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Summary

Although many genetic manipulations of crops providing biofortified or safer food have been prepared,
the acceptance of biotechnology crops still remains limited. We report on a transgenic barley
expressing the multi-functional protein osmotin that improves plant defense under stress conditions.
An Agrobacterium—mediated technique was used to transform immature embryos of the spring barley
cultivar Golden Promise. Transgenic barley plants of the TO and T1 generations were evaluated by
molecular methods.

Transgenic barley tolerance to stress was determined by chlorophyll, total protein, malondialdehyde
and ascorbate peroxidase content. Transgenic plants maintained the same level of chlorophyll and
protein, which significantly declined in wild-type barley under the same stressful conditions. Salt stress
evoked higher ascorbate peroxidase level and correspondingly less malondialdehyde. Methanol
extracts of i) Fusarium oxysporum infected or ii) salt-stressed plants, were characterized by their acute
toxicity effect on human dermal fibroblasts (HDF). Osmotin expressing barley extracts exhibited a
lower cytotoxicity effect of statistical significance than that of wild-type plants under both types of
stress tested on human dermal fibroblasts. Extract of Fusarium oxysporum infected transgenic barley
was not able to damage DNA in Comet assay, which is in opposite to control plants. Moreover, this
particular barley did not affect the local biodiversity interactions, which was tested through monitoring
barley natural virus pathogen —host interactions —the BYDV and WDV viruses transmitted to the plants
by aphids and leafhoppers. Our findings provide a new perspective which could help to evaluate the
safety of products from genetically modified crops.
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1 Introduction

Osmotin is a 26-kDa protein belonging to the 5 class of pathogenesis-related proteins (PR 5) together
with thaumatin, zeamatin and others. Osmotin was first characterized in Nicotiana tabacum plants
adapted to saline conditions [1, 2]. Later, its homologs were found in both monocots and dicots across
the whole plant kingdom [3]. Osmotin is a multifunctional protein that plays an important role in the
plant immune system during stress. Abiotic originators of stress such as drought, salt and cold induce
osmotin expression. As the name indicates, osmotin plays a role as an osmoprotectant, providing
enzyme protection and protein chaperone functions. Biotic stress resistance is related to the ability of
osmotin to activate the fungal receptor that induces the programmed cell death of fungi. Being a
promising protein, it has served as a tool for biotechnology engineering for many decades [1].

The first transgenic plants containing the heterologous osmotin gene in their genomes were potato
and tobacco [4] and many others followed, as summarized in reviews [3, 5]. More recently, transgenic
monocotyledonous plants bearing the osmotin gene were prepared as well. Osmotin was first
expressed by a monocot wheat in 2008 [6] followed by rice another three years later [7]. The genetic
manipulation of monocots is a promising and still developing field, because their agriculture is
significantly endangered by climatic changes. Monocots play an important role in agriculture for animal
feed and for human nutrition, as they are among the most often planted crops (e.g. wheat, barley,
rice, maize and others), however, the application of their GM variants still remains limited.

Even though transgenic crops are one of the most characterized and toxicologically tested plants, many
of them have never been applied (e.g. Golden Rice [8]). The economic aspects, environmental benefits
and higher yield of GM crops [9] usually do not affect public opinion significantly. Even though
biofortified crops (reviewed e.g. in [10]) with improved properties and safer food (e.g. [11]) were
reported years ago, the usage of GM crops still remains limited. No conventionally bred crop has been
so thoroughly tested for toxicity, allergenicity or effect on the environment, intestinal microbiome and
nutrition. However, what is often neglected is the increased toxicity of crops protecting themselves
against harsh environmental conditions.

As a protection against stress, plants have adapted their own immune system [12] in order to survive.
However, many of the secondary metabolites formed this way can be toxic compounds, e.g.
glycoalkaloids [13], steroidal alkaloids [14], flavonoids [15, 16] and glycosides [17, 18]. Moreover, the
toxicity of plant immune system compounds is often supplemented by the toxicity of the pathogen’s
secondary metabolites, e.g. mycotoxins [19].

The aim of this work is the preparation of a transgenic barley with improved resistance to stress
originators, documentation of this higher resistance by biochemical methods and proof of better
toxicological properties for consumers compared to commercially used crops. As an often-mentioned
disadvantage of GM plants, its influence on biodiversity is described. Here, we also focused on studying
the effect of this GM barley on the spreading of viruses by aphids and leafhoppers. Two economically
most important virus pathogens for barley cereals in Europe were selected — Barley yellow dwarf virus,
transmitted by aphids, and Wheat dwarf virus, transmitted by leafhoppers.

