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In agricultural production, some tillage practices lead to a higher risk to increase the myco-
toxin levels in the soil. Mycotoxins, such as T-2 toxin or deoxynivalenol (DON) produced 
by Fusarium spp., a plant pathogen mould, occur frequently in temperate climates. Folsomia 
candida is a mainly fungal feeding collembolan, which has a role in the regulation of the soil 
microbial community and humification. We hypothesized that F. candida is adapted to the 
secondary metabolites of the moulds; therefore, Fusarium mycotoxins do not have an effect 
on their feed intake and reproduction. OECD experiments were carried out with T-2 or 
DON-contaminated maize and baker’s yeast as an alternative food. An additional experi-
ment was conducted without baker’s yeast as well as a food choice test. It was found that 
DON or T-2 toxin caused significant mortality. Severe impairment in reproduction was 
also observed, accompanied with mycotoxin contaminated feed refusal. Results of feed re-
fusal themselves cannot be the cause of the low reproduction rate; instead, the mycotoxins 
most likely impair the embryonic development due to their DNA destructive properties. 
Additionally, DON and T-2 toxin caused feeding inhibition. Both mycotoxins are known 
to disturb the dopaminergic and serotoninergic neurons, which may disturb the feeding 
behaviour, and both trichothecenes can cause lesions in the mouth and gut, which may 
also resulted feed refusal.
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INTRODUCTION

Mycotoxin contamination of the feed and food is a problem of global ex-
tent. Extraordinary weather conditions due to global warming have increased 
mould infection, and it may cause a steadily increasing rate of mycotoxin 
contamination of cereals all over the world (Russell et al. 2010). Mycotox-
ins of plant pathogenic Fusarium moulds, such as ‘Type A’ trichothecene T-2 
toxin and its metabolite HT-2 toxin, or ‘type B’ trichothecene deoxynivalenol 
(DON) are common mycotoxins in temperate climates (Binder et al. 2007). 
In agricultural production, some tillage practices lead to a higher risk of the 
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occurrence of Fusarium moulds, their mycotoxins in soil with infected and 
contaminated crop residues in the field, which would remain in the field 
and leach into the soil, becoming potentially dangerous to the environment 
(Steinkeller & Langer 2004), because mycotoxins in the upper layer of soils 
can remain relatively stable for a long period (Edwards 2004). There are few 
data available about the effect of mycotoxins on the soil ecosystem (Elmholt 
2008), however, Abid et al. (2011) suggested that crop residues contaminated 
with trichothecene mycotoxins showed an impact on the biotic components 
of the soil. They found that fungal and bacterial densities were significantly 
affected by the presence of DON, while the nematodes remained unaffected, 
but other taxa, such as Collembola, was not investigated earlier.

Folsomia candida Willem, 1902 (Collembola, Isotomidae) is a widely used 
model animal in soil ecotoxicology (Krogh 2009, Szabó et al. 2018, Szabó et 
al. 2019). This species is distributed all over the world in organic matter-rich 
soils. F. candida is easy to rear in laboratory conditions because of its parthe-
nogenetic way of reproduction, and ease of care (require only baker’s yeast 
as food) (Fountain & Hopkin 2005, Hopkin 1997, Krogh 2009). F. candida has 
a role in the humification of organic matter and regulation of microbial com-
munity in the soil (Hopkin, 1997). F. candida is a blind, euedaphic collembolan 
with low dispersion ability, and generally fungal feeding habits (Fountain & 
Hopkin 2005, Hopkin 1997).

Collembolans are fungivores, which possibly contains mycotoxins as 
secondary metabolites (Innocenti & Sabatini 2018, Larsen et al. 2008). The 
species Onychiurus armatus (Collembola) can reduce the severity of Fusarium 
culmorum and Gaeumannomyces graminis var. tritici infection of wheat (Sabati-
ni & Innocenti 2001), which suggest the effective fungivore property of col-
lembolans. However, in the cited experiment, the mycotoxin content of the 
mould substrate was not verified, so the effects of mycotoxins on collembolan 
was not revealed. Fungivore species are usually tolerant of the mycotoxins of 
the preferred fungal species (Karlovsky 1999). Therefore it can be expected 
that F. candida is also tolerant to Fusarium mycotoxins.

