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There is limited data available concerning the effect of T-2/HT-2 toxin or deoxynivalenol
(DON) on invertebrates such as springtails, and no data on their life history and oxida-
tive stress. Control maize and DON or T-2 toxin contaminated maize were fed to Folsomia
candida with a toxin content of 16324 mg DON kg™ or 671 mg T-2 kg™ maize. Ten to twelve
days old animals were investigated in a life-history test and a stress protein test.

T-2 toxin did not affect Folsomia candida in any measured parameters. The DON ex-
posed group showed decreased growth and reproduction, and a higher survival rate. DON
treatment resulted in lower protein content, while reduced glutathione content was higher
than in control. It suggests that DON activated the glutathione-related detoxification path-
way, which possibly causes a higher survival rate. The results also suggest that the oral
toxicity of DON or T-2 is lower than through physical contact.

For that reason, DON and T-2 toxin contaminated maize is not suggested to be used
as green manure in the native state. Alternative solutions could be using mycotoxin con-
taminated maize for biogas production, or after decontamination by bacterial strains, it can
be used as organic fertilizer.
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INTRODUCTION

Fusarium genera include mycotoxin producing fungi, and they produce
trichothecenes, such as T-2 toxin and its metabolite HT-2 toxin, or deoxyniva-
lenol (DON), which frequently occur in cereals as a result of Fusarium infection
(Borrarico & PerroNE 2002, Logrikco et al. 2002). DON and T-2/HT-2 toxin
can get into the soil with infected kernels, plant residues (ELmuorT 2008), and
in dry years, inoculum can disperse into the soil during harvest (Horx 2003).
Therefore, it is relevant to take the effects of DON and T-2/HT-2 toxin on soil
fauna and flora into account. However, trichothecenes are degraded by soil
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microorganisms (J1 et al. 2016), the efficiency of degradation is not known, and
the effect of trichothecene mycotoxins on the fungal and bacterial ecosystems
of the soil is not entirely well known either (Asip et al. 2011). There is little
data available about the effect of mycotoxins on Collembola genera, despite
their preference of Fusarium sp. in their diet (GoncHARoOV et al. 2020). In our
previous study, our goal was to reveal whether the survival, the reproduction,
or the grazing behaviour of Folsomia candida Willem is vulnerable to T-2 toxin
or DON (5zas6 et al. 2019) and found that both mycotoxins reduced the juve-
nile number in low concentrations and inhibited feeding behaviour for a time.

Folsomia candida is a model organism extensively used in soil ecotoxicol-
ogy (Fountain & Horkin 2005, Krocn 2009, Szaso et al. 2018). It is a cosmo-
politan species, distributed in organic material rich soils (Fountain & Horkin
2005, Kroga 2009), and has a role in the humification of organic matter and
the regulation of the soil microbial community (Horkin 1997). Collembolans
can graze mycotoxigenic moulds (LARSEN et al. 2008, INNOCENTI & SABATINI
2018) and mycotoxins, as antifungivore metabolites (VEGa & MERCADIER 1998,
Ronrrs et al. 2007, DOLL et al. 2013).

Trichothecene mycotoxins, such as T-2/HT-2 toxin or DON, induce oxi-
dative stress in animals due to the epoxy group on their trichothecene ring
(Wu et al. 2017). However, previously a transcriptional response, including
expression of genes encoding antioxidant enzymes, was found only as a re-
sponse to Aspergillus mycotoxin (sterigmatocystin) in F. candida (JANSSENs et
al. 2010), which is known to induce oxidative stress in vertebrates (KOovesr et
al. 2019). Other environmental oxidative stressors, such as heavy metals, are
also known to induce oxidative stress in F. candida (MAR1A et al. 2014).

