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ABSTRACT

This review addresses in vivo experiments concerning nutritional and health properties of tubers of transgenic potatoes cultivated in a
field experiment in Poland. Genetic modification was conducted with three aims: (1) to improve resistance to a necrotic strain of Potato
virus Y (transgenic lines with a truncated gene coding PVY™ polymerase in the sense or antisense orientation and lines with a non-
translated region of the PVYN genome in the sense or antisense orientation), (2) to modulate the content of flavonoids through
overexpression of 14-3-3 protein from Cucurbita pepo or to repress the gene encoding protein ADP-ribosylation factor, and (3) to enhance
flavonoids synthesis through overexpression of the enzymes of the flavonoid synthesis pathway, i.e. chalcone synthase, chalcone
isomerase and dihydroflavonol dehydrogenase. Special attention is focused on differentiated chemical composition and nutritional
properties of diets. Investigations were conducted on rats fed for 3-5 weeks diets with a high content (20-40%) of autoclaved and dried
potato tubers. The in vivo experiments indicate that tubers of genetically modified potato are a substantial and nutritional equivalent to the
non-transgenic cultivars, although some indices of the physiological response of animals pointed to the need for conducting longer
investigations.
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Abbreviations: XEAA, total essential amino acids; 2'dG, 2'deoxyguanosine; 8-0x0-2'dG, 8-oxo-2'deoxyguanosine; ALT, alanine
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CHOL, total cholesterol; CHS, chalcone synthase; CK, creatine kinase; DFR, dihydroflavone reductase; DI, diet intake; dm, dry matter;
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RI1F, R2.P, transgenic clones of ‘Irga’ potato; PVY, Potato Virus Y, PVYN, necrotic strains of potato virus; SCFA, short chain fatty acids;
SEM, standard errors of the means; SGA, steroid glycoalkaloids; SOD, superoxide dismutase; TAS, total antioxidant potential; TBARS,
thiobarbituric acid; TG, triglycerides
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INTRODUCTION Poland. Before World War II, in many poor regions of

Poland potatoes were the main source of dietary energy,
For a number of decades, potatoes have been occupying a  supplemented with cow’s milk as a source of deficient ani-
prominent position in the crop structure and average diet in ~ mal protein. In addition, potato was a highly important
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feedstuff plant extensively applied in the nutrition of pigs.
The cultivation of vast, low-efficient plantations of potato
was facilitated by overpopulation of the Polish agriculture.
A similar situation, which has been confirmed in statistical
data of the Central Statistical Office (GUS), occurred in the
20-year interwar period. At the end of the 1970s, the crop-
ping area of potato in Poland was approximately 2.8 million
ha — twice as high as the cultivated area of potato in the
European Union. Simultaneously, potato yields were nearly
two-fold lower than in the EU. In the last 20 years, the
cropping area of potato in Poland has been decreasing suc-
cessively. In 2000-2006 the area of its cultivation dimi-
nished from ca. 1.3 million ha to <600 thousand ha (GUS
2007). The reduced cropping area was however, not ac-
companied by increased potato yield; in that period the ave-
rage yield decreased from 180 to 150 dt/ha. This was also
the reason for a diminished potato crop, from 23.6 million
tons in 1996-2000 to 14.6 million tons in the subsequent 5-
year period and finally to 9,000 tons in 2006. In the same
period, a decrease was also observed in potatoes’ utilization
for feedstuff purposes, both in absolute values (from over
12,000 to over 5,000 tons) and in relative values (from over
50% to ca. 30% of the total tuber crop).

Despite the above-mentioned unfavorable tendencies,
Poland is still one of the countries in which potato is
amongst the major crops and constitutes an essential com-
ponent of the diet of its inhabitants. The number of coun-
tries with a similar dependence on potato has been esti-
mated to reach ca. 125 (Mullins ef al. 2006). For this reason,
an improvement in potato species improvement is of the
greatest importance, whether achieved by conventional me-
thods or by biotechnological tools.

Comprehension of the potato genome would enable lo-
cating genes that determine the key properties of this plant
(Gebhardt and Valkonen 2001), whereas the available bio-
technological tools will allow the improvement of agrotech-
nical, technological, nutritional and dietetic characteristics
of regional cultivars of potato (Mullins ef al. 2006).

Potato was one of the first crops subjected to successive
genetic modification aimed foremost at strengthening its
defense mechanisms (Shahin and Simpson 1986; Kaniewski
et al. 1990). The improvement of resistance to pathogenic
factors has been achieved by suppression or enhancement
of the expression of genes stimulating defense mechanisms
and of genes responsible for the synthesis of substances
exerting toxic effects on insects and microorganisms
(Missiou et al. 2004). The genetic modification of regional
cultivars of potatoes has resulted in an increase in their
resistance to fungal pathogens (Chye et al. 2005), insects
(Gatehouse et al. 1997; Davidson et al. 2006), and stress
(Matthews et al. 2005). Genetic engineering has been ap-
plied to alter the nutritive value of potato tubers, among
other ways, by modifying the metabolism of carbohydrates
and proteins in plants (Schwall ef al. 2000) or by inducing
gene expression of soybean glycinin (Hashimoto et al.
1999). Similar modifications of potato have been conducted
in Poland and involved the enhancement of plants’ resis-
tance to key viral diseases.

