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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan Genetic modification of apple cultivars through cisgenesis can introduce traits, such as disease resistance from
wild relatives, quickly and without crossing. This approach was used to generate the cisgenic apple line
C44.4.146, a ’Gala Galaxy’ carrying the fire blight resistance gene FB_MR5. In contrast to traditionally bred apple
cultivars, genetically modified (GM) plants need to undergo a regulatory risk assessment considering unintended
effects before approval for commercial release. To determine potential unintended effects of C44.4.146, we
assessed major leaf components and effects on the fitness of the decomposers Drosophila melanogaster (fruit fly)
and Folsomia candida (collembolan), which were fed a diet amended with powdered apple leaf material. Leaf
material of 'Gala Galaxy’, several natural ’Gala’ mutants, and the unrelated apple cultivar "Ladina’ were used for
comparison. The genetic modification did not alter major leaf components and did not adversely affect survival,
growth, or fecundity of the two decomposers. Consistent with previous studies with other GM crops, the dif-
ferences between conventionally bred cultivars were greater than between the GM line and its non-GM wild type.
These data provide a baseline for future risk assessments.
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disruption resulting from gene integration and somaclonal mutations
introduced via tissue culture and transformation (Ladics et al., 2015).

1. Introduction

Risk assessments of genetically modified crops include the molecular
characterization of the transformed plant, a comparative analysis of
compositional, phenotypic and agronomic properties, a safety assess-
ment for humans and animals (toxicology, allergenicity, nutritional
value), and a safety assessment for the environment (Craig et al., 2008;
OECD, 1986; Devos et al., 2014; European Food Safety Authority, 2010).
Environmental risk assessments (ERAs) in the European Union evaluate
the effects of intentional and unintentional modifications in the genome
and phenotype on non-target organisms (NTOs) and biogeochemical
processes (Devos et al., 2014; European Food Safety Authority, 2010).
Intentional modifications are caused by the expression of the introduced
trait, while unintended modifications can result from pleiotropic in-
teractions of the gene product, from the insertion site, from gene

Many ERAs investigating the interaction of GM plants with NTOs have
been performed. Most studies focused on transgenic plants producing
insecticidal Cry proteins from Bacillus thuringiensis (Bt) and provided
intensive data on the safety for NTOs (Romeis et al., 2019). However,
some studies, especially those using plant material as a test substance,
did reveal differences between the GM and corresponding non-GM
material (Bakonyi et al., 2006; Cascone et al., 2018; Yuan et al., 2011,
2013). In some cases, these differences were likely linked to unintended
differences in plant composition rather than to the introduced trait
(Yuan et al., 2011; Poerschmann et al., 2005; Saxena and Stotzky, 2001).
Such differences, e.g., a higher lignin content and C:N ratio in leaves,
were shown to reduce food quality for Folsomia candida (Collembola:
Isotomidae) (Yuan et al., 2011; Saxena and Stotzky, 2001). If significant

Abbreviations: Bt, Bacillus thuringiensis; Dm, Drosophila melanogaster; ERA, environmental risk assessment; Fc, Folsomia candida; IVG, in vitro cultured ‘Gala Galaxy’;
GG, ‘Gala Galaxy’ from a Swiss nursery; GGB, ‘Gala Galaxy’ from an Italian nursery; RG, ‘Royal Gala’; GSR, ‘Gala Schniga® SchniCo red’; GO, ‘Gala’ original; GM,
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differences between GM and their non-GM counterparts are found, they
trigger further investigation into potential harmful effects. For assessing
potential harm, a proper study design, including comparisons to varia-
tions found among conventionally bred varieties or between different
plant tissues or locations, are recommended (European Food Safety
Authority, 2010; Chen et al., 2021; Garcia-Alonso and Raybould, 2014;
Wang et al., 2017). Studies on NTOs exposed to GM plants have shown
that variations among conventional varieties were generally greater
than the variations caused by the genetic modification (e.g., Herman and
Price, 2013; Lazebnik et al., 2017a; Zurbriigg et al., 2010).