Meyer-Wolfarth et al. (2017a) found, that F. candida or a nematode Aphe-
lenchoides saprophilus population did not decrease the infection of Fusarium 
culmorum but earthworm (Lumbricus terrestris) did. In another work of Mey-
er-Wolfarth et al. (2017b), either F. candida or A. saprophilus with very high 
starting densities showed inhibition of the effects of F. culmorum infection af-
ter four weeks in a single treatment, but not in mixed treatments. However, 
fauna densities were not given, therefore the effect of F. culmorum, and its 
main mycotoxin, DON, on the springtail and nematode populations is not 
clear. Wolfarth et al. (2013) also investigated the effects of DON on the den-
sities of collembolans and nematodes, and they found that the collembolan 
densities did not decrease but instead mildly increased over the two weeks 
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long experiment. However, the results of the above mentioned study were not 
evaluated correctly, because the embryonic and juvenil development require 
longer than 14 days period of time to maturation at 17°C (Fountain & Hop-
kin 2005). In another experiment of Wolfarth et al. (2015), it was found that 
the population density was mildly higher after four weeks at the end of the 
experiment than at the start. However, after four weeks hundreds of juveniles 
should be present in the containers, at least in the control group, if the spring-
tails are prospering (OECD 2009).

We hypothesized that the predominantly fungal feeding springtail, F. 
candida, adapted to the secondary metabolites of toxicogenic moulds, there-
fore there are no severe effects of mycotoxins on survival, number of juve-
niles, food choice, and avoidance of T-2 and DON mycotoxin-contained soil.

MATERIAL AND METHODS

Folsomia candida (Collembola, Isotomidae) was obtained from the stock population 
reared in the laboratory of the Szent István University, Department of Zoology and Animal 
Ecology for the past 35 years. Based on the method of GOTO (1960), collembolans were 
kept in Petri-dishes (diameter: 9 cm), with a mixture of plaster of Paris and activated char-
coal (10:1 volume ratio). The animals were kept at a temperature of 20±0.2°C with ~100% 
humidity and in darkness. Petri dishes were watered regularly to maintain the humidity 
at a relatively constant level. The collembolans were fed with dry baker’s yeast once per 
week ad libitum in all treatments. During this operation, they were aerated. All phases of 
the experiment were performed under the above-mentioned environmental conditions.

The OECD 232 tests (OECD 2009) were performed in OECD standard soil (OECD 
2009). The composition of the soil was 74% sand, 20% kaolin clay, 5% sphagnum peat, and 
1% calcium carbonate, at pH 7.29. Thirty gram wet soil was used per jar (24.5 g dry soil, 5.5 
ml tap water, 40% of Water Holding Capacity). Water holding capacity was measured ac-
cording to OECD 232 (OECD 2009). Survival and reproduction were measured by counting 
the number of adults and juveniles after 28 days. The mycotoxin contamination was applied 
by mixing the contaminated ground maize into the soil. Mycotoxins were produced by the 
fermentation of maize with a DON producing strain of Fusarium graminearum (NRRL 5883) 
or with a T-2 toxin-producing strain of Fusarium sporotrichioides (NRRL 3299) according to the 
method of Szabó-Fodor et al. (2015). DON content was determined according to Pussemier et 
al. (2011), and T-2 and HT-2 toxin concentration were assayed by the method of Trebstein et 
al. (2008) using the HPLC method with fluorescence detection after immunoaffinity clean-up.

Limits of quantification (LOQ) of the measured mycotoxins was DON: 0.160 mg kg–1; 
T-2 toxin: 0.163 mg kg–1; HT-2 toxin: 0.300 mg kg–1, respectively. The DON concentrations 
of maize was 16324 mg kg–1 dry matter. For the maize contaminated with T-2 toxin and 
HT-2 toxin the concentration was 671 mg kg–1 and 0,002 mg kg–1 dry matter, respectively.

There is no guidance value for the mycotoxin content for insect feeds or soil contami-
nation, therefore the lowest concentrations have been chosen for feeds of food-producing 
animals as given in the recommendations 2006/576/EC and 2013/165/EU (EU 2006, 2013): 
12 mg DON kg–1 maize based feed material and 0.50 mg T-2 and HT-2 toxin kg–1 cereal 
based feed. According to these guidance values, following mycotoxin concentrations were 
used. In the case of experiments with DON (experiments 1 and 2, see below): 0, 12, 24, 48, 
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96, 192 mg kg–1 dry soil, and in the case of experiments with T-2 toxin (experiments 3 and 4, 
see below): 0, 0.5, 1, 2, 4, 8 mg kg–1 dry soil. There were five replicates for the treated jar and 
ten for control. The experiments were carried out in disposable plastic jars (100 ml), and 
ten to twelve days old, synchronised animals were used in all experiments. Ten animals 
were added to each jar.