NUTRITIONAL PROPERTIES OF TUBERS OF
TRANSGENIC POTATO RESISTANT TO A
NECROTIC STRAIN OF POTATO VIRUS Y (PVY")

The aim and methods of genetic modification

Viral diseases are the most economically important problem
in potato crops cultivated in large areas. If pathogens are
not properly controlled, the potato yield of infected plants
may be reduced by 80%. In Poland, the most important
potato pathogens include Potato Virus Y (PVY), and parti-
cularly a new isolate of PVY from the subgroup of necrotic
strains (PVY™). Even recently, necrotic strains of potato
virus were spreading in Poland and were responsible for 80-
90% of PVY infections in potato fields (Chrzanowska and
Doroszewska 1997). The cultivation of potato involves the

application of a number of natural resistance genes to PVY
originating from different Solanum species. Obtaining new
cultivars resistant to viral diseases through classic breeding
involves the transfer of desired features from wild potato
species, which is a time-consuming process. For this reason,
genetic transformation of potato has recently been a focus
of interest since it might be a faster and more effective way
to prevent pathogen infection (Kaniewski et al. 1990;
Jondedijk et al. 1992).

Transgenic lines of potato were prepared at the Institute
of Biochemistry and Biophysics of the Polish Academy of
Sciences, Warsaw. Plants of cv. ‘Irga’, which are relatively
important in the Polish market for table potato, were trans-
formed with viral genome sequences in order to improve
their resistance to a necrotic strain of Potato Virus Y
(PVY™M). Two types of constructs were introduced into the
‘Irga’ genome: R, containing a truncated gene coding PVY
polymerase (GenBank Acc. No. D00441) and NTR, con-
taining a fragment of cDNA corresponding to 184 nucleo-
tides of the 5-end of PVY of PVY Wi isolate (GenBank
Acc. No. Z70238). The transformation process, selection
and identification of transformed plants were described by
Chachulska et al. (1997) and field performance of trans-
genic clones by Flis and Zimnoch-Guzowska (2000). Four
clones were chosen for the nutritional study: R1F and R2P
(transgenic lines with a truncated gene coding PVY™ poly-
merase in sense or antisense orientation, respectively) and
NTRI1.16 and NTR2.27 (transgenic lines with non-trans-
lated regions of PVY™ genome in sense or antisense orien-
tation, respectively). Non-transgenic tubers obtained from
normally planted ‘Irga’ were used as a control. Chemical
analysis of row tubers was presented earlier by Sadowska e?
al. (2007, 2008), while the composition of autoclaved
tubers and the results of in vivo evaluation of diets with
conventional and transgenic tubers were described in detail
by Juskiewicz et al. (2004, 2005) and Zdunczyk et al.
(2005a, 2005b).

Chemical composition and nutritional value

Results of 3-year investigations show that the contents of
starch and protein were similar in tubers of conventional cv.
‘Irga’ and transgenic clones (Sadowska et al. 2007). The
average content of L-ascorbic acid in dry matter of trans-
genic tubers was 27.2 mg/100 g, whereas in tubers of the
conventional cultivar it reached 35.6 mg/100 g. The average
content of a-solanine (26.6 mg/100 g dm) and a-chaconin
(52.6 mg/100 g dm) in tubers of transgenic clones was
generally lower than in tubers of ‘Irga’ (33.2 and 64.5
mg/100 g dm, respectively).

A similar content of the main nutrients was determined
in autoclaved (121°C, 1013 hPa, 15 min) and dried at 40°C
(Zdunezyk et al. 2005a) tubers used in the feeding experi-
ments. The content of starch in tubers of transgenic clones
(74.7-76.6% dm) was similar to that determined in dried
tubers of cv. ‘Irga’, i.e. 76.7% dm (Fig. 1). The content of
crude fiber in transgenic and conventional tubers (8.87-9.78
vs. 8.87% dm) were also similar. The content of resistant
starch in autoclaved and dried transgenic tubers was slightly
lower (6.80-8.71% dm) than in the conventional tubers
(9.59% dm). In other investigations, the analysis of varia-
bility of physical and chemical parameters studied in raw
and heat-treated potato tubers enabled classifying cv. ‘Irga’
and its genetically-modified clones as similar, and did not
allow distinguishing a clone of special usability for heat
processing (Sadowska ef al. 2008).

Results presented in Table 1 indicate that the content of
crude protein and that of essential amino acids in crude
protein of transgenic potatoes was similar or higher than in
tubers of conventional cv. ‘Irga’. Coefficients of apparent
digestibility of protein diet containing 40% of autoclaved
and dried potato of different origin were in a very narrow
range, i.e. 81.1-81.9% (Zdunczyk et al. 2005a). The coef-
ficient of apparent nitrogen retention of diet containing
tubers of the transgenic clone NTR1.16 was lower (52.6%)
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Table 1 The content of crude protein and essential amino acid in potato
tubers of conventional cv. ‘Irga’ and transgenic clones. (modified from
Zdunczyk et al. 2005b).

Irga Transgenic clones
R1.F  R2.P NTRI1.16 NTR2.27

Crude protein (%) 10.00  9.94 9.95 10.25 10.10
Amino acid (g/16 g N)

Phe + Tyr 6.68 6.84 7.44 6.86 6.71

Iso 3.60 3.74 3.99 3.79 3.70

Leu 5.77 5.94 6.30 6.05 5.82

Lys 4.42 4.45 4.67 4.48 4.46

Met + Cys 3.33 3.42 3.36 343 3.46

Thr 3.50 3.60 3.66 3.56 3.44

Val 5.53 5.49 5.85 5.70 5.49

SEAA* 38.14  38.87 40.88 39.52 38.45

“SEAA — total essential amino acids

n=15
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Fig. 1 The content of starch, dietary fiber and resistant starch in
autoclaved and dried potato tubers. (modified from Zdunczyk et al.
2005a).
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Fig. 2 Diet intake (DI), body weight gain (BWG) and feed efficiency
ratio (FCR) in rats fed diet with 40% of autoclaved and dried tubers
of different origin. (modified from Zdunczyk ez al. 2005a).

in comparison with the diet containing tubers of the conven-
tional cultivar.