The life-history parameters of F. candida are flexible and rapidly adapt-
able to changes; for example, in the case of crowding and scarce food, the ani-
mals can adjust the number and the size of the eggs in the next clutch (TuLLy
& FErRRIERE 2008). In the xenobiotic polluted environment, springtails can ad-
just their reproduction, e.g., Paronychiurus kimi (Lee) treated with paraquat,
can compensate its decreasing fertility with an earlier maturation (Cror et al.
2008). Also, feeding F. candida with zinc-polluted food resulted in decreased
growth, later maturation, and decreased egg numbers (Smit et al. 2004). In the
long-term mild life-history changes can add up, e.g., F. candida fed with leaves
of Bt-maize produced larger eggs and showed a higher growth rate (5zaB6 et
al. 2017). Isothiocyanate, a secondary metabolite of some plants, reduces the
reproduction of F. candida while stimulates the transcription of stress-related
genes, such as glutathione-S-transferase (van OMMEN KLOEKE et al. 2012).

Trichothecenes induce free radical formation, and consequently, lipid
peroxidation and decrease the level of antioxidant enzymes (Wu et al. 2017).
Glutathione is a tripeptide, and its basic function is to protect the organism
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against reactive oxygen and nitrogen species (Lusucuak 2012). The reduced
(GSH) and oxidized (GSSG) form of glutathione are maintaining the redox
state of the cells (S1es 1999). Moreover, it is proved that DON can form adducts
with GSH; therefore, it has a role in the detoxification of DON (GARDINER ef
al. 2010). Glutathione peroxidase (GPx) is an antioxidant enzyme protecting
the organism from the effects of free radicals generated by toxins, pollutants,
or infections (Wu et al. 2017). T-2 toxin can decrease the GPx level of porcine
ovarian cells (Carcarova et al. 2015), and DON could decrease GPx levels in
in vitro cell cultures (Costa et al. 2009). Malondialdehyde (MDA) is a meta-
stable end product of lipid peroxidation (TraVERso et al. 2004), and its level is
elevated by DON exposure (Wu et al. 2017). Nevertheless, Bobea et al. (2009)
found that DON decreased the MDA levels of the HepG2 cell line.

The purpose of the present study was to reveal the potential effects of
T-2/HT-2 toxin or DON on growth, reproduction parameters, and several oxi-
dative stress parameters in F. candida. The toxin concentrations of the experi-
mentally contaminated maize were 16324 mg DON kg™ dry matter or 671 mg
T-2 toxin and its active metabolite 0.002 mg HT-2 toxin kg™ dry matter. In
Europe, natural contamination of corn in 2019 was 0.36-8.60 mg DON kg™
and 0.02-4.13 mg T-2 kg™ toxin (BIOMIN® Mycoroxin Survey 2020). Our
concentrations are higher than the naturally occurring contamination level,
but the purpose of this study was to investigate the potentially toxic effects of
the trichothecene mycotoxins mentioned above. According to our best knowl-
edge, this is the first study about the effects of DON or T-2/HT-2 toxin on life-
history parameters and oxidative stress parameters of F. candida.

MATERIAL AND METHODS

Folsomia candida Willem, 1902 (Collembola, Isotomidae) used in this study was ob-
tained from the stock population reared in the laboratory of the Szent Istvan University,
Department of Zoology and Animal Ecology during the past 20 years. Collembolans were
kept in Petri-dishes with a diameter of 9 cm based on the method of Gorto (1960). The
plaster of Paris mixed with activated charcoal (10:1 volume ratio) was poured into the Petri
dish. The animals were kept at a temperature of 20+0.2°C, with ~100% humidity and in
total darkness. Petri dishes were watered regularly to maintain the humidity at a constant
level. During this operation, they were aerated. All phases of the experiment were per-
formed under the above-mentioned environmental conditions.