2 Materials and methods
2.1 Barley transformation
The osmotin gene (OSM, GenBank: M29279.1, NCBI) was synthetized artificially (GeneArtTM Gene
Synthesis, Thermo Fisher Scientific), therefore codon optimization for barley was performed. The
osmotin gene was further cloned into the vector pDONR207 (Invitrogen) by BP clonase reaction
(Gateway®, Thermo Fisher Scientific). The construct was verified by restriction. The osmotin gene was
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90 inserted by LR clonase reaction (Gateway® LR ClonaseTM, Thermo Fisher Scientific) into the
91 destination vector pBract214 (http://www.bract.org). The pBract214 vector was designed for the
92  transformation of barley. The gene of interest is under the control of the maize Ubi promoter. The
93 vector contains the hpt gene conferring hygromycin resistance under the CaMV 35S promoter. Correct
94  orientation of the transgene was verified by restriction analysis and sequencing. The Vector
95 pBract214::0sm (Supplementary Figure 1) and the helper plasmid pSoup were transformed into the
96  Agrobacterium tumefaciens strain AGL1 by electroporation. The Agrobacterium-mediated
97 transformation of the immature zygotic barley embryo genotype ‘Golden Promise’ was performed
98  according to the transformation protocol by Harwood et al [20]. Explants were cultivated in vitro on
99 selection - callus induction, and regeneration medium and transferred into soil. Putative transgenic TO
100  plants were screened by PCR analysis. The analysis was performed with genomic DNA that was isolated
101  from leaf tissue of the regenerated plants. For PCR reaction, premix REDTaq® ReadyMixTM PCR
102 Reaction Mix (Sigma-Aldrich, USA,) was used. The presence of the osmotin gene was determined by
103 amplifying a 222-bp fragment using the primers F: 5-GCCCTGCCTTCATACGCTAT-3" and R: 5'-
104  TACGGGCAGTTGTTCCTCAC-3'". The presence of the hpt selection gene by amplifying a 275-bp amplicon
105 using the primers F: 5-GATTGCTGATCCCCATGTGT-3"and R: 5"-GCTGCTCCATACAAGCCAAC-3".
106  Transgene expression was verified at the mRNA level. Where not stated otherwise, all procedures were
107  done according to the manufacturer’s instructions. RNA was extracted from young leaf tissue of the
108  transgenic plant with an RNAqueous Total RNA Isolation Kit (Thermo Fisher Scientific). The sample was
109  treated with a Turbo DNA-free TM Kit (Thermo Fisher Scientific) and RNA concentration was assessed
110  spectrophotometrically (DeNovix, DS-11 Spectrophotometer). 1 ug of total RNA was reverse
111 transcribed using RevertAidTM H minus Reverse transcriptase (Thermo Fisher Scientific). To analyze
112  the reaction efficiency, dilution series of the selected cDNA samples were prepared. The endogenous
113  gene for elongation factor [21] was selected as an internal control. For mRNA expression verification,
114  aSensiFAST™ SYBR® No-ROX Kit (Bioline) was used. Three-step PCR was conducted using a MyGo Mini
115 real-time cycler (IT-IS Life Science Ltd.). Primer sequences for osmotin transcript detection were F: 5'-
116  TCAGGTCCAGCTTCGTGTTC-3’and R: 5-TACGGGCAGTTGTTCCTCAC-3"and produced an amplicon of 85
117 bp. Initial denaturation at 95 °C for 180 s was followed by forty cycles of denaturation at 95 °C,
118  annealing at 60 °C and elongation at 72 °C. Reaction was terminated by a final 5 min extension at 72
119 °C. Melting analysis and electrophoretic separation of PCR products were done to verify primer
120  specificity. Transgenic barley plants with verified expression of osmotin gene were grown in
121  greenhouse to maturity. Immature embryos (T1 generation) were dissected from young caryopses of
122  TO plants and were selected on half-MS medium containing hygromycin 75 mg/L. Subsequently, the
123 germinating plants were transferred to pots. All the germinated plants were analyzed for the presence
124  of the osmotin and hpt transgenes by PCR.
125
126 2.2 Stressing of transgenic and control plants
127 Isolated embryos of the T1 generation of obtained GM plants and of the non-GM barley were sown in
128 individual pots (10 x 10 cm) filled with universal gardening substrate and placed in growing chambers
129  under controlled conditions (temperature 24/16°C, air humidity 40 %, 16/8 day/night). Until 50 days
130  after sowing, all plants had four developed leaves and were divided into groups according to the
131 planned stress treatment. Each group consisted of 4 transgenic and 4 non-transgenic plants. The
132 control group was planted under the same conditions, another group was irrigated with 200 mM NacCl
133 every second day, the last group was treated with spores of Fusarium oxysporum DBM 4199 (OD=0.7)
134  once per week. One fully developed leaf was cut off every 3 days and kept at -80 °C until the
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135 biochemical analysis. 16 days after the beginning of the stress conditions, all biomass was harvested
136 and lyophilized for toxicity testing.