Four OECD tests were carried out: (1) DON-contaminated maize together with 
baker’s yeast for food, (2) DON-contaminated maize without baker’s yeast, (3) T-2 tox-
in-contaminated maize together with baker’s yeast for food, (4) T-2 toxin-contaminated 
maize without baker’s yeast. The ground maize was mixed into the soil. The purpose of 
the experiments without baker’s yeast was to evaluate the toxicity of the contaminated 
substrate through oral and/or contact toxicity. However, in natural conditions alternative 
food sources are also available, so an experiment with the usual food, baker’s yeast, was 
performed for a more accurate simulation of the natural conditions. The amount of maize 
was added based on the actual mycotoxin content to reach the nominal contamination level 
in the soil, and the amount of yeast was ad libitum added on the soil surface.

Additionally, food choice tests were carried out with mycotoxin contaminated 
grounded maize and the standard food, baker’s yeast, based on the method of Bakonyi 
et al. (2011) in Petri dishes (4 cm diameter) on filter paper. There were 20 replicates for 
both mycotoxin treatments: 20 replicates for DON with a concentration of 16324 mg kg–1 
and 20 replicates for the T-2 toxin-contaminated treatment with the concentrations of 671 
mg kg–1 for T-2 toxin and 0.002 mg kg–1 for HT-2 toxin. In total, 40 Petri dishes were used. 
The length of the experiment was one week. Ten to twelve days old, synchronised animals 
were used in these experiments. Each animal was kept individually in the Petri dishes, so 
40 animals were used in total.

An avoidance test were carried out with the same concentrations as above in the case 
of the OECD 232 test (DON: 0, 12, 24, 48, 96, 192, T-2: 0, 0.5, 1, 2, 4, 8 mg kg–1 dry soil) with 
the same OECD soil in disposable plastic jars (100 ml) according to Da Luz et al. (2004). 
Thirty gram clean and thirty gram contaminated wet soil (24.5 g dry soil, 5.5 ml tap water) 
separated with a 2 mm gap was placed in a jar in such a way the animals had a choice 
between clean versus contaminated OECD soil. Five replicates per treatment and ten per 
control (uncontaminated soils in both sides) were done. Twenty to twenty-two days old, 
synchronised animals were used in these experiments. Twenty animals were put in each 
jar into the middle gap, so arriving spot does not bias the outcome. After 24 hour a plastic 
divider was inserted in the dividing gap and the animals were collected from the soil of 
both sides.Test is 48 hour long, so feeding is not necessary.

Statistical analyses for the OECD tests were made using the R Statistical program 
3.5.1 (R Development Core Team 2019). The data were analysed with general linear mod-
el and the first lowest concentration significantly different from control was accepted as 
lowest observed effect concentration (LOEC). The whole dataset met the requirements of 
normality according to the diagnostic plots (Residual variances, QQ plot, and Cook dis-
tance plot). LC50 (50% lethal concentration) and EC50 (50% effective concentration) values 
and standard errors were calculated with ToxRat® (ToxRat®Solutions Gmbh, 2018). The 
avoidance tests were analysed with paired t-test.

RESULTS

In the OECD experiments with DON contaminated maize, the survival 
decreased significantly in a dose-dependent manner, when only the contami-
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nated maize was available (p < 0.001, t = –5.6) and also when maize was to-
gether with yeast (p < 0.001, t = –8.2). The survival in the two experiments 
is given in Figure 1. The number of juveniles was also decreased in a dose-
dependent manner when only maize was available (p = 0.001, t = –3.6) and 
when maize was together with yeast (p = 0.002, t = –3.4). The number of ju-
veniles is shown in Figure 2. The LC50, EC50, and LOEC values are shown in 
Table 1. The LOEC of survival or the LC50 did not change when baker’s yeast 
was added as an alternative food. The LOEC of reproduction did not change 
when baker’s yeast was added as an alternative food. However, the EC50 was 
two-magnitude higher when yeast was added as food, so yeast decreased the 
toxicity to reproduction.

Fig. 1. Results of 28 days long OECD tests. Mean (± standard deviation) of the survival of 
Folsomia candida exposed to DON or T-2 contaminated maize. The y-axis shows the average 

number of surviving adults of the ten introduced adults.