The animals (5 per Petri dish) were fed ad libitum either grounded control maize ker-
nel or maize kernel experimentally contaminated with DON or T-2/HT-2 toxin. Fresh food
was provided every week. The mycotoxin concentrations of the experimentally contami-
nated maize were 16324 mg DON kg dry matter or 671 mg T-2 and 0.002 mg HT-2 toxin
kg dry matter. These concentrations are higher than the currently naturally occurring
concentrations, however, it is not possible to make concentration series for F. candida, while
the animals could sort out the toxin contaminated and non-contaminated maize grains in
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case of a mixture. Therefore, we follow the example of previous researches who worked
with mycotoxin producing fungus where only one concentration and non-contaminated
food was offered (Rourrs et al. 2007, Janssens et al. 2010, STAADEN et al. 2010, STOTEFELD et
al. 2012). The inoculation of maize, as the most effective substrate for mycotoxin produc-
tion, with the DON producing strain of Fusarium graminearum (NRRL 5883) or with T-2
toxin-producing strain of Fusarium sporotrichioides (NRRL 3299) was made according to
SzaB6-Fopor et al. (2015). DON content of the inoculated corn was determined according
to PusseEmIER et al. (2006), and T-2 and HT-2 toxin concentration was assayed by the method
of TREBSTEIN ef al. (2008) using isocratic HPLC with fluorescence detector after immunoaf-
finity clean-up. The quality of the toxin contaminated food is usually different than the
non-contaminated, which could cause differences in the measured parameters of F. candida
(Baxonvr et al. 2011). The nitrogen content of the Fusarium infected maize samples was
high (3.22% in case of DON contaminated and 2.56% in case of T-2 toxin contaminated
maize, respectively), due to mould infection; therefore, we choose a control with the high-
est nitrogen content from the available samples, Mv251-60 (1.72%). Ten-twelve day old,
synchronised animals were used in the experiments. There were two series of experiments.
The first series contained five animals in each replicate (5 replicate per treatment group)
to measure the life-history parameters (initial length, final length, relative growth, number
of eggs, egg volume, unhatching rate, and total reproduction investment, survival). The
second series contained fifty animals in each replicate (5 replicates per treatment group),
where the reduced glutathione (GSH) concentration, glutathione-peroxidase (GPx) activ-
ity, protein and malondialdehyde (MDA) content was determined.

In the third week of mycotoxin exposure, the animals in the first series were trans-
ferred to a fresh Petri dish, which induces egg-laying in most cases. On the seventh day
after transporting, when the eggs were 5-7 days old, the clutches of eggs were spread care-
fully to count them with a very soft wet brush to avoid damage by spreading, and a digital
photo was taken of each clutch. The spread clutches were photographed by ISH 130 cam-
era (Tucsen Photonics, Fujian) and 0.5x objective on an Olympus SZ60 stereomicroscope
(Olympus, Tokyo) to count egg number and measure the size of the eggs. Every egg got a
unique number, where random numbers were generated for every egg per replicate. Ten
randomly chosen eggs were measured from every Petri-dish. The measurements were car-
ried out by Image ] software (ScHNEIDER et al. 2012). The shortest and longest diameters of
the eggs were measured. The volume of the eggs was calculated according to the prolate
spheroid equation (V = 4/3 mxaxb?, where “a” is the longer half diameter, and “b” is the
shorter half diameter (SaTTErLY 1960)). In the statistical models, the cubic root of the vol-
ume was used to reach normal distribution. The total reproduction investment was calcu-
lated (total number of eggs multiplied with mean egg volume).

Ten days after laying the eggs, a repeated photo was taken from the spread clutches
to check the unhatching ratio (number of unhatched eggs/numbers of laid eggs).

The body length of five animals from each replicate was measured at the start (initial
length, I) and the end (final length, F) of the experiment from the front of the head to the end
of the last abdomen segment by digital photography. The mean of the five animals was used
for the statistical analysis. The experiment lasted for 28 days; therefore, the animals were
39-41 days old at the end. The relative growth (R) of the animals was calculated as R = (F-I)/IL.

At the same time, 28 days after the start of the mycotoxin exposure, animals of the sec-
ond series (50 animals per Petri dish) were collected into micro centrifuge-tubes, and served
as a pooled sample (5 replicates from each treatment group) and stored at -70°C until analysis.