137  The BYDV infection was implemented using the aphids Rhopalosiphum padi carrying the BYDV-PAV
138 species [22]. At the stage of two unfolded leaves, approximately five viruliferous aphids were
139  transmitted onto each of 6 transgenic and 6 control group plants. The aphids were maintained there
140  for four days, after that, the plants were treated with insecticide (Mospilan, Nippon Soda Co.) and kept
141  under controlled conditions (temperature 19/15°C, 16/8 day/night).

142  The WDV virus infection was administered using leafhoppers Psammotettix alienus carrying the WDV-B
143 barley strain [22]. At the stage of the main shoot and one tiller being detectable, approximately five
144  viruliferous leafhoppers were transmitted onto each of 6 transgenic and 6 control group plants. The
145 leafhoppers were maintained there for fourteen days, after that the leafhoppers were removed by
146 hand and the plants were closely checked for any missing leafhoppers. The plants were then kept
147  under controlled conditions as before (temperature 19/15°C, 16/8 day/night).

148 Both WDV and BYDV isolates, as well as infected aphids and leafhoppers were obtained from the Virus
149  Collection of the Crop Research Institute, Prague (Virus Collection, 2017). The aphid and the leafhopper
150 count of insect vectors required for successful infection were estimated based on the longterm
151  experience with testing of cereal cultivars in the Crop Reseach Institute, Prague [23, 24].

152

153 2.3 Biochemical assays

154  For chlorophyll content determination, 0.02 g of barley leaf tissue was used. Samples were incubated
155 in 99 % alcohol (1:100 (w/V)) in the dark for 24 h. The subsequent measurement was the same as
156 described in the method by [25]. The preparation of samples for the determination of protein content
157  and enzyme activities was universal in order to decrease sample weight and consumption of plant
158 material. 0.1 g of leaf tissue was homogenized in liquid nitrogen into powder. Then, 2 ml of extraction
159 buffer (50 mM phosphate buffer, 1 mM EDTA and 2 % (w/v) polyvinylpyrrolidone of pH 7.8) was added.
160 The homogenized sample was centrifuged at 14,000 x g at 4 °C for 30 min. Protein content was
161 measured according to the method by Bradford [26]. The reaction mixture contained plant extract,
162 extraction buffer and reagent in the ratio 1:1:8. The reagent and subsequent measurement was the
163  same as in the original paper. The enzyme activity of ascorbate peroxidase was determined according
164  to [27] without any modifications. Malondialdehyde content was determined according to [28] with
165 slight modifications. Extract was prepared by the homogenization of 0.1 g of leaf tissue in liquid
166 nitrogen and the addition of 2 ml of 80 % ethanol followed by centrifugation at 14,000 x g at 4 °C for
167 20 min. In contrast to the original paper, a 0.4 ml aliquot was used for the preparation of the reaction
168 mixture. After heating followed by cooling, the mixture was centrifuged at 1,000 g at 4°C for 20 min.
169

170 2.4 Hemolytic and cytotoxicity studies

171 Hemolytic activity was determined according to a previous paper [29]. 1 pl of plant methanol extract
172 (100 mg.ml?) was used per spot. Triton X-100 (1 %, 1 ul per spot, Sigma Aldrich) was used as a known
173 hemolytic agent. The toxicity in mammalian tissue culture was studied on HDF — human dermal
174  fibroblasts, Sigma-Aldrich, 106-05N).

175 HDF cells were cultivated in DMEM (Sigma-Aldrich) enriched with 10 % fetal bovine serum (Sigma-
176  Aldrich). The cells were maintained in media without antibiotics, however for experiments media
177 supplemented with Antibiotic Antimycotic Solution were used (commercial mixture of penicillin,
178  ampbhotericin and streptomycin, Sigma-Aldrich).
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179 Cells were harvested from exponential-phase cultures by a standardized detachment procedure using
180  0.25% Trypsin-EDTA, and the cell number was counted automatically using a Roche's CASY Cell Counter
181  and Analyzer. 100 ml of 10° cells.mI! was seeded into the wells for cytotoxicity experiments. Each
182 concentration was tested in quadruplicate within the same experiment in the concentration range 62.5
183 - 1,000 pg.ml?. Viability was evaluated after 72 h by standard resazurin assay [30] using fluorescent
184 measurement (560/590nm). Viability was calculated as (sample fluorescence — fluorescence of
185 resazurin) / (fluorescence of cells without treatment - fluorescence of resazurin).

