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Abstract In the future there will be a very strong
competition between arable land use for phytogenic
biomass production for feed/food, fuel, fibre and
other industrial materials, as well as for settlements
and natural conservation areas because of the
growing population and limited natural resources.
Therefore plants with high and stable yields, and
requiring low external inputs (low input varieties)
should be the main aim of plant breeding. In addi-
tion to traditional breeding, plant biotechnology
seems to have the potential to contribute to this
objective. Nutritional and safety studies with feed/
food made from such modified plants are one of the
most important prerequisite for public acceptance,
and to improve knowledge in the feed/food sciences.
The first step for the nutritional and safety assess-
ment of such modified plants is the compositional
analysis of potential feed/food, including the newly
expressed proteins and other new constituents, and
its comparison with conventional counterparts.
In vitro studies and experiments with laboratory
animals comprise the next steps of the assessment.
About 70–90 % of the harvested biomass from geneti-
cally modified plants (GMPs) is consumed by food
producing animals. Therefore, feeding studies with

target animals are of special concern for nutritional
assessment, and these are considered in more detail in
the present paper. Up to now most studies have been
donewithGMPs of the 1st generation (plants with input
traits, but without substantial changes in composition).
Other experimental designs for nutritional and safety
assessments are recommended for GMPs with output
traits or with substantial changes in composition
(plants of the 2nd generation).
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Zusammenfassung Zukünftig ist infolge weiter
ansteigender Erdbevölkerung und knapper werdender
natürlicher Ressourcen ein noch intensiverer
Wettbewerb um landwirtschaftliche Nutzfläche bzw.
pflanzliche Biomasse für die Erzeugung von Lebens-
und Futtermitteln, Energie, industriellen Rohstoffen
als auch um Flächen für Siedlungen und Naturschutz
zu erwarten. Deshalb sollte die Entwicklung von
Pflanzen mit hohen und stabilen Erträgen bei
geringem Ressourceneinsatz (low input varieties) das
Hauptziel der Pflanzenzüchtung sein. Neben der
traditionellen Pflanzenzüchtung scheint die Pflan-
zenbiotechnologie ein beachtliches Potenzial zur
Realisierung dieser Zielstellung zu haben. Entspre-
chende Studien zur Bewertung des ernährungs-
physiologischen Wertes und der Sicherheit sind eine
wesentliche Voraussetzung für die öffentliche Ak-
zeptanz der aus diesen Pflanzen hergestellten Futter-
und Lebensmittel. Derartige Studien leisten auch be-
deutsame Beiträge zur Verbesserung der Kenntnisse
auf dem Gebiet der Futter und Lebensmittelkunde.
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Der erste Schritt zur ernährungsphysiologischen und
Sicherheitsbewertung von Futter-/Lebensmitteln aus
gentechnisch veränderten Pflanzen (GVP) ist die
Bestimmung der Inhaltsstoffe einschließlich des/der
neu ausgeprägten Proteins/e sowie weiterer neu gebil-
deter Stoffe und der Vergleich mit herkömmlichen
(isogenen) Partnern. In vitro Studien und Versuche mit
Labortieren sind die nächsten Schritte der Bewertung.
Da 70–90 % der von GVP geernteten Biomasse in der
Tierernährung eingesetzt werden, sind Fütterungsstu-
dien mit Lebensmittel liefernden Tiere (Zieltieren) von
besonderer Bedeutung für die ernährungsphysiologi-
sche Bewertung der Futtermittel und werden im
Beitrag im Detail betrachtet. Bisher wurden vor allem
Fütterungsversuche mit Futtermitteln aus GVP der 1.
Generation (ohne wesentliche Veränderungen von In-
haltsstoffen; Pflanzen mit Input traits) durchgeführt.
Andere Versuchsansätze sind zur ernährungsphysiolo-
gischen und Sicherheitsbewertung von Futter- und
Lebensmitteln aus GVP der 2. Generation (Pflanzenmit
substantiellen Veränderungen von Inhaltsstoffen;
Pflanzen mit Output traits) erforderlich.

1 Introduction

The world population is still growing and requires
more and better food. Sustainability in feed and food
production is therefore a key challenge for agricul-
ture. In the future there will be a strong competition
for arable land and other limited resources such as
fossil carbon-sources, water, some minerals (such as
phosphorus) between feed/food, fuel, fibre, areas for
settlements and naturally protected areas. According
to the FAO (2009), the human population will globally
increase from currently about 7 to 9 billion people in
2050, but the estimated need for meat and milk will
nearly double during this time (Steinfeld et al. 2006).

