes was filled with sand. We used the
red-skin ‘Demon’ potato variety. To induce artificial infection on healthy potato, holes
were bore into 10 tubers with a puncher. Into these holes, we placed discs cut out from
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clean colonies of F. solani. All utensils and surfaces were disinfected between actions.
Infected tubers were individually wrapped into cling film after artificial inoculation and
before the beginning of the experiment to ensure peri-optimal conditions for the pathogenic
agent. We arranged 10 small healthy tubers (diameter, approximately 5 cm) in the middle
of the box. Then, with spatial separation, we placed the infected tuber at one end of the box,
making sure that it had no contact with the healthy tubers in the middle. Temperature and
relative humidity were approximately similar and steady in all locations, being about
5–11 ◦C, and 60–80%, respectively. All cellars had a natural light regime, which, given the
local climate, equaled a 9–13 h light/dark period per day. Ten individuals of A. vulgare with
an average body weight of 0.110 g were introduced into 5 of the boxes, and the remaining
5 boxes served as a control. In the boxes containing isopods, we introduced two oak leaves
with a length of 6-8 cm as alternative feed, which were replenished when consumed during
the experiment. The bottom layer of sand was monitored every two weeks for moisture
content, and additional moisture was provided according to need by spraying two short
shots of water with a hand sprayer. We recorded the number of isopods per box and the
spread of F. solani. Damaged tubers with visible signs of chewing were separately collected,
and the size of the chew marks were measured in cubic mm. From every box, tubers
showing signs of Fusarium infection were also collected (Figure 7).
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infection of stored potato (Anikó Südiné Fehér, Gödöllő, Hun-gary, 2017).Agriculture 2022, 12, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 7. Experimental setup with large boxes to investigate the role of Armadillidium vulgare on 

Fusarium solani infection of stored potato in Gödöllő, Hungary 2018. a) Tubers in a box at the begin-

ning of the experiment. b) Arrangement of boxes in one of the three involved storage cellars. c) 

Tubers in a box at the termination of the experiment. The artificially infected tuber is marked with 

white. A. vulgare individuals were introduced to every second box. (Photo: Nóra Plangár). 

2.5. Identification of the Fungal Agent of Secondary Tuber Infections 

To select, isolate, and propagate the pathogen, we prepared a Fusarium-selective me-

dium. (We boiled 1000 mL of water for 40 min in a pressure cooker with 15 g peptone 

adding 1 g KH2PO4, 0.5 g MgSO4, and 20 g of agar. After cooking, we added 5 mL pen-

tachloronitrobenzene (PCNB) and 10 mL chloramphenicol. The medium was then poured 

into Petri dishes in a sterile box). We allowed the fungal bodies to grow, and a week later, 

mycelial growth that resembled F. solani (thick formations of cells showing a white-pink 

coloration [30] were scraped and placed into a potato selective medium (500 mL water, 10 

g potato powder, 10 g glucose, 8 g agar were heated for 30 min after the boiling point. 

Then, we added 5 mL chloramphenicol, and the medium was poured into Petri dishes in 

a sterile box). The transferred colonies were put under UV light for 4–5 days until conidia 

appeared, for a final determination based on the macroconidia of the pathogen [31]. 

2.6. Statistical Analysis 

Data were evaluated using one-way AVOVA with Tukey’s pairwise comparisons or 

Kruskal–Wallis test with Mann–Whitney pairwise comparisons. Data were analyzed with 

PAST®  statistical software [32]. 

3. Results 

3.1. Consumption of Fungal Pathogens on A Culture Medium 

The most intense mycelial loss was recorded in Petri dishes containing S. sclerotiorum, 

while A. niger was found to be the least favorite fungus among the four in our experiment 

during all the sampling times. The loss of fungal material due to the feeding activities of 

isopods was similar in M. phaseolina and F. solani: at the beginning, the loss of M. phaseolina 

was higher than that of F. solani, but the difference was not significant, and by the end of 

the experiment the loss to the two fungi was rather similar. Sclerotinia sclerotiorum was so 

heavily consumed that once the mycelia were completely ingested, the isopods started to 

feed upon the resting bodies (sclerotia) of the fungi. Consecutive samplings always 

showed a significant difference between the loss of fungal bodies of S. sclerotiorum and 

those of M. phaseolina, F. solani, or A. niger. The ingestion of propagules and mycelia of the 

most preferred fungus increased with time, so the difference between the loss of fungal 

bodies of S. sclerotiorum and those of the other fungi increased too. A. niger proved to be 

the least preferred fungus, practically ignored by isopod individuals (Figure 8). The low-

est level of isopod mortality was recorded on M. phaseolina cultures (Figure 9). 

ba c
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Fusarium solani infection of stored potato in Gödöllő, Hungary 2018. (a) Tubers in a box at the
beginning of the experiment. (b) Arrangement of boxes in one of the three involved storage cellars.
(c) Tubers in a box at the termination of the experiment. The artificially in-fected tuber is marked
with white. A. vulgare individuals were introduced to every sec-ond box. (Photo: Nóra Plangár).