186 Genotoxicity assay was determined using Hek 293T cells (Human embryonal kidney cells, Sigma-
187  Aldrich, USA) according to Comet assay as previously described [31]. The cells were cultivated as
188 described for HDF cells. For the experiment, 10° cells.ml* were seeded into the 12-well plates. After
189 24 hours of cultivation in CO, incubator, the medium was changed and the plant extracts were added
190 tothefinal concentration of 3 mg.ml1. After 24 hours of incubation, the positive control of genotoxicity
191  was realized by addition of H,0, (4.2 mg.I") for 10 min to the cells. As a negative control served cells
192  without any treatment. After the cells harvesting and electrophoresis, fluorescent microscopy
193 (Olympus IX81 equipped with Texas Red filtr) was used for comets visualization and ImageJ software
194  was used for evaluation TailDNA (%).

195

196 2.5 Detection of BYDV infection

197 RNA was isolated by the traditional method using TRIzol reagent (Thermo Fisher Scientific, USA). RT-
198  gPCR assay was performed in a Roche LightCycler® 480 Instrument Il using LightCycler® 480 SYBR
199  Green | Master (Roche Applied Science, Germany), RT Enzyme Mix (ArrayScript™ UP Reverse
200  Transcriptase and RNase Inhibitor, Thermo Fisher Scientific) and PVinterF and YanRA primers [32]. The
201 RT-gPCR was performed at 48°C for 30 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and
202 60°C for 1 min and a melting-curve analysis (95°C 15 s, 60°C 1 min, 95°C 15 s, 60°C 15 s). The gqPCR
203 efficiency was determined as E=105.51 %, R2=0.9964 and the linear standard curve interval as 6.89x10!
204 - 6.89x107 copies using triplicates for the standard and tested samples. For the standard curve, a
205  specific BYDV nucleotide sequence (294 bp, primers PVinterF+YanRA) amplified by RT-PCR was
206 inserted into the vector pGem-T Easy (Promega) and cloned into E. coli JM-109. The selected colony
207 with confirmed insertion sequence was cultivated and DNA extracted (Plasmid Plus Midi Kit, Qiagen,
208 Netherlands) and then excised from the gel (Sigma-Aldrich x-tracta Gel Extraction Tool, Sigma-Aldrich,
209 USA) and purified (GenElute Gel Extraction kit, Sigma-Aldrich). Thereafter, tenfold serial dilution of the
210 transcripts were prepared.

211 For all samples, the mean detected BYDV concentration was calculated based on the tested triplicates
212 and subsequently normalized using the RNA sample concentration detected spectrophotometrically.
213 For these normalized BYDV titers, their logl0 values were calculated and for each week, the logl10
214 mean BYDV titers of the tested group and control group are depicted, together with the interval of
215 plus and minus one standard error of the mean.

216

217 2.6 Detection of WDV infection

218 DNA was isolated by adding 0.5 ml of extraction buffer (1 M guanidine thiocyanate, 20 mM
219 Na2H2EDTA, 0.1 M MOPS, pH 4.6, mercaptoethanol added to 0.2% just prior to use) to 50-100 mg of
220  sampled tissue that had been disrupted and homogenized in liquid nitrogen. The solution was
221 incubated for 30 min in a 60°C water bath with occasional vortexing followed by phenol-chloroform-
222 isoamyl alcohol (25:24:1, Affymetrix, USA) extraction, chloroform extraction, isopropanol and sodium
223 acetate precipitation and two steps of 70% ethanol purification. The gPCR assay was performed on a
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224 Roche LightCycler® 480 Instrument Il using LightCycler® 480 Probes Master (Roche Applied Science,
225 Germany), UniWDVfw and UniWDVrv primers [33] and a TagMan probe (6-FAM-
226  AGGCGAAGAATGATTCACCCT-BHQ-1). The gPCR was performed at 95°C for 10 min, followed by 40
227 cycles at 95°C for 15 s and 60°C for 1 min. The qPCR efficiency was determined as E=99.49 %, R?=0.9989
228 and the linear standard curve interval as 2.9x103 — 2.9x108 copies using triplicates for the standard and
229  tested samples. For the standard curve, a specific WDV nucleotide sequence (140 bp, primers
230 UniWwDVfw+UniWDVrv) amplified by PCR was inserted into the vector pGem-T Easy (Promega) and
231 cloned into E. coli IM-109. The selected colony with confirmed insertion sequence was cultivated and
232 DNA extracted (Plasmid Plus Midi Kit, Qiagen, Netherlands) and then excised from the gel (Sigma-
233 Aldrich x-tracta Gel Extraction Tool, Sigma-Aldrich, USA) and purified (GenElute Gel Extraction kit,
234 Sigma-Aldrich). Thereafter, tenfold serial dilution of the transcripts were prepared.