Fig. 2 indicates that diet supplementation with 40% of
autoclaved potato tubers of conventional and transgenic
lines did not influence the growth of animals. Feed intake as
well as feed utilization were similar in all experimental
groups. Lower nitrogen retention in the group with the
transgenic clone NTR1.16, which was denoted in a shorter
digestibility test, was not confirmed in the entire 3-week
experimental feeding. In this group the diet intake, body

weight gain of rats and feed efficiency ratio were similar to
those reported in the other groups.

Physiological properties of diets containing
transgenic potato

In the experiment diets, for rats contained from 25.6 to
28.3% of autoclaved potato starch including from 2.7 to
3.8% of starch resistant to hydrolysis by exhaustive o-amy-
lase and pulanase treatment in vitro (resistant starch). To-
gether with dietary fiber the content of ingredients non
digestible in the upper gastrointestinal tract ranged from 6.0
to 7.4% of the diet. The relatively few differences in resis-
tant starch and dietary fiber content did not affect the func-
tioning of the bacterial ecosystem in the lower part of the
gastrointestinal tract of rats. No significant differences were
observed for the activities of bacterial a- and B-glucosidase,
o- and B-galactosidase and B-glucuronidase in the caecal
digesta of rats fed diets containing tubers of cv. ‘Irga’ and
transgenic lines (Juskiewicz et al. 2004). The relative con-
tent of dry matter per cecum of rats was similar in groups
fed diet with tubers of conventional cultivar and transgenic
clones R1.F, R2.P and NTR.1.16 (0.170-0.178 g), however
in the group fed a diet with tubers of the transgenic clone
NTR2.27 the content of dry matter in the cecum appeared to
be higher (0.204 g). This group was characterized by the
highest production of short chain fatty acids (SCFA), inclu-
ding acetate and butyrate (Fig. 3). In the other groups, the
SCFA pool in the cecum was proportional to the content of
resistant starch and dietary fiber in the diet.

The activity of enzymes analyzed in the blood serum of
rats was different not only between groups but also within
each experimental group (Table 2). Comparable activities
of aspartate aminotransferase (AST), creatine kinase (CK)
lactate dehydrogenase (LDH) and alkaline phosphatase
(AP) were measured in all groups. Only the activity of ala-
nine aminotransferase (ALT) in the group fed with the trans-
genic clone R2.P was higher than that in the ‘Irga’-group. In
the group fed a diet with transgenic potatoes a distinct
humoral response was observed: a higher content of protein
and ceruloplasmin, and a higher activity of lysosyme in
serum. More differentiated results were observed for indices
of non-specific cellular response of rats. In the group fed a
diet with tubers of clone R1.F a lower percentage of phago-
cytic cells and a lower number of bacteria absorbed per
cells was observed, however the potential killing activity of
macrophages was comparable to that observed in the other
groups.

100
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Fig. 3 Short chain fatty acid (SCFA) concentration in cecum of rats
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fed experimental diets. (modified from Juskiewicz er al. 2005). %™ -
Values in series having different superscripts are significantly different at
P<0.05.
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Table 2 Activity of serum enzymes and indices of non-specific humoral and cellular defense of rats. (modified from Zdunczyk et al. 2005b)

Irga Transgenic clone SEM
R1.F R2.P NTR1.16 NTR2.27
Alanine aminotransferase (IU/T) 21.6b 26.6 ab 28.8 a 26.8 ab 2240 0.78
Aspartate aminotransferase (IU/I) 165 156 161 166 180 4.54
Creatine kinase (IU/T) 1289 1580 1461 1342 1194 73.1
Alkaline phosphatase (IU/I) 589 591 514 502 557 23.9
Lactate dehydranase (IU/I) 1296 1497 1393 1559 1390 70.6
Protein (g/dl) 4.04b 525a 5.05a 549 a 5.06 a 0.11
Ceruloplasmine (mg/dl) 1941 ¢ 23.35ab 20.70 b 23.01 ab 22.50 ab 0.62
Lysosyme (Ug/dl) 3.56¢ 4.67a 470 a 3.96 abc 4.31 ab 0.13
Percentage of phagocytic cells 833a 66.7 ¢ 81.7 ab 73.3 be 73.3 bc 1.49
Potential killing 0.218 0.219 0.214 0.213 0.215 0.01
Number of bacterial absorbed per cell 14.7a 11.0b 13.0a 134a 12.8 ab 0.21

Values in a row with different superscripts are significantly different at P < 0.05. Duncan’s multiple range test was employed and 2 repetitions for all determined values.
SEM - standard errors of the means (standard deviation for all rats divided by square root of rat number, n = 40)

Nutritional and safety aspects of modification

The content of starch (15-18% of fresh weight) and protein
(about 2.1% of fresh weight) is of great importance in the
evaluation of the nutritional value of potato, as well as the
content of glycoalkaloids, mainly a-solanine and a-chaco-
nine (Finottii et al. 2006). Results obtained in our study
(Zdunczyk et al. 2005) indicate that genetic modification of
potatoes in order to improve their resistance to a necrotic
strain of Potato Virus Y (PVY") had no effect on the content
of starch, dietary fiber, crude protein, nor on the amino acid
composition of protein in tubers subjected to hydrothermal
treatments. The content of glycoalkaloids in raw tubers was
very low compared to of the commonly recommended limit
of alkaloids stipulated of 20 mg/100 g of fresh weight of
potato (Friedman and McDonald 1997). The results ob-
tained were in accordance with reports of other researchers
who worked on plants with genetically-improved tolerance
to herbicides and plants resistant to diseases. There were no
differences in the chemical composition between genetic-
ally-modified potatoes and their conventional ancestor lines
(Hashimoto ef al. 1999; Rogan et al. 2000). Results of a
later study by Catchpole ef al. (2005) indicated that the
metabolome of field-grown transgenic and conventional po-
tatoes were substantially equivalent, apart from the targeted
changes in the GM populations. As indicated in work by
Zdunczyk et al. (2005a, 2005b), greater differences between
the chemical composition (especially in crude protein and
starch content) and biological response of rats were observed
between tubers from conventional potato cvs. ‘Irga’, ‘Ania’

and ‘Maryna’ than ‘Irga’ and its genetically-modified clones.

