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Abstract. The long-term effect of Bt-maize on soil animals is an important, repeatedly discussed, but a
poorly investigated topic. The collembolan Folsomia candida is a recognised representative of the
mesofauna in the laboratory ecotoxicological experiments. The following questions were addressed in the
present experiment: (i) is there any consequence on some life-history traits of F. candida, if Bt-maize is
provided as food after about 4 years of feeding instead of the near-isogenic counterpart, and (ii) is there
any effect on life-history traits, if the near-isogenic and Bt-toxin containing food is changed? Long-term
(40-48 generations) feeding on Bt-maize leaf caused alterations in some life-history traits (larger eggs,
higher growth rate both in length and width). On the other hand, reproduction (egg size, the total number
of eggs, the number of eggs in the first clutch) was influenced, if Bt-toxin containing maize was replaced
by its near-isogenic counterpart. Based on currently available methodologies, it is not possible to judge,
whether observed differences are due to the Bt-toxin or another component of the maize leaf.
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Introduction

Genetically engineered (GM) crops are cultivated on 179.7 million hectares all over
the world from which maize plants are planted on 53.9 million hectares (James, 2015).
Side effects of GM plants on soil animals have been studied both in the field as well as
laboratory experiments in numerous cases. The results of the field experiments are
summarised e.g. by Birch et al. (2007) and currently by Arias-Martin et al. (2016). In
general, no severe side-effects on soil animal (Zwahlen et al., 2007; Honemann et al.,
2008) or collembolan (Marvier et al., 2007; Comas et al., 2014) populations and
coenosees were found in the field.

Laboratory experiments were performed with GM plants and several non-target soil
animal species, like earthworms, woodlouse, nematodes, collembolan, etc.
Collembolans occupy a substantial position in plant litter decomposition processes,
forming soil microstructure and regulating microbial species composition and biomass
(Bakonyi, 1989; Rusek, 1998). That is why collembolan species are used in the
laboratory for soil biological studies. The most frequently employed species of them is
Folsomia candida Willem 1902 (Fountain and Hopkin, 2005). This species have been
often in the focus of ecotoxicological studies as well as when the side-effects of the GM
plants is examined (Jepson et al., 1994). Besides, this species is recommended as a
representative of decomposers, if GM plant and/or Bt-protein effect on non-target
organisms is investigated (Rombke et al., 2010; De Schrijver et al., 2016).
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Studying the side-effects of the GM plants on F. candida, short-term laboratory
studies were conducted in most cases. Tested material included purified toxin as well as
different plant parts as pollen, stalk, root or leaf. Their effects were investigated on
different life-history traits of F. candida, as mortality, reproduction, and growth.

Four Bt-toxins (CrylAb, CrylAc, Cry2A, Cry3A) presented in the diet (mixed with
Baker’s yeast) did not influence adult mortality and the number of juveniles of F.
candida (Sims and Martin, 1997). Similarly, in a dietary exposure assay, CrylC and
Cry2A toxin did not influence either the survival, and development of the animals, nor
the measured antioxidant-, detoxification-, and digestion-related enzyme activities
(Yang et al., 2015). However, Broza et al. (2001) found decreased reproduction if F.
candida was fed on B. thuringiensis diet.

Yu et al. (1997) studied the effect of the Bt-toxin (CrylAb and CrylAc) producing
cotton on oviposition time, the number of eggs, and final body lengths of the F.
candida, but the measured traits remained unaffected. Romeis et al. (2003) did not find
differences in mortality, clutch size, body weight and duration of egg development
when F. candida was fed on the KP4-transgenic wheat plant (Golin and Greina
varieties) and its near-isogenic counterpart. The effects of Bt and near-isogenic lines of
rice were studied in two laboratory experiments. In the first one, Bai et al. (2011) used
two CrylAb containing Bt-rice lines and their near-isogenic counterpart as food.
Growth, reproduction, and superoxide dismutase activity were unaffected both in the
Petri-dish and soil microcosm experiment. In the second study, root, stem, and leaf of
three Bt and non-Bt-rice were provided as food and survival, reproduction and growth
as traits were measured (Yuan et al., 2013). Differences in the measured traits between
the treatments were not observed in these two studies.

Regarding the effect of the GM maize consumption on F. candida, few studies were
published till now. Comparing the effects of near-isogenic and Bt-maize (Btll and
MONS810 varieties), no significant differences were detected as a consequence of
feeding on Bt-maize in mortality and offspring number by Clark and Coats (2006).
Bakonyi et al. (2006) observed about 30% less fecal pellets around the Bt-maize
(MON810) than its near-isogenic counterpart. Recently, Zhang et al. (2017) found no
effect of CrylAb/Cry2Aj toxin contained maize pollen on F. candida survival,
development, and reproduction.