235 For all samples, the mean detected WDV concentration was calculated based on the tested triplicates
236 and subsequently normalized using the DNA sample concentration detected spectrophotometrically.
237 For these normalized WDV titers, their logl0 values were calculated and for each week, the logl10
238 mean WDV titers of the tested group and control group are depicted, together with the interval of plus
239 and minus one standard error of the mean.

240

241 2.7 Statistical analysis of experimental data

242  The statistical significance of results was tested by analysis of variance followed by Duncan’s test in
243 STATISTICA 12 (data analysis software system, StatSoft. Inc. 2013). For all statistical tests, the
244  significance level was established at p < 0.05.

245

246 3 Results and discussion

247 3.1 Transgenic barley expressing tobacco osmotin gene

248 In order to avoid potential mutations originating from the cloning process, the osmotin gene was
249  commercially synthetized de novo. The codon optimized osmotin gene was cloned into the expression
250  vector pBract214. The possibility of tobacco osmotin gene expression under the constitutive promoter
251 of the cauliflower mosaic virus has been already by our group demonstrated in barley previously [29].
252  Therefore, the same promoter was used in this case as well. Transgenic barley plants expressing the
253 osmotin gene were prepared via Agrobacterium-mediated transformation. In total, 210 immature
254  embryos were transformed, providing 26 regenerating plants (Supplementary Figure 2) of the TO
255  generation that were transferred into pots and grown to maturity in a greenhouse. The presence of
256  the osmotin transgene was confirmed by PCR in 25 regenerated plants (Supplementary Figure 3). The
257 ratio corresponds to a transformation efficiency of 12 %, which is typically lower than for the
258  transformation of dicotyledonous plants [34], but comparable with other barley transformation
259  experiments [35]. Notably, transformation efficiency for Agrobacterium-mediated barley immature
260  embryos utilizing hygromycin selection is 25 % in average [20]. Incomplete T-DNA integration into host
261  genomic DNA might occur during Agrobacterium-mediated transformation leading to an unintended
262 loss of the selection marker. Previously, it was reported that incomplete integration of T-DNA can reach
263 up to 44 % in monocot wheat [36]. In our experiment, hpt selection marker was detected in all
264  transgenic plants thus confirming complete integration of T-DNA cassette (Supplementary Figure 4).
265 Heterologous peptide expression can be driven by tissue specific or constitutive promoters. [37]
266 demonstrated usage of root tip specific promoter to induce resistance to biotic stress induced by
267 nematodes. Alternatively, constitutive promoter CaMV35S [38, 39] can be used for heterologous
268 protein production in plants. In our study, expression of osmotin protein was driven by the strong
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269 constitutive maize ubi promoter that provides strong stable expression in all plant tissues. Broad
270  expression of osmotin should enhance plant response to various biotic and abiotic stresses such as salt
271  stress or fungal infection whose symptoms are not restricted into specific plant tissues but more likely
272  tend to affect the whole plant. The expression of the osmotin gene was confirmed by transgene-
273 specific RT-PCR, while transgene-specific amplicons were not detected in the WT. The specificity of
274  PCR product was additionally verified by melting analysis after performed PCR reaction. The osmotin
275  gene expression was demonstrated in all transgenic plants. There were not observed any visible
276 abnormal phenotypic manifestations of transgenic plants comparing to WT plants suggesting that
277  accumulation of heterologous osmotin protein in plant cells of transgenic barley do not affect
278 substantially plant growth performance. Transgenic plants were prepared for the analysis of the effect
279 of biotic and abiotic stress. First, immature embryos were selected on a medium containing
280  hygromycin. Then, germinating plants were transferred to the pots and the presence of the osmotin
281  transgene was verified by PCR. The segregation ratio of the osmotin transgene in the T1 generation
282 showed Mendelian inheritance. Verified transgenic plants were used in the subsequent experiments.
283