Results of the above-mentioned in vivo experiment
indicate that tubers of transgenic clones were generally a
nutritionally equivalent to their conventional counterpart.
However, the results obtained are insufficient to explain
some deviations, e.g. higher content of essential amino
acids in tubers of line R2.P, an increased bulk of cecal
digesta and higher production SCFA in the cecum of rats
fed a diet with tubers of the NTR2.27 line and lower indices
of non-specific cellular response of rats fed a diet with
tubers of the clone R1.F. For this reason, a long-term feed-
ing study is necessary to confirm nutritional properties of
tubers of transgenic lines. A long-term feeding experiment
should enable the demonstration that genetic transformation
of potato (with a truncated gene coding\lPVYN polymerase
or non-translated regions of the PVY" genome, both in
sense and antisense orientation) is advisable in respect of
the nutritional and physiological properties of tubers.

NUTRITIONAL PROPERTIES OF TUBERS OF
GENETICALLY MODIFIED POTATO WITH
OVEREXPRESSION OF THE ENZYMES OF
FLAVONOID BIOSYNTHESIS PATHWAY

The aim and methods of genetic modification

One of the premises of choosing the direction of potato
modification was an observation that the content of flavo-
noids (anthocyanins in particular) in that plant is a signi-
ficant factor enhancing resistance to bacterial infections
(Lorenc-Kukuta et al. 2005). An important clue was also the
fact that potato plants with overexpression of glucose trans-
ferase are characterized by a shorter vegetative season and
significantly higher tuber yield (Lorenc-Kukuta ez al. 2004,
2005). The objective of the reported transformation was to
increase the antioxidative capacity of plants and to improve
their resistance to stress factors, which may lead to an
increase in yield (Lukaszewicz et al. 2004). Transformation
of potatoes displaying overexpression of enzymes of the
flavonoid synthesis pathway was conducted at the Depart-
ment of Genetic Biochemistry, University of Wroctaw.
Tubers of the examined transgenic plants were obtained by
means of bacterial transformation (Stobiecki et al. 2003)
with the use of Agrobacterium tumefaciens strain C58Cl:
pGV2260) from potato plants of cv. ‘Désirée’ with a cons-
truct containing cDNA encoding for chalcone synthase —
CHS (EMBL/GenBank database Acc. No. X04080); chal-
cone isomerase — CHI (EMBL/GenBank database Acc. No.
X14589); dihydroflavone reductase DFR (EMBL/
GenBank database Acc. No. X15537); and glucose transfer-
ase — GT (EMBL/GenBank database Acc. No. AY033489).
CHI and CHS genes as well as those of dihydroflavone re-
ductase were isolated from Petunia hybrida, whereas that of
glucose transferase from Solanum sogarandinum. The
selective marker of GMOs was the kanamycin-resistant
nptll gene. The mentioned key enzymes of the flavonoid
synthesis pathway — CHI, CHS, DFR and GT may consti-
tute an important source of flavonoids with health-promo-
ting activity. It has become clear that the composition of
secondary flavonoid metabolites strongly influences the
quality and potential health benefits of food products (Sto-
biecki ef al. 2003). They have been suggested to protect
against oxidative stress, coronary heart disease, certain can-
cers and other age-related diseases.

Chemical composition and nutritional value

The induced overexpression of CHI, CHS, DFR and GT en-
zymes has been demonstrated to increase the concentration
of flavonoids (especially of anthocyanins) in tissues of
transgenic plants (Stobiecki et al. 2003; Kosieradzka et al.
2004b; Lorenc-Kukuta e al. 2005) and antioxidative capa-
city of the tissues (Lukaszewicz et al. 2004). The presence
of cellular structures (vacuoles) containing anthocyanins
was observed in the peridermal layer of tubers of transgenic
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Table 3 The content of crude protein (% dry matter) and selected amino
acid (g/16 g N) in dried potato tubers conventional cv. ‘Désirée’ and
transgenic clones. (modified from Kosieradzka 2008).

Désirée Transgenic clone

CHI CHS DFR GT
Crude protein (%) 14.28 10.21 9.15 9.20 10.63
Phe + Tyr 7.02 8.24 8.74 7.90 7.19
Iso 2.85 4.43 4.96 4.18 4.06
Leu 395 6.78 7.40 6.51 6.26
Lys 4.73 5.66 5.15 5.59 5.03
Met + Cys 2.02 2.79 3.17 2.86 2.93
Thr 2.39 3.82 4.23 3.66 3.42
Val 3.86 5.39 5.85 5.08 4.85
YEAA* 3231 43.67 46.14 42.00 39.85
“SEAA - total essential amino acids
n=15

plants (Kosieradzka er al. 2004b). Transgenesis, leading to
modification of the flavonoid synthesis pathway, resulted in
differentiated content of steroid glycoalkaloids in the peri-
dermal layer of tubers (Stobiecki et al. 2003) and dried
material from steamed potato tubers (Kosieradzka 2008).
Dried material from tubers of transgenic plants with over-
expression of CHI, CHS, DFR and GT contained more
polyphenolic compounds than that from tubers originating
from plants of conventional cv. ‘Désirée’. In the case of one
line with GT overexpression, the higher content of polyphe-
nolic compounds was accompanied by an increased content
of steroid glycoalkaloids (SGA) (Kosieradzka 2008). Chan-
ges in SGA in potatoes, triggered by transgenesis, did not
depend on the content of flavonoids, yet in some lines a
significant positive correlation between contents of both
groups of compounds generated in a plant in response to the
action of a stress factor, was observed (Stobiecki et al.
2003). The concentration of SGA in dried material from
whole tubers of transgenic potatoes with overexpressed CHI,
CHS, DFR and GT enzymes and from control potatoes of
cv. ‘Désirée’ was not distinctly different from values repor-
ted in the literature (P¢ksa ef al. 2002; Machado et al. 2007).