Fig. 2. Results of 28 days long OECD tests. Mean (± standard deviation) of the reproduction 
(juvenile number) of Folsomia candida exposed to DON or T-2 contaminated maize.
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The animals showed feed refusal in the food choice test, consumed only 
a minimal amount of food (3–4 faeces instead of the usual 35–50), therefore 
any statistical test would be meaningless.

The animals did not avoid the DON contaminated soil, except at the two 
highest concentrations (96 mg kg–1: p < 0.001, t = 7.4; 192 mg kg–1: p < 0.001, t = 
11.9).

In the case of the OECD tests with T-2 toxin contaminated maize, the 
survival decreased significantly in a dose-dependent manner in both experi-
ments when only contaminated maize was available (p < 0.001, t = –3.8) and 
when it was given together with yeast (p < 0.001, t = –5.1). The reproduction 
also revealed dose-dependent decrease when only T-2 toxin-contaminated 
maize was available (p < 0.001, t = –4.5) and when together with yeast was 
given as well (p < 0.001, t = –4.1). The LC50, EC50, and LOEC values are shown 
in Table 1. Neither the LOEC nor the LC50 (out of concentration range in both 
feeding group) of the survival was different when baker’s yeast was added 
as an alternative food. The EC50 was not different in the two feeding groups.

The animals showed feed refusal and consumed only a minimal amount 
of food, which was proven by the number of faeces (3–4 instead of the usual 
35–50), therefore evaluating a statistical test would not have a meaning.

The animals did not avoid the T-2 toxin-contaminated soil within the 
contamination regime used in the experiment.

DISCUSSION

The results revealed that both trichothecene mycotoxins, DON and T-2 
toxin, caused low mortality comparing to reproduction, but high impairment 
of reproduction, and feed refusal. These effects can be explained by the mode 
of action of trichothecene mycotoxins. For instance T-2 toxin and DON inhibit 
proteins, DNA and RNA synthesis, can cause cytotoxicity, immune suppres-
sion, lesions in the digestive tract, neural disturbances and low performance 
traits, as was found in vertebrates (Diaz et al. 1994, Szabó-Fodor et al. 2015, 

Table 1. The LOEC, LC50 and EC50 values with confidence intervals (CI) of the OECD 
tests. The concentrations are given in mg toxin/kg dry soil. nc: not calculable.

Survival Reproduction
LOEC LC50 CI LOEC EC50 CI

DON 24 120.4 62.6–870.0 12  0.01 0–550.4
DON with yeast 24 122.6 81.6–248.8 12 1.2 0-nc
T-2  2 nc nc   0.5 0.7 0.19–2.3
T-2 with yeast  2  11.1 5.4–92.0   0.5 0.5 0.06–5.1
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Sokolović et al. 2008, Speijers & Speijers 2004). However, data is rarely avail-
able about effects on insects, such as collembolan. In the present study, DON 
and T-2 toxin, at the applied dose range, caused relatively low mortality in 
F. candida. In the case of both mycotoxins, neither the LOEC nor the LC50 val-
ues changed when baker’s yeast was added as an alternative food, which sug-
gested that mortality could not be the only consequence of feed refusal. In the 
case of T-2 toxin, the LC50 value was out of the concentration range used in this 
study (0.5 to 8 mg kg–1 soil). In the case of DON, the LC50 value was far above 
(approximately 20-times) the recommended feed contamination limit level (5 
mg kg–1) for food-producing animals (EU 2006, Sokolović et al. 2008). In con-
trast to mortality, the reproduction of F. candida was impaired dramatically 
as an effect of both trichothecene mycotoxins, and the LOEC value of repro-
duction was at the lowest concentration applied. In the case of T-2 toxin, EC50 
value was around the recommended limit value for vertebrates as given by the 
European Commission Recommendations (2013/165/EU). The reproduction of 
F. candida was impaired as an effect of T-2 toxin exposure, and the decrease of 
juveniles suggest high sensitivity to T-2 toxin. The EC50 value of DON was very 
low in both experimental groups (1.2 mg kg–1 and 0.01 mg kg–1) which is much 
lower than the recommended limit for vertebrates (EU 2006). These low EC50 
values revealed high sensitivity in F. candida. Also, there is a three-magnitude 
difference in the EC50 value of the two feeding groups, which means that the 
good quality food could decrease the toxicity of DON to reproduction.