Increasing feed/food demands require higher and
stable plant yields and/or more areas for production.
Because of limited resources, low input plants are an
important prerequisite for solving future problems
and for establishing a sustainable agriculture. Such
plants should be very efficient in the use of limited
resources, but they should also be able to very
effectively use sun energy and unlimited plant
nutrients from the air (such as N2 and CO2; see
Table 1). Furthermore the genetic pool available in
plants, animals and microorganisms could also con-
tribute to optimizing plants for a more efficient
conversion of limited resources into feed and food.

Plant breeding and cultivation will be the key
elements and starting points for feed and food

security during the next years (Flachowsky 2008;
SCAR 2008; The Royal Society 2009; Foley et al. 2011).
The most important objectives for plant breeders can
be summarized as follows:

– High yields with low external inputs (low input
varieties) such as water, minerals, plant protection
substances, fossil fuel etc.

– Efficient use of naturally unlimited resources such
as sun energy, nitrogen and carbon dioxide in the
air.

– Optimisation of the genetic potential of plants for
highly efficient photosynthesis.

– Lower concentrations of undesirable substances
such as secondary plant ingredients, mycotoxins
from toxin-producing fungi, toxins from anthro-
pogenic activities or of geogenic origin.

– Lower concentrations of substances that influence
the use or bioavailability of nutrients such as
lignin, phytate, enzyme inhibitors, tannins etc.

– Higher concentrations of components such as
nutrient precursors, nutrients, enzymes, prebiot-
ics, essential oils etc.

From the global view of feed and food security low
input varieties have the highest priority. Further-
more, often undesirable substances cannot be
removed from feedstuffs, or can only be removed
with great effort (Flachowsky 2006). Therefore a
decrease in such undesirable substances is also an
important objective of plant breeding

It is possible to fulfil most of the objectives of plant
breeding mentioned above by conventional breed-
ing. However, in the future biotechnology methods
may be more flexible, powerful and faster. ‘‘New’’
plants with newly expressed proteins in plants and/or
changed composition of plants present real chal-
lenges for animal and human nutritionists with
respect to the safety aspects and the nutritional
assessment of such products. In 2011, about 160 mil-
lion hectares of GMPs were cultivated worldwide

Table 1 Potentials to produce phytogenic biomass and their
availability per inhabitant under consideration of the increase of
population (Flachowsky 2010) (: increase, ; decrease, $ no
important influence)

Plant nutrients in the atmosphere (N2, CO2) : $
Sun energy $
Agricultural area ;

Water ;

Fossil Energy ;

Mineral plant nutrients ;

Variation of the genetic pool :
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(about 11 % of total arable land; James 2012). Most of
these are tolerant against herbicides and/or resistant
against insects. Such plants can be considered as
substantial equivalent to their isogenic counterpart
(OECD 1993).

Currently, the interests of individuals or of some
companies dominate, and these are not always in
agreement with public interests (SCAR 2008; The
Royal Society 2009; Godfray et al. 2010; Foley et al.
2011). Fundamental research should be conducted by
independent publicly sponsored research institutions
and the results should be made available to all those
who are interested in such plants.

High portions of the yield of the most important
GMPs (soybean, maize, cotton, rapeseed; Fig. 1) are
fed to food producing animals (see Table 2) and only
small amounts are used for human nutrition.

Therefore, in the future assessing the nutritive
value, and also the safety of food/feed from plant
breeding (Kleter and Kok 2010) will be real challenge
for animal nutritionists (Fig. 2). Various types of ani-
mal feeding studies are required in order to answer
all the scientific and public questions, and to improve
the public acceptance of such food/feed. The current
state of the nutritional and safety assessment of feed
from modified plants and the future challenges will
be analysed in the present paper.