An increase in the concentration of polyphenolic com-
pounds (anthocyanins) enhanced the antioxidative potential
of tubers, thus improving the plant’s protection against
stress (Lukaszewicz et al. 2004). This, in turn, had a posi-
tive effect on the nutritional value and dietetic properties of
transgenic potato tubers. The applied recombination of
potato DNA, leading to overexpression of enzymes of the
flavonoid synthesis pathway (CHI, CHS, DFR and GT),
affected the metabolism of carbohydrates, thus resulting in
the increased content of starch in tubers of the transfor-
mants (by 15 to 17%). The enhanced intensity of starch
synthesis in tubers has been shown to be accompanied by a
decreased content of reducing sugars (Kosieradzka 2008).
The mechanism of correlations between the intensified syn-
thesis of flavonoids and carbohydrate metabolism in trans-
genic plants has not been elucidated so far (Lukaszewicz et
al. 2004; Kosieradzka 2008).

Modification of enzymes of the flavonoid synthesis
pathway resulted in a diminished content of total protein in
tubers of transgenic plants as well as in changes in its amino
acid composition that positively affected the nutritional
value of tubers (Table 3).

The content of minerals in tubers of potatoes with over-
expressed CHI, CHS, DFR and GT and in potatoes of the
initial cultivar was approximated. An increased concentra-
tion of Na in tubers of all genetically-modified lines was
accompanied by diminished concentrations of Zn and Mn.
In turn, tubers of lines with overexpressed DFR and GT
were characterized by an increased concentration of Cr
(Kosieradzka 2008).

Health status and metabolism of rats fed diets with
30% addition of tubers of transgenic and non-
transgenic potatoes

Results of a 4-week feeding experiment demonstrate that
the addition of potatoes with overexpressed enzymes of the
flavonoid synthesis pathway (CHI, CHS, DFR, GT) to rats’
diets affected the analyzed metabolic indices and their
health status only to a slight extent (Kosieradzka 2008). No
differences were reported in the growth of animals fed a
diet containing tubers of the conventional cultivar and those
of transgenic lines (CHI, CHS, DFR), whereas a diet with
the addition of GT line tubers (characterized by the highest
content of SGA) appeared to decrease the body weight of
the animals (Fig. 4).

Changes in the composition of transgenic potato tubers
did not affect most of the analyzed haematological and bio-
chemical blood parameters. Rats administered a diet con-
taining tubers of CHI, DFR and GT lines were, however,
characterized by a low number of white blood cells. The
administration of diets with transgenic potatoes of all lines
affected the parameters of lipid metabolism, which resulted
in decreased concentrations of total cholesterol (CHOL) and
triglycerides (TG) in the blood of the animals (Fig. 5).

The reported feeding experiment (Kosieradzka 2008)
demonstrated also the effect of administering DFR and GT
potatoes on the immune system, characterized by para-
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Fig. 4 Body weight gain (BWG) and feed efficiency ratio (FCR) in rats
fed diet containing potato tubers of conventional and transgenic ori-
gin. (modified from Kosieradzka 2008). > ® - Values in series having
different superscripts are significantly different at P < 0.05.
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Fig. 5 Cholesterol (CHOL), triglycerides (TG) and HDL-cholesterol
concentration in the serum of rats. (modified from Kosieradzka 2008). *
b-c_ Values in series having different superscripts are significantly dif-
ferent at P < 0.05.
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Table 4 The activity of blood superoxide dismutase (SOD) and glutathione peroxidase (GPx), and serum Total Antioxidant Status

(TAS) in rats fed experimental diets (Kosieradzka 2008).

Désirée Transgenic clone SEM

CHI CHS DFR GT
SOD (U/ml ) 1924 a 198.6 ab 202.8b 207.9b 201.0b 3.706
GPx (U/ml) 1414 a 1583 a 152.6a 1437 a 138.0a 5.691
TAS (mmol/l) 0.990 a 0977 a 0.960 a 0.899 a 0.898 a 0.028

Values in a row with different superscripts are significantly different at P < 0.05. Duncan’s multiple rage test was employed and 2 repetitions for all

determined values. SEM — standard errors of the means (standard deviation for all rats divided by square root of rat number, n = 60)

meters of non-specific immunity. Enhanced oxidative acti-
vity of neutrophiles and phagocytic activity of monocytes
was observed in the blood of the experimental animals. In
contrast, these diets appeared not to affect the concentration
of E class immunoglobulins (IgE-total), i.e. antibodies pro-
duced in a response to the presence of a factor inducing
allergic reaction.

The elaborated in vivo analyses were aimed at evalu-
ating the antioxidative status of the blood of the rats (Kosie-
radzka 2008). The administration of feed mixtures con-
taining dried tubers of transgenic potatoes or their isogenic
equivalent led to an increased activity of superoxide dis-
mutase (SOD). The activity of SOD in the blood of rats fed
CHS, DFR or GT potatoes was statistically significantly
higher than in the blood of rats receiving the control diet
with non-transgenic potatoes. Simultaneously, the total anti-
oxidant potential (TAS) of blood did not differ between the
groups (Table 4). Transgenic potatoes with enhanced syn-
thesis of flavonoids were observed not to affect the relative
weight of selected internal organs of rats (liver, brain, in-
testine, kidneys). Nor was any effect shown either for trans-
genic potato content in the diet on intestinal morphology
characterized by the length of the jejunum microvilli
(Kosieradzka 2008).