As presented above, several short-term experiments with F. candida exist, but long-
term laboratory studies are scarce. As far as we know, no other research group as ours is
working in this research field. In a previous study (Bakonyi et al., 2011) no effect of Bt-
maize (MONB810) on egg production and food choice of F. candida was found if the
animals were fed up to 29 months with this plant leaves. Working under similar
experimental circumstances as in the mentioned study, the following questions were
addressed in the present study: (i) is there any consequence on life-history traits of F.
candida, if Bt maize is provided as food after about 4 years (40-48 generations) of
feeding instead of the near-isogenic counterpart, and (ii) is there any effect on life-
history traits, if the food is changed, e.g. near-isogenic maize line is provided after
feeding on Bt-maize for 4 years? It was hypothesized that (i) long-term feeding has an
impact on life-history traits, because of the different quality of the Bt and near-isogenic
plants and (ii) a shift due to the food change will appear in life-history traits of F.
candida, because this species preferred near-isogenic maize leaves in a previous
experiment (Bakonyi et al., 2006).
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Material and Methods

Folsomia candida Willem 1902 (Collembola, Isotomidae) used in this study was
obtained from the stock population reared in the laboratory of the Szent Istvan
University, Department of Zoology and Animal Ecology, G6dolld (Hungary) since
about 20 years. Our animals are belonging to the clade B according to the grouping by
Tully et al. (Tully et al., 2006). Collembolans were kept in Petri dishes of a diameter 9
cm based on the method of Goto (1960). Animals in stock culture were kept at a
temperature of 20+0.2 °C, with constant humidity (~ 100%) and in total darkness. Dry
baker’s yeast was given as food ad libitum once a week.

This experiment was started with two stock populations. One of them was fed with
MONS810 (YieldGard®) maize line and the second one with its near-isogenic
counterpart (variety DK-440). Both groups of collembolans were fed with ground leaf
of these maize varieties for 4 years. Maize leaves of similar size and position on the plant
were collected at harvest than stored dried, in a dark, cool place. Since the embryonic
development of our animals takes about 8-10 days, and they arrive their sexual maturity
in 10-12 days, its generation time is calculated as roughly one month. Consequently, 10-
12 generation per year as a conservative estimation was used for calculating the total
number of generations under conditions of our laboratory.

Ground leaf litter was presented as food ad libitum and two grains of baker’s yeast to
arrange balanced nutrition of the animals. Nitrogen and carbon content of the maize leaf
was as follows: N% 0.27 + 0.02 and 0.29 + 0.03 and C% 41.9 + 4.2 and 40.5 £+ 4.5 for
isogenic and Bt-maize, respectively. CrylAb concentration was 8.38 + 0.19 pg/g dry
leaf material, which is in the range presented by Székacs et al. (2010). Leaf of MONS810
used in this study contained higher CrylAb concentration, in comparison with root,
stem, anther wall and pollen (Székacs et al., 2010).

The experiment was performed with 10-12 days old synchronised F. candida
individuals. Every treatment of the collembolans was started with 50 animals. They
were kept in 5 cm high plastic dishes (the base 5.3 cm and the top 6.6 cm in diameter).
Two cm of the mixture of active carbon and plaster of Paris was layered on the bottom
in a ratio of 1:10. The top of the wet mixture was scrubbed to arrange smooth surface
without holes. The animals were kept individually. Each collembolan got a unique
identification number. The experimental animals were kept in total darkness, at a
temperature of 20+0.2 °C and with constant humidity (~ 100%). The length of the
experiment was 29 days.

Four treatments were set up in the experiment, as follows:

e Isolso treatment: collembolans consumed the near-isogenic maize (DK-440)
for 4 years before the experiment and during the experiment, as well.

e IsoBt treatment: collembolans consumed the near-isogenic maize (DK-440)
for 4 years, but MON810 maize during the experiment.

e BtBt treatment: collembolans consumed MON810 maize for 4 years before
the experiment and during the experiment, as well.

e Btlso treatment: consumed MONS810 maize for 4 years, but near-isogenic
maize (DK-440) during the experiment.