According to the food choice experiment, marked feed refusal was found 
when using the mycotoxin contaminated maize. However, the food choice ex-
periment lasted only for one week, which was shorter than the four weeks long 
OECD tests. Otherwise, the feed intake could have dramatically increased if 
the feed refusal ceased. In this case the animals could have grazed the baker’s 
yeast which could also have supported the refusal of contaminated maize. 
Application of additional yeast did not increase the survival, but it had a posi-
tive effect on the reproduction of DON treated groups. Most probably, the 
alternative food source may help to gain energy to lay more eggs. However, 
in the present study, only the number of juveniles were measured, so to verify 
this hypothesis requires further experiments.

A possible explanation for the low reproduction rate caused by both my-
cotoxins is the impaired ability to hatch from the eggs, due to DNA damaging 
effect. This hypothesis is partly supported by the low number of juveniles in 
the present study, however, to verify this hypothesis further experiments are 
required.

The feed refusal effect of trichothecene mycotoxins is well known in 
vertebrates (Diaz et al. 1994, Szabó-Fodor et al. 2015, Sokolović et al. 2008). 
The biochemical mechanism in vertebrates is that T-2 toxin overstimulates 
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the serotoninergic neurons, which can cause lack of appetite (Diaz et al. 1994, 
Smith 1992, Sokolović et al. 2008). However, the serotoninergic system has 
also influenced the regulation of feed intake in arthropods (Mizunami et al. 
2009, Nässel 1988, Schroll et al. 2006, Unoki et al. 2005, 2006), therefore possi-
bly the same mechanism caused the feed refusal in F. candida. The basis of this 
mechanism is that mycotoxins block the positive chemical feedbacks, which 
are necessary for feed intake (Simpson & Bernays 1983). Another possible ex-
planation is that blocking the emptying of hindgut gives negative feedback 
through the stretch receptors (Audsley & Weaver 2009, Simpson & Bernays 
1983). The other trichothecene, DON, stimulates the dopaminergic system in 
vertebrates, which is responsible for reward/punishment and aversion to a 
particular food. The dopaminergic system has the same function in arthro-
pods (Mizunami et al. 2009, Unoki et al. 2005, 2006); therefore, DON could 
make negative conditioning of feed intake even in collembolans. However, 
this negative conditioning probably resolved after a particular period of time, 
which may cause the difference in feed intake between the two feeding groups. 
Thus, when yeast is added as an alternative food, the aversion is resolved in 
time, and the animals could acquire the necessary energy for reproduction.

Trichothecene mycotoxins, in particular, T-2 toxin, cause lesions in the 
gastric system in a dose-dependent manner, as it was proven in vertebrates 
(Diaz et al. 1994, Smith 1992, Sokolović et al. 2008). These lesions may have 
occurred in F. candida, too. However, if an alternative food, such as yeast, was 
available, the feed intake could have increased with time, possibly after the 
lesions are healed.

The fact that F. candida did not consume the contaminated food and had 
a very low reproduction could be the reason that F. candida did not affect the 
amount of Fusarium in the soil experiment of Meyer-Wolfarth (2017a). Also, 
this would be the reason that the number of collembolans did not increase 
remarkably as it is shown in the dataset of Wolfarth et al. (2013, 2015).

We hypothesized that F. candida is tolerant to trichothecene mycotoxins as 
a fungal feeding species (Karlovsky 1999). However, the results of the present 
study revealed regarding reproduction, F. candida seems to be very sensitive. 
The reason for this sensitivity could be the antifungivore function of myco-
toxins (Rohlfs et al. 2007, Vega & Mercadier 1998). Döll et al. (2013) have 
found that secondary metabolite production of Aspergillus nidulans increased if 
F. candida was grazing on it. In the current experiment, the moulds were inac-
tive, when added to the soil, but it is possible that Fusarium sp. is also able to 
adjust the secondary metabolite production as defence from fungivores. More-
over, neither Fusarium graminearum, nor Fusarium sporotrichioides are soil-borne 
pathogens, which may result in relatively low tolerance of F. candida to the ex-
posure of their secondary metabolites, in particular in the case of reproduction.
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CONCLUSIONS

The results of the present study suggest that DON or T-2 toxin caused 
mortality in F. candida. Moreover, both mycotoxins decreased the reproduc-
tion due to feed refusal, causing a lack of nutrients and energy. Otherwise, we 
speculated that trichothecene mycotoxins impaired the embryonic develop-
ment through damaging the DNA. In conclusion, the population of collem-
bolans is affected in the presence of trichothecene mycotoxins as DON and 
T-2 in the soil. Under certain conditions, mycotoxins may have a negative 
impact on the soil ecosystem.
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