Nutritional and safety aspects of modification

Due to the traditionally significant position of potatoes in
the diet (according to the International Potato Center in
years 1994-96 the average daily intake of potatoes was
estimated at 370 g; http://www.cipotato.org/potato/facts/
indicators.asp), potatoes may be an important source of a
number of compounds, including biologically-active ones.
In our study (Kosieradzka 2008), the activity of the flavo-
noid biosynthetic pathway enzymes may involve beneficial
modification of the blood lipid profile in rats fed diets con-
taining transgenic potatos with enhanced synthesis of flavo-
noids. This was probably due to the presence of anthocya-
nins in the diet, i.e. substances with antioxidative properties
protecting lipid fractions against oxidation (Hollman and
Katan 1999). This, in turn, may result from the capability of
polyphenols to chelate ions of prooxidative metals and from
the formation of complexes with metals and ascorbic acid
(Sarma et al. 1997; Brown ef al. 1998).

The increase in the oxidative activity of neutrophiles
and phagocytic activity of monocytes observed in our study
(Kosieradzka 2008) may point to the immunomodulatory
effect of a diet containing potatoes with enhanced synthesis
of flavonoids, yet a lack of response of IgE antibodies does
not indicate the allergenic character of dietary components.

Although genetic transformation increased the content
of biologically-active substances with antioxidative activity,
it had no significant effect on the total antioxidative status
(TAS) of the blood of rats fed diets containing genetically
modified potatoes. The reported enhancement of the activity
of SOD was consistent with results of many other experi-
ments which demonstrated that the administration of a diet
with an increased concentration of polyphenolic compounds
led to an increase in the activity of antioxidative enzymes
(SOD, GPx, GST) both in blood and tissues (Lin ef al.
1998; Augustyniak et al. 2005). The activity of antioxi-
dative enzymes, detoxifying reactive oxygen species, may
also be stimulated by the presence of free radicals generated

as a result of the intake of a substance with toxic activity
with diet (Amin and Hamza 2005). Induction of SOD acti-
vity assures the protection of cells and tissues by preventing
the accumulation of free radicals (Shahjahan et al. 2005).

In the reported investigations (Kosieradzka 2008),
almost all evaluated parameters of the health status of ani-
mals were within values typical of clinically-healthy sub-
jects. Such results were obtained as a consequence of long-
term administration of diets with a high content of potatoes
(30%), substantially exceeding the average daily intake of
potatoes by animals and humans. On that basis, it may be
concluded that potatoes with overexpression of enzymes of
the flavonoid synthesis pathway are safe for health and may
constitute a nutritionally equivalent dietary component, as
compared with potatoes of the initial conventional cultivar.

NUTRITIONAL PROPERTIES OF TUBERS OF
TRANSGENIC POTATO WITH MODIFICATION OF
14-3-3 PROTEIN

The aim and methods of genetic modification

Genetic transformation was applied to plants of potato Sola-
num tuberosum to induce overexpression of 14-3-3 protein.
It is common knowledge that isoforms of this protein
regulate processes of catecholamines synthesis (Wilczynski
et al. 1998b; Kulma et al. 2000), affect the activation of
tyrosine hydroxylase and tryptophan, C proteins kinases,
endonuclease and phospholipase, inhibit nitrate reductase
and phosposaccharose synthase, thus affecting the assimila-
tion of nitrogen and carbon as well as controlling the
synthesis of amino acids and calcium metabolism in a plant.
These are proteins engaged in the regulation of a variety of
metabolic processes occurring in a plant and their modifica-
tion may affect its agrotechnical properties, among others,
the length of the vegetative season (Szopa 2002). Repres-
sion of genes that regulate synthesis of 14-3-3 protein re-
sults in the reduction of a number of tubers, an increase in
their size and weight, whereas overexpression yields the
opposite effect (Wilczynski et al. 1998b; Szopa et al. 2001).
For these reasons, modification of the expression of the re-
gulatory protein 14-3-3 has been recognized as an effective
method of controlling the synthesis of flavonoid-group
compounds (Lukasiewicz and Szopa 2005). Yet, that modi-
fication may also elicit changes in the course of a number of
metabolic pathways as well as diversification of the che-
mical composition of transgenic potato tubers. It substan-
tiates the need for analyzing the nutritional value and safety
of application of such tubers in animal feeding and human
nutrition.

Genetic transformation was applied to plants of potato
cv. ‘Désirée’. It was conducted at the Department of Gene-
tic Biochemistry, University of Wroctaw, according to the
method described by Szopa and Miiller-Rober (1994),
Wilczynski ef al. (1998a) and Szopa et al. (2001). Enhanced
synthesis of 14-3-3 protein was obtained through the ex-
pression of a gene originating from Cucurbita pepo var.
Patissonina, whereas lines of potatoes with the repression
of P-14-3-3 protein were achieved by means of antisense
transformations.
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Chemical composition and nutritional value

Transgenic potatoes displaying overexpression of 14-3-3
protein were characterized by potentially-favorable changes
in the chemical composition of tubers. Dry material ob-
tained from steamed tubers of transgenic potatoes had a
higher content of total protein (by ca. 60%) as compared to
potato tubers of the parental line ‘Désirée’. Those potatoes
were also characterized by a slightly higher content of crude
fiber (Kosieradzka et al. 2004a). A positive correlation was
observed between the enhanced synthesis of 14-3-3 protein
and fat content of potato tubers (Prescha et al. 2001; Kosie-
radzka et al. 2004a). Overexpression of 14-3-3 protein has
been shown to result in an increased concentration of solu-
ble sugars in tubers (Kulma et al. 2000). Yet it had a rela-
tively small impact on the mineral composition of potatoes.
Only the content of iron in dry tubers of transgenic plants
was nearly two-fold higher and that of sodium — conside-
rably lower as compared to dry tubers of non-modified
plants of the same cultivar growing under analogous condi-
tions (Kosieradzka et al. 2004a).