Cisgenesis, i.e., the transfer of genes from the same or crossable
species by means of genetic modification, has great potential in peren-
nial, outcrossing plant species with long breeding cycles. In apple, cis-
genesis could reduce the time to improve a market-established cultivar
by adding disease resistance or other favourable traits. The introduction
of disease resistance genes into susceptible cultivars will also reduce the
use of plant protection products (Haverkort et al., 2016). A well-studied
example of a cisgenic plant is A15-31, a potato line derived from the late
blight susceptible cultivar ‘Desirée’. A15-31 was amended with the
resistance gene Rpi-Vnt1.1, obtained from Solanum venturii, which con-
fers resistance to the causal agent of late blight, Phytophthora infestans
(Haesaert et al., 2015). Studies on this cisgenic potato line found no
effect of the genetic modification on the composition of arthropod
(Lazebnik et al., 2017b), nematode (Ortiz et al., 2016), or microbial
communities (Krause et al., 2020) in the soil. Two studies, however,
reported possible unintended effects of A15-31 compared to its wild
type ‘Desirée’ when leaf material was fed to two aphid species (Cascone
etal., 2018; Lazebnik et al., 2017a). Yet, these effects occurred in the 1st
but not in the 2nd generation of aphids and were insignificant compared
to the variation among conventionally bred potato varieties (Lazebnik
et al., 2017a).

Full risk assessments of GM plants commonly include first-tier lab-
oratory tests with a range of non-target species covering different
taxonomic groups and ecological functions (European Food Safety Au-
thority, 2010). For the current study, we selected two soil arthropods
F. candida (Fc) and Drosophila melanogaster (Dm) (Diptera: Drosophili-
dae) (fruit fly). Many soil arthropods are essential ecosystem compo-
nents because they increase the decomposition of litter and are foods for
higher trophic levels (Fountain and Hopkin, 2005). Such arthropod
species may be exposed to GM plant material through ingestion of root
material, plant debris, or fruit that falls to the ground. Collembolans
occur in many habitats including greenhouses, forest soils, and grass-
lands (Fountain and Hopkin, 2005). They are widely used in ERAs and
toxicology tests because of their asexual mode of reproduction, rapid life
cycle, easy maintenance in the laboratory, and high sensitivity to envi-
ronmental contaminants (Fountain and Hopkin, 2005; OECD, 2016). To
date, Fc has been used with different transgenic GM plants including
cotton, potato, corn, rice, and wheat (Yuan et al., 2011, 2013; Bai et al.,
2011; Romeis et al., 2003; Yang et al., 2018; Yu et al., 1997; Zhang et al.,
2017). D. melanogaster is another well-known laboratory species. While
many soil-dwelling dipterans are important decomposers of leaf litter
(Savage, 2002), few studies have focused on the effects of GM plants on
dipterans (Haller et al., 2016, 2017; Knecht and Nentwig, 2010; Peter
et al., 2010).

The cisgenic apple line C44.4.146 evaluated in this study was
developed by adding the gene FB_MRS5 of the wild apple Malus x robusta
5 to the ‘Gala Galaxy’ cultivar through Agrobacterium tumefaciens-
mediated transformation (Kost et al., 2015). The susceptible ‘Gala Gal-
axy’ cultivar thereby acquired resistance to fire blight, which is a
devastating bacterial disease of apples. Because FB_.MR5 is expressed at
similar transcript levels in C44.4.146 as in conventionally bred acces-
sions (Kost et al., 2015), they should share the same risks posed by the
transcription of FB.MRS5. Our work therefore aimed to identify unin-
tended effects in the cisgenic line C44.4.146. We assessed effects on
arthropod fitness using diets supplemented with powdered leaf material
in bioassays with Dm and Fc. Major leaf components were analysed to
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assess correlations with bioassay results. In order to place the obtained
results within the context of natural variation we performed these
studies with a large control group consisting of ‘Gala Galaxy‘, ‘Gala’,
several ‘Gala‘ sports, and the ‘Gala‘-unrelated cultivar 'Ladina’.