Following traits were measured in this study: 1.) final length (mm), 2.) length growth
rate, 3.) final width (mm), 4. width growth rate, 5.) number of eggs in the first clutch,
6.) days till first clutch, 7.) total No. of eggs, 8.) No. of eggs/clutch, 9.) egg size (mm).
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Digital photos were taken from each animal twice a week from 4 to 29 days
(Olympus C7070 Wide zoom camera with Olympus C5060 ADL optic). The length of
the animals was measured from the frons to the end of the last segment, while the width
at the widest part of the metathorax. The length and width for any collembolan at a
given time were calculated as the mean of measurements on two consecutive photos to
avoid inaccuracy which may cause of collembolan movements. Final body length and
width, as well as growth rate, were calculated with the CurveExpert 1.4 software for any
animals (Hyams, 2010). The equation Exponential Association (y = a(1-e”-bx; where a
= final value of length or with; b = growth rate) was applied. Only those animal’s data
were regarded which survived until the end of the experiment.

The egg clutches were transferred to Petri dishes which contained a 0.5 cm high
mixture of active carbon and plaster of Paris (1:10) on the bottom. The clutches were
spread carefully with a wet brush in order to separate eggs from each other and digital
photo was taken from them (BTC STM-9T microscope equipped with MicroQ-PRO
type camera). The eggs were numbered on the photo. After that, an egg was chosen
randomly from all of the clutches. The shortest and longest diameters of the eggs
relative at a 90° angle to each other were measured with the aid of the Imagel software
(Schneider et al., 2012). Egg diameters were transformed so that the two diameters were
multiplied by each other and the square root of it was extracted, so it gives a diameter as
the egg were perfectly round (TD = egg size, hereafter). Egg numbers and the date of
egg laying were monitored continuously every day during the experiment.

Final length, length growth rate, final width and width growth rate were compared
with ANOVA. If the significant effect was found (p < 0.05) than posthoc Bonferroni-
Holm test was applied. Effect of treatment on a total number of eggs, the number of
eggs in the first clutch, days till the first clutch, the number of eggs/clutch and egg size
(TD) was analysed with linear models. The mortality of the animals was analysed with a
binomial model (R Core Team, 2012).

Canonical Variate Analysis (CVA) was performed based on the measured traits (the
trait “days till the first clutch” was not applied because data distribution was not normal
despite transformation). The SynTax2000 statistical program package (Podani, 1993)
was used for the analysis.

Results
Long-term feeding effect

At the start of the experiment the body length and width of the 10-12 day old
collembolan were significantly different between the treatments (t = 3.9, df = 46, p <
0.001 and t = 2.8, df = 46 p < 0.01, for body length and width, respectively). Growth
curves of both length (Figure 1) and width (Figure 2) showed sigmoid shape type.
Measured points fitted well to the curve because correlation coefficients of the fitting
were 0.95 or higher in cases of all individuals. Final body length and width of the Isolso
and BtBt animals did not differ significantly from each other (Table 1). The length and
width of the collembolans ranged from 0.426 to 2.238 mm and 0.080 to 0.583,
respectively (data of all treatments). The relationship between body length and width
may describe with the equation as follows: width (mm) = 0.27*length (mm) — 0.047 (r =
0.95, t = 88.4, df = 1161, p < 0.001). No treatment-related differences in body length
and width relationship were found. Growth rates correlated negatively with both final
body length (r = 0.73, t = 10.6, df = 99, p < 0.001) and width (r =0.71, t = 10.0, df = 99,
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p < 0.001). This relationship is seen very clearly in Figure 3. as well. Egg size and a
total number of eggs did not correlate each other.
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Figure 1. Body length growth (average+SD) of F. candida in the four treatments during the
experiment.
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Figure 2. Body width growth (averagetSD) of F. candida in the four treatments during the
experiment.
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Table 1. Average (+SD) of the measured traits. Means in a row followed by the

same letter are not significantly different (p < 0.05).

Isolso IsoBt BtBt Btlso
Final length (mm) 1.99+0.18 1.97+0.16 1.92+0.19 1.95+0.12
Length growth rate 0.13+0.04° 0.12+0.02° 0.1620.05" 0.17+0.05"
Final width (mm) 0.53+0.05 0.54+0.07 0.51+0.09 0.5+0.05
Width growth rate 0.10.03° 0.090.03° 0.12+0.04° 0.14+.04°
No. eggs in first clutch ~ 52.7+41.4 31.04£24.0 33.9+£28.6 28.9424.1
Days till the first clutch  15.3+5.0 14.1£3.3 13.64+4.8 13.845.3
Total No. of eggs 131.0+£53.1 111.8+41.2 144.5+93 .4 120.2+54.8
No. of eggs/clutch 55.8+17.9 45.3+13.0 51.3£23.1 59.8426.2
Egg size (TD) (mm) 0.100£0.02*  0.105+0.03*  0.125+0.03°  0.110+0.04°
Btlso Btlso
Final length Bilso Btlso
IsoBt Isolso
hoho  IeoBt Btl :OB:BZ;C Btlso
1 Btlso

Final width 5 "
2

s (i

Axis2

IsﬁB:
L8felorso
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Width growth rate
— o

growth rate
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Figure 3. Results of the CVA analysis. Confidence circles are shown. Numbers of treatments
are as follows: 1. Isolso, 2. IsoBt, 3. BtBt, 4 Btlso.