The repression of 14-3-3 protein resulted in enhanced
starch synthesis, a higher ratio of soluble sugars to starch,
and a change in the amino acid composition consisting of
an increase in the concentrations of methionine, proline,
arginine and lysine (Swigdrych et al. 2002). Dry material
obtained from steamed potato tubers with repression of the
a and y isoforms of 14-3-3 protein contained less lipids and
crude fiber (by ca. 24%), than that obtained from tubers of
non-transgenic plants (Kosieradzka et al. 2008b). Reduced
synthesis of 14-3-3 protein in plants with repression of the a
and y isoforms of 14-3-3 protein resulted in a diminished
content of total protein (by ca. 26%) in tubers as well as in
changes in the amino acid composition of protein of dry
material from transgenic tubers in respect of the non-trans-
genic control potatoes of cv. ‘Désirée’. Dry material from
potatoes with repression of 14-3-3 protein contained more
tryptophan (by ca. 11%), phenylalanine (by ca. 20%), argi-
nine (by ca. 22%), and aspargine (by ca. 38%) as well as
less glutamine (by ca. 22%) and alanine (by ca. 28%).
Changes in plant metabolism linked with the repression of a
and y isoforms of 14-3-3 protein were found to elicit
changes in the mineral composition of dry tubers, i.e. nearly
2—fold lower concentrations of Ca, Zn, Cu, and Na, as well
as a considerably lower concentrations of Fe and P (Kosie-
radzka et al. 2008b).

The application of isoprotein diets containing 30% of
dry material from steamed potatoes with repression of 14-3-
3 protein and administration of diets with 20% addition of
potatoes with overexpression of 14-3-3 protein did not
affect differentiation of the growth rate of rats in the period
of their high susceptibility to the nutritional value of diets,
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i.e. in the period of 4-5 weeks after weaning. After termi-
nating the feeding experiment, the animals receiving dry
material from potatoes of the parental line ‘Désirée’ or that
obtained from transgenic potatoes did not differ signifi-
cantly in their body weight. Digestibility coefficients of
components of the experimental diet were not lower than
those reported after administration of a diet containing non-
transgenic potatoes (Kosieradzka et al. 2004a, 2008b). On
that basis it may be concluded that the nutritional value of
potatoes with repression and overexpression of 14-3-3 pro-
tein was equivalent to the nutritional value of non-trans-
genic potatoes of the parental line ‘Désirée’.

Health status and metabolism of rats fed diets
containing tubers of potatoes with genetically-
changed expression of 14-3-3 protein and
potatoes of the conventional cultivar

In the reported experiments, described in detail by Kosie-
radzka et al. (2004a) and Kosieradzka et al. (2008a), analy-
ses were conducted for the physiological response of rats to
administration of diets containing 20% of dry material from
tubers of potatoes with overexpression of 14-3-3 protein
and diets containing 30% of dry material from tubers of
potatoes with repression of 14-3-3 protein. No significant
differences were observed in the relative mass of organs
important for the course of vital functions and metabolic
processes, i.e. kidneys, liver, pancreas and heart. Haemato-
logical parameters (red blood cell count, hematocrit, mean
corpuscular volume, haemoglobin concentration, and white
blood cell count) and biochemical parameters (total protein,
albumin, globulin, creatinin, asparagine transferase, alanine
transferase, glucose, cholesterol, high density lipoprotein,
triglycerides) of the blood of rats fed diets containing pota-
toes with both overexpression and repression of 14-3-3 pro-
tein did not differ significantly from analogous parameters
determined in the blood of rats fed diets containing potatoes
of the control line ‘Désirée’. Values of the assayed para-
meters were within correct values stipulated for that species
(Kosieradzka et al. 2005a, 2005b, 2008a).

Administration of diets containing transgenic potatoes
did not affect the activity of SOD nor GPx. The activity of
the antioxidative enzymes was not subject to any significant
change upon the administration of potatoes with repression
and overexpression of 14-3-3 protein, which may indicate a
lack of substances stimulating the generation of reactive
oxygen species (Figs. 6, 7) in the GMO-containing diet
(Kosieradzka et al. 2005b, 2008a). The diet containing
transgenic potatoes was also found not to affect serum con-
centrations of products of oxidative degradation of lipids re-
ferred to as the sum of substances reacting with thiobarbi-
turic acid - TBARS (Fig. 8, 9) (Kosieradzka 2008; Kosie-
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Fig. 6 The activity of blood glutatione peroxidase (GPx) and superoxide dismutase (SOD) in rats fed diets containing the 14-3-3 protein repressed

transgenic potato tubers. (modified from Kosieradzka ez al. 2008b).
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Fig. 7 The activity of blood glutatione peroxidase (GPx) and superoxide dismutase (SOD) in rats fed diets with transgenic tubers with over-

expression 14-3-3 protein. (modified from Kosieradzka et al. 2008b).
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Fig. 8 Thiobarbituric acid-reactive substances (TBARs) and 8-oxo-2’deoxyguanosine in liver of rats fed diets containing the 14-3-3 protein
repressed transgenic potato tubers. (modified from Kosieradzka et al. 2008b). *° - Values in series having different superscripts are significantly

different at P < 0.05.
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Fig. 9 Thiobarbituric acid-reactive substances (TBARs) and 8-oxo-2’deoxyguanosine in liver of rats fed diets with transgenic tubers with

overexpression 14-3-3 protein. (modified from Kosieradzka ez al. 2005b).