2. Materials and methods
2.1. Plant material

We used the cisgenic apple line C44.4.146 (CIS), its non-transformed
‘Gala Galaxy’, ‘Royal Gala’ (RG), ‘Gala Schniga® SchniCo red’ (GSR),
the original ‘Gala’ cultivar (GO), and the cultivar ‘Ladina’ (LAD). ‘Gala
Galaxy’, RG and GSR belong to the group of ‘Gala’ sports, i.e., natural
mutants of ‘Gala’ propagated from shoots in which mutation(s) in the
meristem generated a new, stable phenotype. Sports are optimal con-
trols for the evaluation of the cisgenic ‘Gala’ line because they share the
genetic origin and show a limited number of trait modifications. ‘Gala
Galaxy’ was obtained from three sources: in vitro cultured ‘Gala Galaxy’
(IVG), i.e., the line used to generate CIS (wild type of CIS in this study),
and ‘Gala Galaxy’ from commercial nurseries in Switzerland (GG) and in
Italy (GGB). These sources of ‘Gala Galaxy’ were treated as separate
genotypes. With the permission of the Swiss Federal Office of Environ-
ment (FOEN) for a field trial (reference no. B15001), the apple trees
were planted in spring 2016 at a protected field site at Agroscope
Reckenholz (Zurich, Switzerland, www.protectedsite.ch) (Brunner
et al., 2021; Romeis et al., 2013) as described in Schlatholter et al.
(Schlatholter et al., 2021a, 2021b). The field experiment consisted of
four blocks (planting rows) with a group of five consecutive trees of
every "Gala’ genotype in each block. The genotypes within each block
were arranged in a randomized order. At the beginning of each group of
five trees, one LAD tree was planted. LAD originated from a cross be-
tween ‘Topaz’ and ‘Fuji’ (Leumann et al., 2013) and was used as the
outgroup. The trees were drip-irrigated, herbicides were applied to
maintain the soil around the trees free from grasses, and pest and disease
control followed the international guidelines of integrated production
(Wijnands et al., 2018; Alaphilippe et al., 2019).

2.2. Leaf sampling for non-target studies

Leaves were collected just before leaf fall on October 10, 2018.
Twenty-five leaves were randomly collected from each tree. Leaves from
the trees of each genotype within the same block were pooled in a paper
bag, resulting in four independent biological samples per genotype. The
plant material was dried for 2 days at 32 °C in a drying oven and was
milled to a fine powder (d = 1 mm) with an ultra-centrifugal mill
(ZM200, Retsch GmbH, Haan, Germany) resulting in 26-54 g of
powdered leaf material per sample. The samples were stored at room
temperature in closed glass bottles in the dark until used in the
experiments.

2.3. Analysis of major leaf components

For analysis of total carbon (C) and total nitrogen (N), leaf samples
(400 mg per sample) were further dried at 60 °C and analysed with a
VarioMax CN elemental analyser (Elementar, Langenselbold, Germany)
following a dry combustion method (Bremner and Mulvaney, 1983).

Leaf dry matter, crude fibre, cellulose, hemicellulose, and lignin were
analysed according to Association of German Agricultural Analytic and
Research Institutes (VDLUFA, 2012) and equivalent International Or-
ganization for Standardization (ISO) methods. Samples for the analysis
of dry matter were processed on a prepASH® 340 Series (Precisa
Gravimetrics AG, Dietikon, Switzerland). Crude fibre was analysed
following ISO method 6865:2000. The neutral detergent fibre (aNDF)
method (ISO 16472:2006) was used to assess hemicellulose, cellulose,
and lignin; the acid detergent fibre (ADF) method was used to assess
cellulose and lignin; and the acid detergent lignin (ADL) method was
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used to determine lignin content (both ISO 13906:2008). Cellulose
content was calculated by subtracting ADL from ADF, while hemicel-
lulose was calculated by subtracting ADF from aNDF. Crude fibre, aNDF,
ADF, and ADL were analysed with a FIBRETHERM® FT-12 (C. Gerhardt
GmbH & Co. KG, Konigswinter, Germany). All analyses were done with
at least two technical replicates.

2.4. Arthropods

Dm was cultured at Agroscope on cornmeal-sucrose-yeast agar me-
dium containing 4-hydroxybenzoate to prevent fungal growth (Haller
et al., 2016, 2017). Fc was provided by Innovative Environmental Ser-
vices Ltd. (Witterswil, Switzerland), cultured at Agroscope in boxes with
plaster of Paris and activated charcoal, and fed with baker’s yeast as
described by Romeis et al. (2003).