Glutathione redox and lipid peroxidation parameters were measured in pooled sam-
ples of fifty animals, which were homogenised in 500 pl saline solution (0.65 w/v% NaCl).
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The concentration of GSH was determined, according to Ranman et al. (2007). GPx activity
was measured as described by MaTkovics et al. (1988), where the loss of GSH was measured
using 5,5"-dithiobis-2-nitrobenzoic acid (DTNB). The terminal phase marker of lipid peroxi-
dation was determined by measuring the MDA concentration according to the 2-thiobarbi-
turic acid method of PLACER ef al. (1966) using 1,1,3,3-tetraethoxypropane as standard.

MDA concentrations were measured in the native homogenates of collembolans,
while GSH concentration and GPx activity were determined in the supernatant fraction
after centrifugation (10,000 g for 10 min at 4 °C) of the homogenates. The two latter pa-
rameters were calculated to the protein content of the 10,000 g supernatant, measured by
Folin-Ciocalteu reagent according to the method of Lowry ef al. (1951).

The statistical analyses were made using the R Statistical program 3.6.3 (R Core TEam
2020). The data were analysed with a simple linear model except for the egg volume, which
was analysed with a mixed effect model from the nlme package (PINHEIRO ef al. 2013) with
the Petri-dish ID as the random subject. The measurements on the eggs from the same
clutch were not independent, which is why the model corrects the calculation accordingly.

All of the data sets of the experiment met the requirements of normality according to
the diagnostic plots (Residual variances, QQ plot, and Cook distance plot). The homogene-
ity of variance was tested with Levene’s test, and paired difference from the control was
checked with F-test. All of the data sets of the experiment met the requirements of normal-
ity according to the diagnostic plots (Residual variances, QQ plot, and Cook distance plot).

RESULTS

The T-2/HT-2 toxin exposed group did not differ in any measured pa-
rameters from the control (Tables 1-2).

Table 1. Mean and standard deviation of the parameters of Folsomia candida at the control
and the two treated group: DON or T-2/HT-2 contaminated maize fed. All values are
meanzst.dev.

Control DON T-2

Survival (number) 2.8+0.84 4.4+0.55 3.20+1.92
Initial length (mm) 0.71+0.04 0.68+0.03 0.76+0.06
Final length (mm) 1.88+0.14 1.70+0.11 2.10+0.22
Relative growth 1.64+0.08 1.50+0.06 1.68+0.18
Total number of eggs 89.00+£55.57 44.80+27.22 192.60+198.12
Unhatching ratio 0.29+0.35 0.35+0.39 0.19+0.15
Egg volume (mm®) 0.0009+0.0005 0.0011+0.0004 0.0009+0.0004
Total reproduction 0.1856+0.1219 0.0618+0.0162 0.2107+0.1581
Total protein content (g/L) 16.19+£3.12 11.64+1.84 21.18+11.39
GSH (umol/g protein) 17.97+4.60 24.80+1.69 15.76+7.31
GPx (U/g protein) 6.03+2.09 8.58+2.57 7.88+6.25
MDA (umol/ml) 5.78+0.94 4.24+1.20 7.04+4.37
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Table 2. The statistical differences in mean from the control in case of different myco-
toxin contaminated feeding of Folsomia candida. The significant values are bolded. The
negativity or positivity of the t-value gives the direction of the effect. GSH: reduced
glutathione; GPx: glutathione peroxidase; MDA: malondialdehyde.

DON T-2
t-value p-value t-value p-value
Survival (number) 3.6 0.007 0.4 0.681
Initial length (mm) -1.3 0.228 1.6 0.133
Final length (mm) -2.3 0.054 1.9 0.101
Relative growth -3.2 0.013 0.4 0.691
Total number of eggs -1.6 0.149 11 0.293
Unhatching ratio 0.2 0.811 -0.5 0.621
Egg volume (mm?) 1.0 0.365 0.1 0.959
Total reproduction -2.0 0.087 0.3 0.795
Total protein content (g/L) -2.8 0.023 0.9 0.372
GSH (umol/g protein) 3.1 0.014 -0.6 0.583
GPx (U/g protein) 1.7 0.124 0.6 0.548
MDA (umol/ml) -2.3 0.054 0.6 0.547
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Fig. 1. A relative growth of Folsomia candida on the relation of the contaminated food; sig-

nificant difference in mean B. Total reproduction of Folsomia candida in the contaminated

food, significant difference in variance. *: p < 0.05. The band inside the box is the median.