The main objective of the paper is to consider the
pros and contras of various types of animal feeding
studies for the nutritional assessment of GM-feed
under consideration of European guidance docu-
ments (EFSA 2006, 2008, 2011a). Sometimes it is
impossible, and also not necessary to strictly separate
the nutritional and safety assessment of feed and

food. Animal feeds may be considered as base for
food of animal origin. Furthermore, similar studies
have been used for nutritional and safety assessment
of feed/food. Kleter and Kok (2010) und Davis and
Kuiper (2011) consider the following aspects for risk
assessments which also include nutritional aspects:

– Characteristics of donor and recipient organism
– Genetical modifications and its functional

consequences
– Potential environmental impact

Fig. 1 Global area of
transgenic crops (James 2012)

Table 2 Important food/feed from GMPs and the estimated
proportions used as food or feed (pers. estimation)

GMP Food % Feed %

Soybean Oil, proteins 25 Soybean (extracted oil)
meal, full fat soybean

75

Maize Starch, maize
meal, oil

15 Maize, oil, DDGS, gluten
feed, silage, straw,

85

Rapeseed Oil 25 Rape seed (extracted
oil) meal, rapeseed
expeller/cake, full fat
rapeseed

75

Cotton Oil 15 Cotton seed (extracted
oil) meal, expeller

85

Plant breeding
(including genetical

modifications)

Animal nutrition
(nutritional and 

safety assessment of 
feed)

Animal breeding
(including clones and 

GM-animals)

Fig. 2 Animal nutrition (nutritional assessment of feed) between
plant and animal breeding
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– Agronomic characteristics
– Compositional and nutritional characteristics
– Potential for toxicity and allergenicity of gene

products, plant metabolites and whole GMP
– Influence of processing on the properties of food

and feed
– Potential for changes in dietary intake
– Potential for long-term nutritional impact.

Principles of genetic modification of plants as well
as socio-economic and environmental impacts of
GMPs (Brookes and Barfoot 2008) are not covered
in the present paper.

2 Definitions and guidelines for nutritional
assessment

Presently, most GMPs are modified for agronomic
traits such as increased tolerance against insects or
higher resistance against herbicides. Most GMPs are
modified only with one event, but plants with more
than one event (stacked events) are in development
or already in cultivation (Fig. 3). For example, such
plants are resistant against insects as well as being
tolerant against herbicides or other traits. There are
already plants in the pipeline that contain eight and
more stacked traits. Stacked events express more
‘‘new’’ proteins than the single events. A character-
isation of the proteins is necessary and possible
synergistic, additive or antagonistic effects in vitro
and in vivo should be tested (Delaney et al. 2008;
Ladics et al. 2010).

Plants with so-called input traits (GMPs of the 1st
generation) are characterized as being without sub-
stantial changes in composition and/or nutritive
value. Such plants can be considered as in the main
being equivalent to their isogenic counterpart (OECD
1993). GMPs of the second generation (plants with
output traits) should contain more nutrients or less
undesirable substances (changes in composition, see
Table 3 for some examples).

In the future we may expect plants with changed
composition (plants with output traits), but also
plants with increased resistance against biotic and
abiotic stressors such as drought and saline soils and
more efficient in using limited natural resources (low
input varieties; see Table 1). Such plants (feeds)
should be more or less equivalent in composition and
nutritive value to their isogenic counterparts. Changes
in composition and possibly nutritive effects are not
intended, but still have to be considered as pos-
sible unintended effects of the genetic modification
during nutritional and safety assessment.

GMPs can be used in a wide range in animal feed.
Forage, silage (e.g. maize), seeds and by-products
from food or biofuel industry have been fed in high
amounts (see Table 2) to food producing animals.
Based on the present scientific and public situation
animal nutritionists should address the following
aspects:

– Nutritional and safety assessment of feed from the
1st generation of GMP

– Nutritional and safety assessment of feed from the
2nd generation of GMP
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Fig. 3 Global area cultivated
with the main GM traits (by
Stein and Rodriguez-Cerezo
2009)
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– Influence of GM-feed on animal health and the
quality/composition of food of animal origin (e.g.
milk, meat and eggs)

– Studies on the properties/degradation of newly
expressed (novel) protein(s), foreign DNA, unin-
tended effects etc.

Recommendations for production, collection and
analysis of samples as well as feeding studies with
GM-material are given by various international (e.g.
EFSA 2006, 2008, 2011a; ILSI 2003a, 2007) and
national authorities (e.g. ANSES 2011; DBT 2008; FDA
2000; FSANS 2007).