2.5. Feeding experiments with Dm

The Dm bioassays were based on a “single-fly” protocol (Haller et al.,
2016). Adjustments for plant material were adapted from (Haller et al.,
2017), who showed that a ratio of one part cotton or maize leaf powder
to two parts solid components of the artificial diet allowed normal
development of the flies. For the present study, one-third of the solid
ingredients of the cornmeal-sucrose-yeast agar diet was replaced by
apple leaf powder. To prepare the diet, cornmeal, sucrose, yeast, and
agar were added to water and heated, while stirring constantly, until it
boiled. When the diet cooled to 55 °C, the leaf powder was added with
steady stirring before the diet was poured into plastic boxes for solidi-
fication. The standard cornmeal diet was used as a negative control
(NC), and cryolite (Na3AlFg, sodium hexafluoroaluminate) (purity: >
97.0%) (Sigma-Aldrich, Buchs, Switzerland) at a concentration of 0.4
ug/g standard cornmeal diet served as a positive control (PC). Cylinders
of artificial diet were cut with a cork drill (6 mm diameter) and placed
individually in 8-tube strips (art. no. 4413, Corning Incorporated,
Corning, NY, USA). The 8-tube strips rather than 96-well plates (Haller
et al., 2017) were used to avoid heat-sealing and facilitate monitoring.
One Dm egg (< 4 h old) was placed on top of the diet in each tube. The
8-tube strips were closed with 8-cap strips (art. no. 4418, Corning
Incorporated, Corning, NY, USA) containing three 0.45-mm holes for
ventilation. The experiment was checked daily until all eggs had
developed to adults. The treatments used for the experiment were the
leaf-based diets of the eight genotypes from the field as described above
plus the negative and positive controls. The experiment was performed
four times with four 8-tube strips (32 tubes) per treatment (one strip per
block for the leaf-based treatments). It was conducted in a climate
chamber at 25 + 1 °C, 70 + 10% relative humidity, and a 16-h photo-
period. If the diet in a tube dried out or was heavily contaminated with
fungi, the tube was excluded from further analyses, resulting in a total of
89-124 tubes per treatment.

Survival, developmental time (days to the emergence of an adult fly),
and adult dry weight were recorded at the end of the experiment. For dry
weight measurements, the tubes containing the adult flies were frozen at
— 20 °C; the tubes were tilted so that the flies would not freeze to the
surface of the medium; after 20 min, the dead flies were transferred to
empty 8-tube strips and dried at 35 °C in a drying oven over night. After
the sex of the flies was determined by examining the abdominal seg-
ments with a stereo microscope, dry weight was measured with a micro
balance (MX5, Mettler Toledo, Greifensee, Switzerland).

2.6. Feeding experiments with Fc

The Fc bioassays were conducted with mature 10-day-old in-
dividuals, as recommended in OECD guideline 232 (OECD, 2016). In-
dividual collembolans were randomly placed in plastic boxes (diameter
70 mm, height 39 mm) containing a 10-mm layer of a solidified mixture
of plaster of Paris (art. no. 51828, LANDI Schweiz AG, Dotzigen,
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Schweiz), activated charcoal (art. no. 134340010, Acros Organics B.V.B.
A., Fair Lawn, NJ, USA), and distilled water at a ratio of 8:1:9 (w/w/w)
with scratches in the surface to facilitate egg deposition. Distilled water
was added as needed to keep the plaster moist. Leaf powder alone is an
unsuitable food for Fc (Romeis et al., 2003; Yu et al., 1997). Therefore,
the collembolans were fed a 10:1 (w/w) mixture of leaf powder and
brewer’s yeast (art. no. 368080010, Acros OrganicsTM, NJ, USA). This
ratio supported the survival, development, and reproduction of Fc in
bioassays using leaf powder from wheat or rice (Romeis et al., 2003;
Yang et al., 2018). The leaf-based diets were prepared as described by
Yang et al. (2018) and stored at — 20 °C until used. The treatments used
for the experiment included the leaf-based diets of the eight genotypes
from the field as described above plus brewer’s yeast (NC). The exper-
iment consisted of 32 boxes per treatment (eight boxes per block for the
leaf-based treatments). The collembolans had access to food ad libitum.
The diets were placed on the plaster surface and were replaced twice per
week using a small spatula to reduce fungal growth. The assay was
carried out in a climate chamber in total darkness (20 + 1 °C, 70%
relative humidity). Mouldy eggs and injured collembolans were
excluded from analysis, resulting in a total of 26-32 boxes per treatment.

The collembolans were checked daily for survival and oviposition. If
clusters of eggs were found, the collembolan was transferred to a new
box. Observations of the initial collembolans were terminated after 4
weeks. Collembolans were killed with CO2 and individually weighed
(MX5, Mettler Toledo, Switzerland). The boxes containing the eggs were
checked for hatching daily from 7 days after oviposition. After hatching,
neonates were fed with the same diet as their parent for 1 week before
the final number of offspring was determined. For this purpose, the box
was flooded with water, and the specimens floating on the surface were
counted. The following data were recorded: duration to 1st, 2nd, and
3rd oviposition; number of neonates of the 1st, 2nd, and 3rd oviposition;
and weight after 4 weeks.