284 3.2 Higher stress resistance of transgenic barley

285 Both transgenic and non-transgenic tobacco plants were exposed to stress caused by salinity (200 mM
286 NaCl) and pathogen infection (Fusarium oxysporum). As can be seen e.g. in the Supplementary Figure
287  5,thetransgenic plants shew a significant reduction in disease symptoms. Both types of stress were
288 able to induce a decrease in protein content in wild-type barley. Many researchers have reported that
289  the level of total soluble protein in crop plants decreases under abiotic stress. Stress usually leads to
290 protein damage caused by e.g. reactive oxygen species [40] or by increased activity of proteases [41].
291 A downregulation of photosynthesis under several stresses was reported at the proteome level [42].
292  Salt and drought induced a decrease in the main proteins of photosystem Il and in both chlorophyll a
293 and b binding proteins as well as producing a downregulation of RuBisCO and key Calvin cycle enzymes
294  in barley and wheat [43, 44]. However, under stress the transgenic barley expressing the osmotin gene
295 maintained the same protein level as the non-stressed transgenic control plants (Figure 1). Similarly, a
296 higher protein level was detected in strawberries recombinantly expressing osmotin [45] in
297  comparison to non-transgenic plants during salt conditions.

298  As was mentioned above, photosynthesis is significantly affected during stress conditions; therefore,
299 chlorophyll content in barley was measured in the presence of both types of stressing factors. Ongoing
300 stress was detected in wild-type barley, where both Fusarium infection and salinity exhibited an
301 influence on chlorophyll content (Figure 2). However, similarly to protein content, the transgenic
302 barley maintained the same chlorophyll level as the control non-stressed plants. In agreement with
303  our results, it has been [46] already reported that transgenic tomato plants expressing the osmotin
304  gene had higher chlorophyll content during the drought and salt stress than the non-transgenic plants.
305 Similarly, osmotin-expressing transgenic soybean, chilli pepper and strawberry exhibited higher
306  chlorophyll content than the non-transgenic variants during salinity [45, 47, 48]. The connection
307 between osmotin and photosynthesis has been already reported, demonstrating an osmotin affinity
308  to brassinosteroids, plant hormones affecting photosynthesis activity [49, 50].

309 As a major part of their defense system, plants have evolved an antioxidant strategy for overcoming
310  stress conditions. Antioxidants (both enzymatic and non-enzymatic) prevent osmotic stress, oxidative
311 stress, molecular damage, and even cell death [51]. Salt stress induces the production of reactive
312  oxygen species (ROS), which causes oxidative stress. Therefore, the amount of antioxidant plays an
313 important role during stressful conditions. Here, attention was focused on APX (ascorbate peroxidase).
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314  When influenced by stress, the transgenic barley plants exhibited a higher level of this antioxidant
315 (Figure 3), indicating a lower susceptibility to salinity than the non-transgenic control plants. The
316  connection between a higher level of APX and salt stress tolerance was demonstrated in genetically
317 modified sweet potato [52]. Similarly to our results, transgenic chilli pepper and soybean expressing
318 the tobacco osmotin gene exhibited a higher level of APX and improved salt stress tolerance [48, 53].
319 Lipid peroxidation is a process caused by free radicals (e.g. ROS) attacking unsaturated lipids in
320 membranes. Malondialdehyde (MDA) is one of the end products of lipid peroxidation [54]. As we
321  demonstrated that an increased level of APX prevents radical formation in transgenic plants, logically,
322  we also found a lower amount of MDA in transgenic plants during salinity (Figure 4). Less MDA,
323 indicating the effect of osmotin on cell membrane protection from damage by lipid peroxidation, has
324 been already reported in transgenic olive plants exposed to drought [55].

325 Both types of stress led to the induction of stress markers such as a decrease in chlorophyll and protein
326 content in wild-type barley plants, however, osmotin-expressing barley plants did not show evidence
327 of ongoing stress, indicating their better preparedness for coping with the stressful conditions.
328 Moreover, during conditions of salt stress, transgenic barley has a higher level of antioxidant and
329 corresponding lower amount of MDA.

330

331 3.3 Lower toxicity of stressed transgenic barley in comparison to WT

332 At the end of the exposure to stress, the aboveground biomass was extracted by methanol. The
333  extracts were then added to the growth medium of human fibroblasts in the concentration range from
334 0to 1,000 pug.ml?. In both types of stress, there is evidence that transgenic plant extracts are less toxic
335 than those of the non-transgenic (wild-type) ones. The cytotoxicity experiment was done in four
336  technical repetitions for each plant sample, and the viability of fibroblasts (Figure 5) was evaluated as
337  the average of four biological repetitions (meaning four independent plants, both transgenic and wild-
338  type variant). The viability of cells decreased with a higher concentration of plant extracts. However,
339  the toxicity of wild-type barley extracts of plants exposed to both types of stress was detected at the
340 lowest tested concentration (62.5 pg.ml). On the other hand, a toxicity of osmotin-expressing barley
341  extracts was detected at a significantly higher concentration (500 pg.ml?). This finding could confirm
342  our hypothesis that transgenic plants are better prepared for stressful conditions by osmotin
343 expression and therefore do not produce so many secondary metabolites, which are mostly
344 responsible for their toxicity. This finding was confirmed by genotoxicity comparison of transgenic and
345 non transgenic extracts as well where the plants expose to Fusarium