3 Materials for analysis and feeding studies

Field trials used for production of materials for analy-
ses and feeding studies should be carried out
according to the recommendations of (EFSA 2006,
2008, 2011a) and ILSI (2003a, 2007). Field trials should
be designed with GMPs and the most appropriate
control line as well as some conventional lines in the
same field under comparable conditions to minimise
environmental variability. The number of locations,
growing seasons, geographical spread, replicates and
statistical models are important for adequate experi-
mental designs. Apart from the transgenic and its
near isogenic counterpart (control), the studies
should preferably have four or more conventional
(commercial) reference varieties to help explain any
unexpected differences or confirm any expected dif-
ferences observed between the test and control plants
(ILSI 2007). In such a case it is possible to compare the
composition and nutritive value of GMPs with

commercial lines. If such a cultivation is impossible,
analytical data from the field studies should be com-
pared with literature data (e.g. ILSI 2003b or updated
tables; OECD 2001a, b, 2003, 2004a, b, c; or national/
local feed value tables; e.g. DLG 2012). However, it
should also be noted that the specific conditions
(season, soil, fertilizer, weather etc.) might influence
the composition of plants or processed materials.
Therefore it is always advantageous to include ade-
quate comparators in the field studies. In the case of
GMPs of the second generation, it would be dif-
ficult to cultivate adequate comparators. Details of
sampling (grain, pasture, hay or silage), handling of
samples and preparation of samples for further
studies are described by EFSA (2006) and ILSI (2007).

4 Compositional analyses

The compositional analyses of feed from GMPs are
the starting point for a nutritional assessment. Before
cultivation, during growing, after harvesting, pro-
cessing and manufacturing of the prepared mixture
for feeding, the transgenic DNA and the newly
expressed protein (or proteins in the case of multi-
stacked events) should be tested.

Apart from newly expressed protein(s), the most
important nutrients (see Table 4) and antinutritive
substances such as pesticides, mycotoxins, enzyme
inhibitors, glucosinolates, gossypol and further plant
specific substances should be analysed in the original
material and processed substrates and compared
with values of the isogenic counterpart, commercial
varieties and/or values from food/feed tables. In the

Table 3 Examples of GMP
with improved characteristics
intended to provide
nutritional benefits (by EFSA
2008)

Plant/species Altered characteristic Transgene/mechanism

Maize Improved amino acid profile : Various enzymes

Vitamin C : Dehydroascorbate reductase

Bioavailable iron : Ferritin and phytase

Fumonisin ; De-esterase and de-aminase

Potatoes Starch : ADP glucose pyrophosphorylase

Solanine ; Antisense sterol glycotransferase

Rapeseed Vitamin E : Gamma-Tocopheryltransferase

b-Carotene : Phytoene-synthase

Linoleic acids : Various desaturases

Rice b-Carotene : Phytoene-synthetase and -desaturase,
lycopene cyclase

Iron : Ferritin, metallothionein, phytase

Soybean Oleic acid : Suppression of desaturase

Stearidonic acid : Various desaturases
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present dossiers submitted to the EFSA for applica-
tion on the European market, between 60 and 100
constituents have been analysed in the GM-plants or
derived food/feed, its isogenic counterpart and the
conventional varieties for comparison.

The compositional analysis is an important pre-
requisite, and indeed the cornerstone for the
nutritional and safety assessment of food/feed from
GMPs. This comparative approach is the basis for the
concept of substantial equivalence (OECD 1993), and it
is suitable for assessing GMPs and derived food/feed of
the first generation (GMPs with input traits). This
concept is based on the idea that an existing organism
used as food/feed with a history of safe use, can serve
as a comparator when assessing the safety of food/
feed from GMPs. The need of further studies including
animal studies depends on the outcome of the com-
positional approach (for further details see EFSA 2006,
2008, 2011a; FSANS 2007; Kok and Kuiper 2003). From
the scientific view a case by case decision should be
the basis for additional animal studies. From the
present public view, animal feeding studies seem to
be recommended under many circumstances.

In the case of substantial similarity between GM-
and non GM-feed, from a scientific point of view
animal feeding studies do not add substantially to the

nutritional and safety assessment of GM feed/food
(EFSA 2008, 2011a, b). These should only be per-
formed, if scientific questions are open and new
results are expected. In other cases, such animal
feeding studies should be considered as wasting time,
animals and money. All studies should be approved
by an ethics committee under consideration of
replacement, refinement and reduction of animals
(‘‘3Rs’’-priciple; Russell and Burch 1959).