The effect of the long-term feeding is demonstrable by comparing data from Isolso
and BtBt treatments. Three out of nine measured traits showed significant differences
between these treatments (Table 1). Both of the length and with growth rate was higher
in the case of the BtBt treatment during the investigated period. Besides, collembolans
in BtBt treatment laid significantly larger eggs. No other traits differed between the two
treatments (Table 1). The mortality of the four treatments was 22, 29, 20 and 28 percent
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in Isolso, IsoBt, Bt Iso, and BtBt treatment, respectively. No significant differences
were detected between these values (p=0.231, z=-1.197).

Food change effect

Changing of food source did not cause significant alteration in any traits measured in
the study (Table 1). Neither the food change from Iso to Bt nor vice versa has any
statistical difference in life-history traits. However, egg size and total number of eggs
correlate negatively each other (r=0.41,t=24,p<0.03andr=0.32,t=2.1, p<0.05
for IsoBt and Btlso treatments, respectively).

Results of the CVA analysis show differences between population traits (Figure 3).
Eigenvalues as a percent of Axisl and 2 are 78.7 and 16.1, respectively, i.e. the first two
axes explain 94.8 percent of the total variance. Both Axisl and 2 contribute
significantly to separation of the groups (chi2 = 107.1, df = 24, p < 0.001 and chi2 =
29.6, df: 14, p < 0.01 for Axisl and 2, respectively). Axisl determines first of all the
growth and Axis2 the reproduction of the F. candida. The main factors responsible for
the separation of all the four groups are final length and width as well as their growth
rates. This result coincides with a negative correlation of final size and growth rate of
animals, as it was presented before. The traits, “total number of eggs”, and “egg size”
distinguish between groups, where food change occurred, especially in the case of the
Btlso treatment (Figure 3).

The mortality of the four treatments was 22, 29, 20 and 28 percent in Isolso, 1soBt,
Bt Iso, and BtBt treatment, respectively. The alteration of the food did not cause a
significant difference in mortality (p= 0.1109, z= -1.594), but the interaction of the
long-term feeding and the food change was significantly associated with mortality (p=
0.0345, z=2.114).

Discussion

According to Zwahlen et al. (2003), the CrylAb toxin can persist in the soil up to 2
years. In spite of this fact, a long-term investigation of CrylAb toxin producing maize
on soil fauna is very rare. That is why Heckmann et al. (2006) and Székacs and Darvas
(2013) emphasise the significance this kind of studies.

In our previous investigation with F. candida (Bakonyi et al., 2011), we did not find
a relationship between elapsed time from the start of feeding on the Bt-maize and a total
number of eggs produced by one individual. This trait was affected neither in the
present, a longer experiment where similar maize lines were used.

It has long been known that food limitation (Martin, 1987), as well as the quality of
the food (Boersma and Kreutzer, 2002), can considerably influence life history traits.
According to the results of the present study, two slightly different life-history strategies
seem to emerge due to long-term feeding on two qualitatively different food sources.
Our populations have been fed for 40-48 generations on either near-isogenic or Bt-
maize. So many generations may be definitely enough for adaptive changes of life-
history and adjust to different food sources (Awmack and Leather, 2002; Fricke and
Arnqgvist, 2007). Probably, as a consequence of accommodation to food, our
collembolans in BtBt treatment produced larger eggs than in Isolso one. Tully and
Ferriere (2008) found that there is a positive relationship between egg size and juvenile
size, and larger F. candida juveniles have improved quality, which means a higher
chance to survive and better productivity. Maybe that is why the time until the first
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clutch is shorter (although not significantly) and the body growth rate is higher in BtBt
treatment and BtBt collembolans reach their maturity earlier. In the case of the Isolso
treatment, all these traits are changing oppositely. However, the final body size is equal
in both treatments. The result of all these events is the differently shaped growth curves
of collembolans in Isolso and BtBt treatments (Figure 4).

A

BtBt growth curve F 4

Equal final
size

First clutch
earlier

Larger
egg/juvenile
i — - ,

Figure 4. Schematic presentation of results summary. Differences in body length growth of the
Isolso and BtBt treatments is presented.