346 GM plants, which were modified to cope with environmental stress, have their internal metabolism
347  significantly changed, preventing plant defense system over-response and the accumulation of
348  toxicants, anti-nutrients and secondary metabolites during the ongoing stress [56]. The changes in
349  toxic secondary metabolite content have been already demonstrated by [57] in transgenic potatoes
350 exposed to a pathogen. The genetic manipulation of carbohydrate metabolism and pathogen
351 resistance in these potatoes led to changes in the profile of plant defense compounds, which were
352 mainly characterized by a reduction in the level of the main glycoalkaloids R-solanine and R-chaconine.
353 As well as the expression of plant secondary metabolites, the secondary metabolites formed by the
354  pathogen could have a significant effect on the acute toxicity of crop extracts. In particular, the toxicity
355  of mycotoxins has been reported many times [58]. A lower amount of mycotoxins as a secondary effect
356 of genetic manipulation was detected e.g. in a comprehensive study focused on transgenic maize [59].
357  The mycotoxins, as a secondary metabolite of fungi, could be responsible for the genotoxicity, which
358 we detected in case of methanol extracts from the non transgenic barleys infected by Fusarium
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359 oxysporum. However, the extracts from transgenic barley expressing the antifungal protein osmotin
360 showed no toxicity in the same test as shown in Figure 5. The genotoxicity was evaluated after co-
361  cultivation of plant extracts with human embryonal kidney cells (Hek 293T) by standardized Comet
362 assay with appropriate controls.

363

364 3.4 Weak or no impact of transgenic barley on viral infection spread by aphids and leafhoppers

365 The influence of GM crops on biodiversity has been discussed and tested many times (reviewed e.g.
366 by [60] and [61]), mostly demonstrating that GM crops have reduced the impacts of agriculture on
367 biodiversity. However, confirmation of this hypothesis is still needed. In this paper, we focused on the
368 effect of barley expressing a multi-functional osmotin protein on virus pathogen — host interactions.
369 For barley the effect of aphids spreading BYDV and the effect of leafhoppers spreading WDV was
370  studied. Both viruses cause worldwide diseases of the most important crops including barley, wheat,
371 rice and maize [62]. As is shown in Figure 6, the genetic manipulation of barley by osmotin gene
372  insertion had no effect on obtained virus titres through the whole tested period of first 6 weeks after
373 inoculation. Both aphids and leafhoppers were able to attack GM barley and insert the virus into the
374 phloem and infect the tested plants. For phenotype observations, the difference in plant height and
375  tiller count between wild-type infected and transgenic infected plants was tested 6 weeks after
376  inoculation. For both the WDV and BYDV virus, neither the plant height nor the tiller count after 6
377  weeks from inoculation was proved to differ. The smallest t-test value for two-sample two-tailed t-test
378  was measured for tiller count for WDV infection (t=0.086), where the infected transgenic barley plants
379  showed smaller, but not significantly different, tiller count (2.29) than the infected wild-type plants
380 (3.38), i.e. exhibiting slightly less severe symptoms of WDV infection, where strongly infected plants
381  often exhibit a high tiller count at the tillering stage. Similarly no impact of potato genetic manipulation
382  on aphids was determined either by [63] or by another research group, which found Bt corn to have
383 no effect on aphids [64].

384

385 4 Concluding remarks

386 Many investigations have been carried out to elucidate the mechanisms of the response of the
387  transgenic plant to abiotic and biotic stress, however, the acceptance of transgenic crops in agriculture
388 and industry is still limited, particularly in the EU. We compare osmotin-expressing GM and non-GM
389 barley exposed to biotic and abiotic stress in order to investigate whether their toxicity level under
390 adverse conditions is comparable. The results clearly show that our transgenic barley has a decreased
391  toxicity to human cells under conditions of a/biotic stress for which it is better prepared and exhibits
392 higher stress resistance. These findings provide a new perspective which could help to evaluate the
393  safety of products from genetically modified crops.
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400  Figure 1 Protein content determined under both types of stress: (a) plants under abiotic stress and (b)
401 plants under biotic stress. WT: non-transgenic (wild type) barley Hordeum vulgare L. var. Golden
402 Promise, T: transgenic barley expressing tobacco osmotin gene. The results are shown as the average
403 value of four plants measured in four replicates. Data are presented with the standard error of the
404 mean (SEM). The statistical significance of results was tested by analysis of variance followed by
405 Duncan’s test (p < 0.05). * the groups were compared by two-choice t-test, the p values are presented.
406