2.7. Statistical analysis

All statistical analyses were conducted in R 4.1.1 (R Core Team,
2021). All data are presented as means + SD unless otherwise indicated.
Boxplots were generated using the ‘ggplot2’ package (Wickham, 2016).

Leaf components were analysed using a linear mixed model in the
package ‘lme4’ (Bates et al., 2015) with genotype as a fixed effect and
block as a random effect, followed by an ANOVA with type III sums of
squares (‘stats’ package) (R Core Team, 2021).

The effect of dietary treatments on survival in the Dm bioassay was
assessed using a generalized linear mixed model (glmm) applying a
binominal distribution with treatment as a fixed effect, and experiment,
experiment x treatment interaction, and block as random effects (‘lme4’
package), followed by a Chi-square test. Data for developmental time
were analysed using a glmm applying a Poisson distribution using the
same effects, followed by an F-test. Female and male dry weights were
analysed using a linear mixed model (Imm) using the same factors plus
sex and sex x treatment interaction as fixed effects, followed by an F-
test. If the sex x treatment interaction was significant, the statistical
analyses for this endpoint were repeated for each sex separately. Sta-
tistical analyses were generally done in two steps: (1) the two control
treatments, NC and PC, were compared to each other, and (2) the plant
treatments were compared with the NC.

In the Fc bioassay, the effects of treatments on survival after 4 weeks
were tested with a glmm applying a binominal distribution with treat-
ment as a fixed effect and block as a random effect, followed by a Chi-
square test. Data for the duration to 1st, 2nd, and 3rd oviposition
were analysed using a glmm applying a Poisson distribution using the
same effects, followed by an F-test. Collembolan weight and the number
of neonates from the 1st, 2nd, and 3rd oviposition were analysed using a
Imm using the same effects, followed by an F-test.

If a treatment effect was significant, means were separated by
Tukey’s honestly significant difference (HSD) post-hoc tests using the
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‘multcomp’ package (Hothorn et al., 2008). The p-values of the Tukey
comparisons were converted to letters indicating significantly different
groups (‘multcompView’ package) (Graves et al., 2019).

3. Results
3.1. Analysis of major leaf components

A genotype effect (p < 0.05) was identified for all leaf components
assessed except cellulose (Fig. 1, Table S1). CIS was not statistically
different from its non-GM wild type IVG for any of the measured pa-
rameters. CIS had lower concentrations of crude fibre than the *Gala’
genotypes GGB and GO, lower total N concentrations than GSR, and
higher C:N ratios than GGB and GSR. Among the non-GM ’Gala’ geno-
types, total C concentrations in GGB were lower than in GO, total N
concentrations in IVG were lower than in GSR, and the C:N ratio in IVG
was higher than in GGB and GSR.

Compared to the 'Gala’ genotypes, the outgroup LAD had lower
lignin concentrations, higher total N concentrations, and lower C:N ra-
tios. LAD also had lower crude fibre concentrations than GGB and GO
and lower hemi-cellulose concentrations than GGB.

3.2. Feeding experiments with Dm

The survival rate (percentage emerged flies) in the control (NC) of
the third replication was 63.2% (Table S2). Because NC survival rates
< 80% raise concern about the reliability of the test (Haller et al., 2016;
Rose, 2007), the data of the third replication were excluded from further
analyses. Subsequent calculations are thus based on three experimental
replications. The survival rates of Dm fed either the GM or non-GM leaf
treatments were > 78% in the three experimental replications with an
average of 88.5% (Table S2).

Survival did not significantly differ between CIS and any of the non-
GM treatments including LAD (Fig. 2 A). In addition, differences be-
tween the leaf-based diets and the cornmeal diet (NC) were not signif-
icant. The only significant difference was a higher survival rate in the GO
treatment than in the RG treatment (Fig. 2 A). Developmental time from
egg to adult fly ranged from 8.3 + 0.5 (NC) to 8.9 + 1.1 days (GSR)
without significant differences among the treatments (p =0.28,
Fig. 2B). Treatment effects, however, were significant for dry weight.
Because the interaction of sex x treatment was significant for dry weight
(p < 0.01), statistical analyses were separately conducted for males and
females.

Both female and male dry weight were significantly affected by the
treatments (Fig. 2 C, D, Table S3), but no significant differences were
detected among the leaf-based treatments. Female flies were heavier
when fed cornmeal diet (NC) compared to all leaf-amended diets
(Fig. 2D). A similar difference was observed for male flies, except that
RG and GO did not differ from NC (Fig. 2 C). Survival, developmental
time, and female/male dry weight significantly differed between NC and
the PC, confirming the sensitivity of the assessed traits to the quality of
the diet (Table S3).