Body size

Isolso growth curve

Time

Based on the results of CVA analysis, it was not a noteworthy consequence if
the collembolans from the Iso stock breed were fed with Bt-maize during the
experiment. Oppositely, considerable modification in reproduction traits was
observable, if collembolans from Bt stock breed were fed with near-isogenic leaf
during the experiment. Reproduction of the collembolan in the Btlso treatment
becomes more similar to Isolso and IsoBt treatments than to their original BtBt
counterparts. Smaller eggs in the Btlso treatment may be a sign of the favorable
food (Tully and Ferriére, 2008).

It is well known that food quality has a significant influence on life-history traits of
F. candida (Jergensen et al., 2008). So, the contrast between the two life-history
strategies observed in this experiment may be the results of the different quality of
maize leaves used as food. Nitrogen proved to be one of the main factors, which
determine reproduction and growth of F. candida in several cases (Booth and Anderson,
1979; Leonard and Anderson, 1991; Kaneda and Kaneko, 2002). However, leaf nitrogen
and carbon content were similar in maize leaves in our study. That is why nitrogen was
probably not responsible for life-history changes detected in our study.

The higher lignin content of MON810 comparing its near-isogenic counterpart is
suggesting as a factor, which can decrease digestibility of this Bt-maize by herbivores
(Saxena and Stotzky, 2001). However, they investigated the lignin content of stems and
not leaves, and lignin content is different in maize stem and leaf (Johnson et al., 2007).
In the case of maize leaf, Tarkalson et al. (2008) did not find differences in lignin
content of four maize lines (Pioneer 34N44 Bt, Pioneer 34N43, NC+4990 Bt,
NC+4880). Poerschmann et al. (2005) found marginally higher lignin content in the Bt-
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maize leaf than in its near-isogenic counterpart (Novelis, Valmont Bt and Nobilis,
Prelude near-isogenic lines). We did not measure the lignin content of the leaves, so the
possible lignin effect remained unanswered. Besides, any undetected factor(s), which
influenced F. candida food choice (Bakonyi et al., 2006), may also be responsible for
alteration in reproductive strategy of the BtBt and Isolso treatments.

Previous studies suggest that qualitative differences between Bt and near-isogenic
lines may occur, which explain detected differences of the life-history strategies of the
Isolso and BtBt populations in this study. Our findings are in line with the results of
several studies, which revealed life-history adaptation due to food alteration at F.
candida (Booth and Anderson, 1979; Stam et al., 1996; Tully and Ferriére, 2008).

The exact effect of Cry toxins on the population biology of F. candida and other
insect species remained an unresolved issue till now. The central problem is that Cry
toxins are embedded in the matrix of plant cell cytoplasm, and their effect could be
correctly interpreted only in this context. If pure Cry toxins were examined in any
experiments, no effect was found (Sims and Martin, 1997; Yu et al., 1997; Galbraith et
al., 2015; Yang et al., 2015). It does not mean that possible harm of the toxin could be
excluded with confidence because potentiating effects has never been tested yet.
However, it remains questioning, whether such a test developable or not. Moreover, if
whole Bt-plant or any plant parts was tested in a study, then the current experimental
methods did not separate the only effect of any cell component (including Cry toxin)
from the other. New methodologies are required in order solving this problem.

Using functional traits to predict responses to environmental changes is in the focus
of several contemporary soil ecological studies (Hedde et al., 2012; Salmon et al.,
2014). Collembolan functional traits were involved as markers of biodiversity decline
(Vandewalle et al., 2010), climate change (Makkonen et al., 2011; Bokhorst et al.,
2012), forest fire (Malmstrom, 2012) and urbanisation (Santorufo et al., 2014).
Moreover, Hawes et al. (2009) applied this approach in order to evaluate effects of
genetically modified herbicide-tolerant crops on functional groups of soil invertebrates.
It was found that this method is suitable for monitoring effects of the new crops
introduction in an area. Correspondingly, our result indicates that F. candida egg size
and growth are appropriate functional traits for such monitoring work.

Conclusions

Long-term (40-48 generation) feeding of F. candida on CrylAb toxin producing
maize (Mon810, YieldGard®) causes considerable differences in this species compared
to the treatment group which was fed with near-isogenic maize. Change of life-history
parameters causes a difference in the growth curve of animals. On the other hand, a shift
in food source (change from Bt to Iso maize) may initiate changes in reproduction. This
shift is a quick process, which is observable even in one generation, as it is proved in
this experiment.
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