2.5. Identification of the Fungal Agent of Secondary Tuber Infections

To select, isolate, and propagate the pathogen, we prepared a Fusarium-selective
medium. (We boiled 1000 mL of water for 40 min in a pressure cooker with 15 g peptone
adding 1 g KH2PO4, 0.5 g MgSO4, and 20 g of agar. After cooking, we added 5 mL
pentachloronitrobenzene (PCNB) and 10 mL chloramphenicol. The medium was then
poured into Petri dishes in a sterile box). We allowed the fungal bodies to grow, and a
week later, mycelial growth that resembled F. solani (thick formations of cells showing a
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white-pink coloration [30] were scraped and placed into a potato selective medium (500 mL
water, 10 g potato powder, 10 g glucose, 8 g agar were heated for 30 min after the boiling
point. Then, we added 5 mL chloramphenicol, and the medium was poured into Petri
dishes in a sterile box). The transferred colonies were put under UV light for 4–5 days until
conidia appeared, for a final determination based on the macroconidia of the pathogen [31].

2.6. Statistical Analysis

Data were evaluated using one-way AVOVA with Tukey’s pairwise comparisons or
Kruskal–Wallis test with Mann–Whitney pairwise comparisons. Data were analyzed with
PAST® statistical software [32].

3. Results
3.1. Consumption of Fungal Pathogens on A Culture Medium

The most intense mycelial loss was recorded in Petri dishes containing S. sclerotiorum,
while A. niger was found to be the least favorite fungus among the four in our experiment
during all the sampling times. The loss of fungal material due to the feeding activities of
isopods was similar in M. phaseolina and F. solani: at the beginning, the loss of M. phaseolina
was higher than that of F. solani, but the difference was not significant, and by the end of
the experiment the loss to the two fungi was rather similar. Sclerotinia sclerotiorum was so
heavily consumed that once the mycelia were completely ingested, the isopods started to
feed upon the resting bodies (sclerotia) of the fungi. Consecutive samplings always showed
a significant difference between the loss of fungal bodies of S. sclerotiorum and those of
M. phaseolina, F. solani, or A. niger. The ingestion of propagules and mycelia of the most
preferred fungus increased with time, so the difference between the loss of fungal bodies of
S. sclerotiorum and those of the other fungi increased too. A. niger proved to be the least
preferred fungus, practically ignored by isopod individuals (Figure 8). The lowest level of
isopod mortality was recorded on M. phaseolina cultures (Figure 9).
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Figure 8. Average loss of mycelium in a feeding experiment where Porcellionides pruinosus individuals
were offered four different fungi in Petri dishes. Different letters for the same sampling date indicate
significant differences (ANOVA, Tukey’s post hoc test).
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Figure 9. Number of surviving Porcellionides pruinosus individuals kept on different mycelial diets in
Petri dishes. The initial number of individuals was 10 per Petri dish. Different letters for the same
sampling date indicate significant differences (ANOVA, Tukey’s post hoc test).

3.2. Effect of Isopods on Fusarium Solani Infection of Stored Potato
3.2.1. Experiment A—Small Boxes

The isopods left 6 of the 2’ originally healthy (not infected) tubers intact, but of the
originally infected tubers, only 3 were left unharmed. Porcellio scaber individuals consumed
significantly (10 times) more tuber material of the originally infected tubers during the
experiment than individuals of P. pruinosus (Figure 10). When compared to the control, the
infection rate due to F. solani was significantly lower in tubers originally infected with the
pathogen. Figures for originally intact tubers, however, showed a significant difference
only in the case of P. scaber, as there was no significant reduction in the spread of infection
on tubers in boxes with P. pruinosus (Figure 11).
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Figure 10. Difference between the consumption of infected and intact potato tubers by two isopod
species (Porcellio scaber, Porcellionides pruinosus) in a feeding experiment where the animals were
offered healthy and infected tubers (the same letters above the bars indicate the lack of a significant
(p ≤ 0.05) difference according to the Kruskal–Wallis test with Mann–Whitney pairwise comparisons,
uncorrected significance; error bar: CI 95%).
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Figure 11. Effect of two isopod species (Porcellio scaber, Porcellionides pruinosus) on the spread of
Fusarium solani on infected and on originally intact potato tubers (the same letters above the bars
indicate the lack of a significant (p ≤ 0.05) difference according to ANOVA with Tukey’s pairwise
comparisons; error bar: CI 95%).