3.3. Feeding experiments with Fc

The treatments did not significantly affect Fc survival or duration to
the 1st, 2nd, and 3rd oviposition (Fig. 3A-D; Table S4). Treatment effects
were significant for the numbers of hatched neonates from the 1st, 2nd,
and 3rd oviposition, but no differences were observed among the ‘Gala’
treatments. The average number of neonates obtained from collembo-
lans fed on leaf-based diets of the ‘Gala’ treatments ranged from 5.0
+ 3.4 (GG) to 7.5 &+ 3.7 (IVG) in the 1st, from 7.3 + 4.4 (GG) to 11.1
+ 6.2 (RG) in the 2nd, and from 7.6 + 5.5 (GG) to 11.9 + 9.3 (GGB) in
the 3rd oviposition (Fig. 3E-G, Table S4). In the first two ovipositions,
neonate counts were higher in the outgroup LAD and the yeast-based
diet (NC) than in some of the ‘Gala’ treatments (Fig. 3E, F). The
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average number of neonates obtained in the first two ovipositions for
LAD were 9.3 £+ 3.4 and 14.6 + 7.1, respectively. These numbers are
similar to those obtained in the NC treatment (1st oviposition: 10.2
=+ 4.1, 2nd oviposition: 13.2 £ 5.2). The number of neonates in the 3rd
oviposition was significantly higher in the NC treatment than in all the
other treatments, while the number in the LAD treatment was similar to
those of the other leaf-based treatments (Fig. 3 G). Significant effects in
collembolan weight at the end of the experiment were mainly due to
differences between leaf-based diets and NC, which showed a 2.4-fold
increased weight with 85.9 + 20.4 pg compared to a range of 25.6
+12.9 ug (IVG) to 44.9 + 26.3 ug (GO) among the leaf-based diets
(Fig. 3H). The only statistical differences for collembolan weight within
the ‘Gala’ treatments was between IVG and the treatments GO and GGB.
For this parameter, no difference between LAD and the ‘Gala’ treatments
was observed.

4. Discussion

This study showed that the genetic modification of ‘Gala Galaxy’ that
resulted in the cisgenic apple line C44.4.146 did not alter the levels of
the major leaf components assessed in this study in a way that affected
the survival, growth, or fecundity of two important detritivorous ar-
thropods fed on processed leaf material.

The differences in lignin, N, and C:N ratio between the convention-
ally bred ‘Gala’ cultivars, including natural mutants, and ‘Ladina’ were
greater than the differences between the cisgenic line and its non-GM
wild type. Similar results were reported for other GM crops; in Zur-
briigg et al. (2010) and Poerschmann et al. (2008), for example, dif-
ferences in plant composition were greater between conventional maize
varieties than between GM-maize lines and their closest non-GM com-
parators. Studies at transcriptome and metabolome levels obtained
similar results for Bt rice lines, their non-Bt parental rice lines, and
conventionally bred rice lines (Liu et al., 2020). In the latter study, ge-
netic modification and crossbreeding resulted in a comparable number
of changes, and the largest changes were among conventionally bred
non-GM lines.

Leaf composition can influence litter decomposition. That a low C:N
ratio and a low lignin:N ratio increase litter decomposition was
demonstrated in previous studies (Poerschmann et al., 2005; Taylor
etal., 1989). A high rate of N deposition may benefit herbivores (Throop
and Lerdau, 2004) and could have positively affected the quality of
‘Ladina’ leaves for decomposition in our study. Yuan et al. (2011)
hypothesised that the lower reproduction of Fc fed on the Bt rice variety
Huahuil rather than its conventional isoline Minghui63 was either due
to a higher C:N ratio in the leaf material or to other unintentional
changes in plant metabolism. However, this hypothesis could not be
confirmed (Yuan et al., 2013), and the connection to the high C:N ratio
did not hold true for a different Bt rice line (Yuan et al., 2011). Lignin
content was also higher in a Bt maize line than in its non-GM near
isogenic line (Saxena and Stotzky, 2001). Because of lignin’s low
decomposability and its protective function in the plant cell, a lower
lignin content in ‘Ladina’ leaves compared to ‘Gala’ (Fig. 1D) may have
increased the ability of Fc to digest the leaves, resulting in increased
fecundity.