The bottom and the top of the box are the first and third quartiles. The ends of the whiskers

are the minimum and maximum, excluding outliers. Open circle: outlier (more than 3/2
times of the upper or lower quartile)
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. * ° The DON exposed group had
Q4 - = a smaller growth at the end of the
g_ | experiment (Fig. 1A), but the sur-
o o | ° vival was higher, and the repro-
g o duction was strictly regulated (the
2 variance was low) (Fig. 1B). DON
E °q B Q exposure caused lowei"; variance in
§ the total reproduction than in con-
T o trol (F = 56.6; p = 0.007) (Fig. 1B).
8 Reduced glutathione content was
| | v significantly higher in the DON ex-
Control DON T-2 posure group than in the control

Fig. 2. Reduced glutathione (GSH) content of group (Fig. 2).
Folsomia candida in the relation of the contami- Among the biochemical pa-

nated food. Significant difference in mean: *: p .
< 0.05. The band inside the box is the median. rameters, the malondialdehyde

The bottom and the top of the box are the first content and GPx activity di.d not
and third quartiles. The ends of the whiskers change due to the mycotoxin ex-
are the minimum and maximum, excluding posure (Tables 1 and 2). The pro-

outliers. Open circle: outlier (more than 3/2 tein content of the F. candida ho-
times of the upper or lower quartile) mogenate was lower as a result of
the DON exposure, while T-2 toxin did not have such effect (Tables 1 and 2).

DISCUSSION

T-2/HT-2 toxin was not toxic to the animals through oral exposure, but
DON toxin decreased the growth of the animals and activated the GSH de-
toxification system, also reduced the variance of reproduction.

We found no effect in the T-2/HT-2 group, which shows that T-2/HT-2
toxin contaminated food at the current dose used in the present study is not
toxic to F. candida. Oxidative stress caused by DON decreases activities of the
antioxidant enzymes at the early phase of the exposure (Wu et al. 2017). Still, in
long-term exposure, the antioxidant enzyme levels are increasing (Bopea et al.
2009), possibly due to the activation of the antioxidant gene cluster (TacucHr
et al. 2011). The regulation of the antioxidant response in Collembolans is not
known. Nevertheless, it is more than possible that this regulatory mechanism
is conservative in all aerobic organisms, which is supported by the presence of
regulatory genes, and also their orthologues are present even in prokaryotes
(Lusacuak 2011). In the present study, elevated GSH content was found in
the DON exposed group, which would be a sign of oxidative stress response.
This result was supported by the previous findings of the primary effect of
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GSH on oxidative stress response (Lusucuak 2012). However, this stimulated
detoxification system also increased the survival of the DON exposed group
compared to the control. The other parameters of oxidative stress, such as
MDA content and GPx activity, did not change, which suggested that GSH
synthesis and/or reduction of glutathione disulphide would be the first step
of response at the dose applied, and it was adequate for inhibition of oxygen
free radical formation and further lipid peroxidation. In accordance with this
result, aflatoxin Bl also induced the GSH detoxification system in hepato-
pancreas and intestine of Litopenaeus vannamei Boone (Penaeidae) (WaNG et
al. 2019). DON and T-2/HT-2 toxin both inhibit protein synthesis and cause
cell death (SperjERrs & SpeijERrs 2004), which could be the universal mechanism
behind impairing the hatchability of eggs such in springtails and avian spe-
cies (D1az et al. 1994). However, the hatching rate was not affected in Collem-
bolans either by DON or T-2 toxin exposure at the dose applied. There was
also no difference in the reproduction parameters, possibly due to the low
repeat number, but the variance of the DON group was much lower than the
control in the case of the total reproduction. This result suggests that natural
selection at the DON group is stronger; therefore, the group is more strictly
regulated. This result is similar to the findings of Smir et al. (2004) when excess
dietary zinc reduced growth and the number of eggs in F. candida.