3.2.2. Experiment B—Large Boxes

The ratio of infected tubers was higher in boxes without isopods. The average number
of potentially infected tubers within the boxes with isopods was around 1.5, whereas in
the absence of isopods, the number was as high as 3 (Figure 12). Microscopic evaluation of
the seemingly infected tubers confirmed the presence of F. solani. The number of Fusarium-
infected tubers in the boxes without isopods was high, reaching 2 in this treatment, whereas
in boxes with isopods this figure was only 1.2 (Figure 13). There was a strong correlation
between the results obtained by examinations taken by the naked eye and those obtained
by microscopic evaluation (Spearman’s R = 0.83; p = 2 × 10−8). Both examinations had the
same results: the number of infected tubers was lower in the boxes with isopods, although
not significantly in most cases.
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Figure 12. Effect of the presence of Armadillidium vulgare (A+) on the number of infected tubers
in three locations (Gödöllő, Makó, Neszmély) in 2018, as determined by the naked eye. Different
letters above the bars indicate a significant (p ≤ 0.05) difference between two treatments according to
ANOVA and Tukey’s pairwise comparisons; error bar: CI 95%.
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Figure 13. Effect of the presence of Armadillidium vulgare (A+) on the number of infected tubers
in three locations (Gödöllő, Makó, Neszmély) in 2018 as confirmed by a microscopic evaluation.
Different letters above the bars indicate a significant (p ≤ 0.05) difference between two treatments
according to ANOVA and Tukey’s pairwise comparisons; error bar: CI 95%.

4. Discussion

The natural control of pests was recognized as a major ecosystem service about a
decade and a half ago in a comprehensive work on major ecosystem services and dis-
services [33]. By 2010, the term ‘pest’ meant arthropods and small mammals, rodents in
particular, although the interpretation of the taxa performing their control widely ranged
from bacteria and viruses to predators, both invertebrate and vertebrate [34]. The con-
sumption of pathogenic agents, however, was rather understudied in academic papers, as
demonstrated in 2014 by a meta-analytical study [35]. According to this analysis, on the
basis of the number of papers, studies investigating the consumption of plant pathogens
and herbivores ranked only third in a list containing four types of papers on trophic effects.
Later on, a distinction was made between direct pathogen consumption and indirect con-
sumption of pathogens via consuming decaying material, where pathogens may rest in
dormancy [36].

Before that, it was necessary to document whether isopods consumed the fungal
bodies of pathogens. Isopods (members of the genus Oniscus, in particular) were proven to
consume fungal bodies of arbuscular mycorrhizae [37]. Regarding the type of food offered,
one of our basic aims was to test whether P. pruinosus, P. scaber, and A. vulgare consume
fungal pathogens.

Prior to the start of the feeding trials, we assumed that, regardless of the short testing
time, isopods would consume anything offered to them. In a cave study, isopods were
expected to devour any organic matter available because of the limited food source [38].
Species that became specialized regardless of the harsh environment were found. This im-
plied that there would be a similar specialization among isopod species regarding the
consumption of plant pathogens.

This study showed that our tested isopod species consumed the mycelia and propag-
ules of F. solani, M. phaseolina, and S. sclerotiorum. In another set of experiments, we also
found that Gymnosporangium sabinae and Mycosphaerella pyri were also accepted as food by
isopods [39].

Regarding any preference between different fungal species, the results revealed a
general trend: there was always a significant difference between the loss of propagules and
mycelia of S. sclerotiorum and those of M. phaseolina and F. solani or A. niger. The reason
behind preferences was tackled by Zimmer [40], but knowledge of the sensory capabilities
of isopods was limited. In one of our previous studies, we observed that P. pruinosus
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individuals preferred slices of carrots inoculated with B. bassiana and M. anisopliae over
control, non-treated slices [41]. Food preference was reported by various studies [40,42–44]
where leaves were fed to isopod species. To Ihnen and Zimmer [42], it became clear that
P. scaber preferred easily digestible microbial agents. El-Wakeil [44] recorded different
consumption and digestion ratios for the different food types. While P. pruinosus consumed
the fungal mass of S. sclerotiorum in the highest amount, including the resting bodies, there
was a definite hesitance in feeding when only A. niger was offered.