Diets supplemented with GM leaf material (C44.4.146) did not
adversely affect survival, growth, or fecundity of Dm or Fc. Statistical
differences between NC and PC in all parameters in the Dm bioassay
confirmed that this assay could detect the sensitivity of Dm to standard
toxic substances (Table S3). Assays with both arthropods showed that
the diets prepared with powdered apple leaf material supplied sufficient
nutrients for survival, growth, and reproduction. Survival rates were
similar for the leaf-based diets vs. the standard diets (NC) for Dm and Fc
(Figs. 2A, 3A).

Nevertheless, Dm and Fc body weights and Fc fecundity were
significantly lower with leaf-based diets than with the respective stan-
dard diet (NC) (Fig. 2 C, 2D, and 3 H). This indicated that the leaf
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Fig. 1. Comparison of crude fibre (A), cellulose (B), hemicellulose (C), lignin (D), total C (E), total N (F), and C:N ratio (G) in leaves of the seven investigated ‘Gala’
genotypes and ‘Ladina’ (LAD). The sample size per parameter and genotype was four. The components were measured per kg of dry matter (DM). Different letters
above the bars indicate significant differences among the genotypes based on Tukey’s HSD post-hoc analyses (p < 0.05). No letters are presented in (B) because the
genotype effect was not significant. IVG: in vitro cultured ‘Gala Galaxy’, GG: ‘Gala Galaxy’ (budwood purchased from a Swiss nursery), GGB: ‘Gala Galaxy’ (pur-
chased as 1-year-old-plant from an Italian nursery), RG: ‘Royal Gala’, GSR: ‘Gala Schniga® SchniCo red’, GO: ‘Gala’ original.
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Fig. 2. Effects of dietary treatments containing leaf material of the seven investigated ‘Gala’ genotypes and ‘Ladina’ (LAD) on (A) survival rate, (B) developmental
time, (C) male dry weight, and (D) female dry weight of D. melanogaster (Dm). The standard cornmeal diet for Dm served as a negative control (NC). Survival rates are
means + SD for the three experimental replications. Boxplots of developmental time and dry weight indicate the distribution of the data pooled from three
experimental replications (centre line, median; box limits, first and third quartiles; whiskers, 1.5 x interquartile range; dots, outliers). The total number of considered
Dm specimens (n) is indicated. In each panel, means with different letters are significantly different (p < 0.05) according to Tukey’s HSD post-hoc analyses. No letters
are presented in (B) because the treatment effect was not significant. CIS: C44.4.146, IVG: in vitro cultured ‘Gala Galaxy’, GG: ‘Gala Galaxy’ (budwood purchased
from a Swiss nursery), GGB: ‘Gala Galaxy’ (purchased as 1-year-old-plant from an Italian nursery), RG: ‘Royal Gala’, GSR: ‘Gala Schniga® SchniCo red’, GO:

‘Gala’ original.

material had a reduced nutritional quality for the arthropods. Food of
lower quality made with rice, cotton, wheat, or potato leaf material
impaired the development and fecundity of Fc (Bai et al., 2011; Romeis
et al., 2003; Yu et al., 1997; Stam et al., 1996) but not of Dm (Haller
et al., 2017). The difference between our results and those of Haller et al.
(Haller et al., 2017) suggests that as a food for Dm, the apple leaves used
in the current study might have been inferior to the cotton and maize
leaves used in the previous study. The parameters that did not differ
among treatments in the current study, i.e., Dm developmental time and
Fc oviposition periods, were similar to the values described in the
literature (Tables S3 and S4) (Romeis et al., 2003; Strasburger, 1935).
Fc fecundity was significantly higher with ‘Ladina’ than with some of
the ‘Gala’ treatments (Fig. 3E, F). Besides the previously mentioned
lower lignin and C:N ratios of ‘Ladina’ (Fig. 1D, G), other undetected
compositional differences could have contributed to this effect. Inter-
estingly, Fc fecundity was similar when fed ‘Ladina’ vs. the optimal diet
(NQ) in the first two ovipositions, but lower in the 3rd oviposition. The
final Fc weight in the ‘Ladina’ treatment was comparable to the ‘Gala’
treatments and lower than in the optimal diet (NC) (Fig. 3G-I). The
hypothesis by Stam et al. (Stam et al., 1996), who found that collem-
bolan weight was positively correlated with fecundity, was only sup-
ported for the 3rd oviposition, but not for the 1st and 2nd. This indicates
that factors in addition to weight may influence fecundity. In another
study that compared cisgenic late blight resistant potato lines to their
non-GM cultivar ‘Desirée’ and to two conventionally bred cultivars for
their suitability as food for a non-target aphid, aphid fitness varied more
among conventional potato varieties than between ‘Desirée’ and the GM
lines (Lazebnik et al., 2017a). In accordance with our compositional
analyses and the results of Lazebnik et al. (2017a), the current

non-target bioassays also indicate that the variation between conven-
tionally bred varieties is greater than between the cisgenic line and its
non-transformed wild type.