407  Figure 2 Chlorophyll content determined in both types of stress: (a) plants under abiotic stress and (b)
408 plants under biotic stress. WT: non-transgenic (wild type) barley Hordeum vulgare L. var. Golden
409 Promise, T: transgenic barley expressing tobacco osmotin gene. The results are shown as the average
410  value of four plants measured in four replicates. Data are presented with the standard error of the
411 mean (SEM). The statistical significance of results was tested by analysis of variance followed by
412 Duncan’s test (p < 0.05).

413

414  Figure 3 Effect of salinity on lipid peroxidation demonstrated as malondialdehyde (MDA) content (a)
415  and antioxidant activity presented as ascorbate peroxidase (APX) activity (b). WT: non-transgenic (wild
416  type) barley Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin
417  gene. The results are shown as the average value of four plants measured in four replicates. Data are
418 presented with the standard error of the mean (SEM). The statistical significance of results was tested
419 by analysis of variance followed by Duncan’s test (p < 0.05).

420

421 Figure 4 Cytotoxicity of methanol barley extracts on human dermal fibroblasts (HDF). The toxicity was
422  evaluated after 72 hours of cells cultivation over a range of concentrations of extracts by standardized
423 resazurin-based viability assay. The results are shown as the average value of four plants measured in
424  four replicates. Data are presented with the standard error of the mean (SEM). The statistical
425  significance of results was tested by analysis of variance followed by Duncan’s test (p < 0.05).

426

427 Figure 5 Genotoxicity was evaluated after 24 h of co-cultivation of human embryonic kidney cells with
428 methanol extracts of both transgenic and non transgenic barley exposed to Fusarium oxysporum
429 infection. Cells incubated with H,0, served as a positive control of DNA damage. Cells without any
430 treatment served as a negative control. Data are presented as the average of 50 individual
431 determinations with the standard error of the mean (SEM).

432

433 Figure 6 BYDV and WDV titres measured in plant leaves in 42-day period following inoculation (DPI —
434  days postinoculation). BYDV and WDV titres were measured as the mean qPCR identified in titres from
435  triplicates, normalized to (divided by) the RNA sample concentration (for BYDV) or DNA sample
436 concentration (for WDV) and then a base-10 logarithm transformation was applied. From each tested
437 period, the mean from all six tested plants of each group is depicted (WT: non-transgenic (wild type)
438 barley Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin gene).
439 Data are presented with the standard error of the mean (SEM). The statistical significance of results
440  was tested by analysis of variance followed by Duncan’s test (p < 0.05).

441

442 Supplementary Figure 1 Scheme of the expression vector pPBRACT214 containing the osmotin gene.
443
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444  Supplementary Figure 2 Regeneration of transgenic barley var. Golden Promise after transformation
445  with osmotin gene. a) Regenerating plantlets from calluses after 6 wk on selection medium. b) Putative
446  transgenic plants on regenerating medium. c) Transgenic plants TO generation in greenhouse.

447

448 Supplementary Figure 3 Detection of osmotin transgene in the genomic DNA of TO regenerants. Lane
449 1-11: samples; lane 12: negative control (DNA/RNA free water); lane 13: positive control (plasmid
450 pBRACT214::0sm); lane 14: negative control (genomic DNA of WT plants); lane 15: DNA standard (50
451 bp DNA ladder, Bioline). Size of PCR product is 222 bp.

452

453 Supplementary Figure 4 Detection of transgene encoding the marker for selection (hpt gene) in the
454 genomic DNA of TO regenerants. Lane 1-3: samples; lane 4: negative control (DNA/RNA free water);
455 lane 5: negative control (genomic DNA of WT plants); lane 6: positive control (hpt positive plant), lane
456  7: DNA standard (2-kb DNA ladder, Bioline). Size of PCR product is 275 bp.

457

458  Supplementary Figure 5 left: Non-transgenic barley (left) versus transgenic barley bearing tobacco
459  osmotin gene (right) after biotic stress (15 days after first spraying of Fusarium oxysporum spores).
460  Right: symptoms recognized on non-transgenic barley leaves after stress (chlorosis, necrosis,
461 premature leaf drops and wilt of whole plant).

462
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