radzka et al. 2008a). Yet, the concentration of DNA adduct
8-0x0-2’-deoxyguanosine in the liver of rats receiving pota-
toes with the repression of o and y isoforms was signifi-
cantly higher than in the liver tissue of rats fed control
potatoes of cv. ‘Désirée’, whereas the overexpression of 14-
3-3 did not cause any increase in the concentration of DNA
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degradation product in brain tissue (Figs. 8, 9), (Kosie-
radzka et al. 2005b, 2008a). The administration of potatoes
with overexpression of 14-3-3 protein with diets elicited an
increase in the number of phagocytic neutrophiles and in
the number of cells phagocytated by monocytes (Kosie-
radzka et al. 2003), which may indicate that the immune
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system has been stimulated by components of the GMO-
containing diet.

Nutritional and safety aspects of modification

The 14-3-3 protein influences the synthesis of anthocyanins
and phenolic acids (Lukaszewicz and Szopa 2005). It has
been demonstrated that overexpression of that protein in a
plant resulted in almost two-fold increase of its antioxida-
tive capacity (Lukaszewicz et al. 2001). Resulting from that,
the enhancement of 14-3-3 protein synthesis may have a
beneficial effect on agrotechnical properties of potato plants,
may stimulate plants’ resistance to stress and increase syn-
thesis of anthocyanins and phenolic acids in tubers. Overex-
pression of 14-3-3 protein causes an increased content of
total protein in tubers, whereas repression of its synthesis
results in the intensification of starch synthesis and changes
in the amino acid composition of protein. In the reported
study, dry material obtained from transgenic potatoes was
characterized by a higher content of total protein (by ca.
60%) as compared to potato tubers of the parental line
‘Désirée’. It may point to more intensive synthesis of nitro-
gen compounds in those plants. The higher content of starch
found in transgenic tubers (by over 30%) was probably a
consequence of an enhanced activity of starch synthase
(Zuk et al. 2005). The reported significant decrease in the
concentration of NOj3 in tubers was likely to result from the
effect of 14-3-3 protein on the activity of nitrate reductase
(Szopa et al. 2001; Lukasiewicz and Szopa 2005).

Results obtained in our study (Kosieradzka et al. 2004a,
Kosieradzka et al. 2005a,b; Kosieradzka et al. 2008b)
indicate that a change in the chemical composition of potato
tubers with modified synthesis of 14-3-3 protein does not
diminish their nutritional properties, does not decrease the
growth rate nor deteriorates the health status and does not
disturb the metabolism of rats. Such an effect was ac-
complished by feeding rats with diets containing conside-
rable amounts of dry material of tubers from plants with
repression and overexpression of 14-3-3 protein (30 and
20% of the diet, respectively). The lack of significant dif-
ferences in the morphological picture of blood and basic
biochemical parameters of rats indicates the proper course
of vital functions in the animals is effectively unaltered.
Although some deviations were reported in selected physio-
logical parameters, we did not demonstrate any explicit
negative effect of the experimental diets which could be
considered as the occurrence of an unexpected and unfavo-
rable effect of transgenesis. The results obtained enable
concluding that tubers of transgenic potatoes with repres-
sion and overexpression of 14-3-3 protein are a nutritionally
equivalent dietary component, as compared to tubers of the
initial conventional cultivar.

FUTURE RESEARCH

Successful advances in genetic manipulation of the ge-
nomes of plants and animals have aroused much contro-
versy. This has also recently been evident also in Poland.
For two years, the Polish Government has been trying to
enact a more restrictive “Law of GMO” that would, for
example, ban the release of GMOs to the environment and
use GMO feeds in animal nutrition. The solutions put for-
ward are contrary to the European Union law and the
opinions of many animal feeding experts. Unfortunately, the
number of in vivo experiments conducted in Poland was too
low to weaken the opinions of these experts. For these
reasons, future research is needed that focuses on the safety
of using transgenic plans in feed and food production. In the
presented investigations, the period of experimental feeding
of rats was restricted to 3-5 weeks, mainly owing to the
difficulty of accumulating sufficient transgenic materials to
carry out experiments of longer duration. The contents of
autoclaved and dried potato tubers in the diet were, however,
relatively high (20-40%), which allowed us to make some
first conclusion. The general conclusion is as follows: re-
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sults of in vivo experiments indicate that tubers of GM
potato are a substantial and nutritional equivalent to the
non-transgenic cultivars, however some indices of the phy-
siological response of animals point to the need for conduc-
ting longer investigations. The results obtained in the first
experiments (Juskiewicz et al. 2004; Juskiewicz et al. 2005;
Zdunczyk et al. 2005a, 2005b) are insufficient to explain
the reason for the hlgher content of essentlal amino acids in
tubers of line R2.P (truncated gene for PVY™ polymerase in
antisense orientation), the increased bulk of cecal digesta
and the higher production of short chain fatty acids in the
cecum of rats fed a diet w1th tubers of line NTR2.27 (non-
translated regions pf PVY" genome in antisense orienta-
tion), the lower percentage of phagocytic cells in rats fed a
diet with tubers of transgenic clone R1.F (truncated gene
for PVY" polymerase in sense orientation) or lower reten-
tion of nitrogen in rats fed a diet wlth tubers of line
NTRI.16 (non-translated regions pf PVYN genome in sense
orientation). Similar uncertainties remain concerning devia-
tions of some physiological indices in the experiment with
tubers of potatoes with overexpression or repression of 14-
3-3 protein synthesis, as well as in potatoes with modified
of enzymes of the flavonoid synthesis pathway.
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