Smaller growth and more regulated reproduction could be a trade-off
with detoxification and survival. This trade-off agrees with other studies,
where they found that in case of stress, F. candida rather invest energy into
survival than into reproduction (CRoMMENTUIN et al. 1997, Fox et al. 1997,
Mousseau & Fox 1998, Congpon et al. 2001, Turry & Ferrigre 2008). If F. can-
dida was treated with an isothiocyanate, a secondary plant metabolite, the
reproduction decreased, while the stress-related genes were upregulated
(van OMMEN Krokeke et al. 2012). The resource allocation from reproduction
to detoxification is observable in the case of Daphnia magna Strauss when it
is exposed to zinc, and the detoxification genes are upregulated while the re-
production decreases (VANDEGEHUCHTE et al. 2010). Compared with the results
of our previous study where not the feed but the soil was contaminated, the
effect of both mycotoxins was much more pronounced (Szas6 et al. 2019). The
difference between the two different routes of the application suggests that
both mycotoxins probably have higher contact toxicity, which was avoided in
the present setup. This result is similar to heavy metal exposure, where those
were also more toxic in a contact exposure (Fountain & Hopxin 2001).

Moreover, not only the decreased total reproduction but the mortality
of juveniles could bias the final juvenile number. In our previous study, we
found low juvenile numbers in case of lower mycotoxin concentrations (5zaB6
et al. 2019). However, in our previous study, we used contact exposure in soil,
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with uncontaminated yeast as food, and in the present study, we used oral ex-
posure. This means that the oral toxicity of DON and T-2 is much lower than
the contact one, similarly to the heavy metal contamination.

The difference between the effects of DON and T-2 toxin is also based
on their chemical structure and water solubility. DON contains three free hy-
droxyl groups associated with its toxicity (Nacy et al. 2005), and it is soluble
in water. The toxicity of T-2/HT-2 toxin is based on its 12,13 epoxy group, and
it is less soluble in water (L1 ef al. 2011). In the present study, the results also
revealed that F. candida reduced investment into reproduction while the vari-
ance was much lower around a lower mean value. WoLraRrTH ef al. (2013) also
found that DON exposure caused low juvenile numbers, which was confirmed
in our previous study, too (Szaso et al. 2019). The scenarios of the above-cited
reference were similar to our experiments, and the DON exposure caused a
decrease in reproduction, without measurable changes in the survival.

Bacterial strains could decrease DON and T-2 contamination (WAaNG et
al. 2019, Zuar et al. 2019, WaNG et al. 2020). Devosia insulae A16 can decrease
88% of DON in 2 days (Wang et al. 2019), while C20 bacterial consortium
can degrade almost 70 mg L™ DON in 5 days and degrade 15-acetyl-DON,
3-acetyl-DON, and T-2 toxin too (WANG et al. 2020). However, the degradation
of toxins before the agricultural application is too expensive to be used in the
every-day practice right now.

In conclusion, the results of the present study suggested that the oral
route of toxicity of DON or T-2 toxin is lower than the contact route in F.
candida. The results also revealed that DON activated the glutathione-related
detoxification pathway more than T-2/HT-2 toxin, without measurable chang-
es in glutathione peroxidase activity and lipid peroxidation. For that reason,
DON and T-2/HT-2 contaminated maize is not suggested to be used as green
manure in the native state in the cultivation area due to their adverse effect
on Collembola. However, alternative solutions could be using mycotoxin con-
taminated maize as biogas production or after decontamination by bacterial
strains; it could be used as organic fertilizer.
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