In conclusion, the evaluation of potential adverse effects on NTOs is
an important part of the ERA of GM crops. This is the first assessment of
cisgenic apple leaf material in arthropod bioassays. No adverse effects
due to the genetic modification were observed on survival, growth, or
fecundity of the two arthropods fed on artificial diets containing
powdered leaf material. The lack of effects on these NTOs, as well as the
unchanged levels of major leaf components indicates that litter pro-
duced by the cisgenic apple genotype C44.4.146 will be decomposed by
soil arthropods in a comparable manner to non-GM apple tree litter. Our
data support previous reports showing greater differences among con-
ventional cultivars than between GM and non-GM plants. This obser-
vation highlights the value of including several conventional cultivars in
ERA-studies (Chen et al., 2021; Wang et al., 2017; Sanvido et al., 2012).
Our study therefore supports the hypothesis that cisgenic GM plants are
as safe as conventionally bred plants (National Academies of Sciences, E.
and Medicine NASEM, 2016).

Funding

This work was supported by the Swiss National Science Foundation
(SNSF) [grant number 31003A_163386].

CRediT authorship contribution statement

Ina Schlatholter: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Visualization, Writing — original draft,



L. Schlatholter et al. Ecotoxicology and Environmental Safety 241 (2022) 113749

A B

20
B dead (0) alive (1) E;]
- APEFOEISE L
N — [ ]
- 1ot
no. of 20 - oVi. 10 -
indivi- [d]
duals 4 -
5 —
0 0+ n=20 n=25 n=22 n=26 n=24 n=27 n=27 n=20 n=22
C 35 . . . D 40
o] : . $$E¢¢§$ o
30 . ’
e U= Co ﬁ
2nd 20 i:' % % é $ é 3rd
oVi. ovi. oo 4
[d 154 [d]
10 10
5 —
0 n=27 n=26 n=25 n=24 n=25 n=26 n=17 n=23 n=23 0 - n=22 n=17 n=9 n=11 n=15 n=6 n=3 n=19 n=22
20
E ab abc a a a ab a bc ¢ F a a & 4D abe ab abc 6 b
30 ’
157 25 -
neo- . neo-
nates nates 20
1st 107 2nd . |
oVi. oVi.
[n] 5 - [n] 10
5 —
0 ] 0 —
n=31 n=30 n=27 n=31 n=26 n=30 n=31 n=29 n=32 n=25 n=25 n=21 n=22 n=22 n=23 n=11 n=24 n=27
G 45 a 3 a a - a NA a b H 160 - ab b ab a ab ab a ab ¢
40 - 140 —
neo- 357 120
nates 30 100 4
3rd 25 . weight |
ovi. 20 ) wl 60 | )
[n] 15 | )
10 40 ;
5 — 20 |
07 1221 n=t1 n=7 n=11 n=12 n=4 n=1 n=18 n=23 0 | n=25 n=20 n=24 n=26 n=20 n=23 n=22 n=20 n=26
CIS IVG GG GGB RG GSR GO LAD NC CIS IVG GG GGB RG GSR GO LAD NC

Fig. 3. Effects of dietary treatments containing leaf material of the seven investigated ‘Gala’ genotypes and ‘Ladina’ (LAD) on survival (A), time to the 1%, 2", and 3™
oviposition (B-D), number of neonates hatched from the 1%, 2“d, and 3¢ oviposition (E-G), and final weight (H) of F. candida (Fm). The standard diet of Fc (brewer’s
yeast) was used as a negative control (NC). Survival is presented as a stacked barplot of the number of survived (grey) and dead (black) collembolans. The boxplots
represent the distribution of the data (centre line, median; box limits, first and third quartiles; whiskers, 1.5 x interquartile range; dots, outliers). The total number of
considered collembolans (n) is indicated; in panels B-H, means with different letters are significantly different (p < 0.05) according to Tukey’s HSD post-hoc an-
alyses. “NA” indicates that the corresponding data were not included in the analyses because of a low number of surviving specimens. If the treatment effect was not
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