Moreover, survival rates substantially dropped, and reproduction halted completely in
the presence of A. niger, and this might be the effect of Ochratoxin A, a mycotoxin produced
by the fungus [45]. Our observations correspond to those of an earlier study [46], where
juveniles were speculated to be more susceptible to changes in diet or to alterations to the
nutrient content of available food. Although we took no measures regarding the toxin
production of M. phaseolina [47], it did not seem to have any effect on the isopods in our
experiment, as the diet of this plant pathogenic fungi brought about the highest survival
rates and the highest number of individuals. Similarly, while the toxins of S. sclerotiorum
were clearly detected [48], no information was available on their effect on isopods, and as
in our experiments, not only the number of isopods seemed to rise, but also the number of
juveniles peaked in the presence of S. sclerotiorum, rendering the fungus a valuable source
of nutrition for P. pruinosus. We observed similar figures with F. solani; therefore, neither
of the two fungi has any adverse effect on isopods. Whether the toxins have no actual
influence on this isopod species, or whether it can tolerate high amounts of toxins remains
unknown. Our findings confirm an earlier observation that the success of reproduction and
the survival rate of isopods depended on the type of food consumed [46].

Our investigation of the effect of isopods on Fusarium solani infection of stored potato
was based on the fact that, being saprophytic organisms, terrestrial isopods take part in
material decomposition by grazing upon surfaces [49].

The main objective of our boxed experiments was to record the effect of isopods on
the manifestation of a disease. Both micro-studies proved that the infection of potato
tubers by F. solani was lower in containers with isopods, regardless of the species present.
Armadillidium vulgare, P. scaber, and P. pruinosus were all able to significantly reduce the
spread of F. solani by feeding on fungal bodies and infected plant tissues. In fact, these
tested isopod species consumed more of the infected tubers than of the healthy ones. In the
small-box experiment, the efficacy of the tested species in reducing the spread of the fungal
disease was so high that Fusarium infection was halted. We also demonstrated that the
feeding behavior of the two species in the small-box experiment was different: P. scaber
was more capable of reducing infection than P. pruinosus when the tubers were originally
healthy. During the fortnightly routine check in the big-box experiment, we often observed
isopods deeply within a tuber exactly at the point of the artificial inoculation. These animals
consumed the parts of the tuber that were inoculated with one of the pathogenic agents.
Our tested isopods were able to modify the fungal diversity within the boxes by reducing
the colonies of the dominant fungus. This finding is similar to that of an earlier study [9],
where isopods increased the diversity of the surrounding fungus litter simply by allowing
other, non-dominant species to thrive. Increasing the diversity of the soil microbiota
increases its functional diversity and that improves soil suppressivity [50–53].

Our experiments proved the consumption of pathogens by isopods, but the overall
positive appreciation of isopods in this situation may be threatened by the role of their feces
in the dissemination. This issue has not been investigated thoroughly. The dispersal of two
slime mold fungi, Dyctiostelium purpureum and Polysphondylium violaceum, was recorded by
finding propagules in the isopod feces [54], and now we recorded that isopods do consume
plant pathogens to the extent that they may actually control a fungal disease.

5. Conclusions

We believe this paper is the first to examine the effect isopod species may have on the
survival and dissemination of F. solani in stored potato. The consumption of propagules and
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resting bodies of plant pathogens and egg masses of root-knot nematodes is an ecosystem
service of high importance, yet it is hardly appreciated [55]. Our study suggests that besides
antagonistic microorganisms, soil-dwelling invertebrates like terrestrial isopods, by the
consumption of pathogens, also have a vital part in this ecosystem service. According to
our results, isopods not only do not spread the disease, but also have the potential to stop
its spreading. Our tests proved that P. pruinosus, P. scaber, and A. vulgare consume plant
pathogens, and under certain circumstances, this consumption might be able to slow down
or even halt the spread of infections. Our findings raise the need to perform further studies
of this valuable ecosystem service provided by isopods under realistic production and
storage conditions.

We may even assume that isopods may carry around beneficial antagonistic microor-
ganisms with their grazing activities. Our experiments were set up to mimic small-scale
storage conditions, and our results allow drawing conclusions at a small-scale level, for
households and small farms. Their agronomic implications may include the creation and
maintenance of isopod-supportive circumstances, such as adding a significant amount of
leaf litter to storage rooms, that is, storing potatoes among leaf litter, being careful during
regular check-ups, maintaining as little light in the storage room as possible.
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