For GMPs of the second generation (plants with
output traits such as ‘‘Golden Rice with b-carotene,
soybean with modified fatty acid pattern or modified
amino acid pattern; maize with lower phytate etc’’;
see Table 3) further steps for nutritional and safety
assessment appear to be necessary (see EFSA 2008,
2011a; FSANS 2007; ILSI 2007).

5 Feeding studies

Before commencing feeding studies, compositional
analysis and various in silico and in vitro methods
(DBT 2008; EFSA (2008, 2011a); ILSI 2003a, 2007) can
contribute to the nutritional and safety assessment of
GMP derived food and feed. Nevertheless, feeding
studies with target animals are key elements for

Table 4 Recommendations for nutrient analysis (by ILSI 2007)

Crops/grains/coproducts Livestock type Analyte

Grain: maize, wheat, barley Nonruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, ash, starch,
lysine, methionine, cystine, threonine, trytophan, isoleucine, arginine,
phenylalanine, histidine, leucine, tyrosine, valine, fatty acids, vitamins

Oilseed meals: soybean, linseed,
cottonseed, canola meal,
full-fat oilseeds

Nonruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, ash, starch,
lysine, methionine, cystine, threonine, trytophan, isoleucine, arginine,
phenylalanine, histidine, leucine, tyrosine, valine, fatty acids, vitamins

Grain: maize, wheat, barley Ruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, Mo, ash, starch,
ADIN, soluble protein, NPN, degradable protein, NDICP, ADICP, fatty
acids, fat soluble vitamins

Oilseed meals: soybean, linseed,
cottonseed, canola meal

Ruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, ash, ADIN,
soluble protein, NPN, degradable protein, NDIN, fatty acids, fat soluble
vitamins

Seeds: soybean, cottonseed,
sunflower

Ruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, Mo, ash, ADIN,
soluble protein, NPN, degradable protein, NDIN, fatty acids, fat soluble
vitamins

Silage: maize, grass, legumes Ruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, Mo, ash, ADIN,
soluble protein, NPN, degradable protein, NDIN, starch, sugar, pH, short
chain acids such as lactic, acetic, butyric, isobutyric

Fresh/dry forages: grass, legumes Ruminants DM, CP, EE, ADF, NDF, Ca, P, Mg, K, S, Na, Cl, Fe, Cu, Mn, Zn, Mo, ash, ADIN,
soluble protein, NPN, degradable protein, NDIN, starch, sugar, fatty
acids, fat soluble vitamins

ADF acid detergent fiber, ADIN acid detergent insoluble nitrogen, ADL acid detergent lignin, ADICP acid detergent insoluble crude
protein, CP crude protein, DM dry matter, DNDF digestible neutral detergent fiber, EE ether extract (crude fat), NDF neutral detergent
fiber, NDICP neutral detergent insoluble protein, NDIN neutral detergent insoluble nitrogen, NPN non protein nitrogen
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nutritional and safety assessment of food/feed from
GMPs.

Depending on the scientific questions, the follow-
ing types of feeding studies (see Table 5) are well-
established and may be carried out:

– Laboratory animal models for the toxicity testing
of single substances (single dose toxicity testing;
repeated-dose toxicity testing; reproductive and
developmental toxicity testing; immunotoxicity
testing etc., see DBT 2008, EFSA (2008, 2011a),
Ladics et al. 2010, OECD 1998a)

– Laboratory animal models for the safety and
nutritional assessment of whole GM-food and
feed (in general 90-day feeding studies for safety
assessment; to detect unintended effects; sub-
chronic animal tests; for margins of safety etc.; see
DBT 2008, EFSA 2011b, OECD 1998b)

– Studies to measure digestibility/bioavailability of
nutrients from the GMPs, and to analyse the
influence of GM-products on the metabolism in
target animals/categories (see DBT 2008; EFSA
(2008, 2011a); Flachowsky and Böhme 2005; ILSI
2007)

– Tolerance studies to analyse the influence of
maximal amounts of GM-feeds on animal health
and welfare (DBT 2008; EFSA 2008; ILSI 2007)

– Efficacy studies to measure the influence of GM-
feed on animal yield/performance, feed conver-
sion rate (FCR), slaughtering performance as well
as safety and composition of food of animal origin
(DBT 2008; EFSA 2008; ILSI 2007)

– Long term studies to find out long term effects of
GM-feed (e.g. whole growing period in the case of
growing animals, whole laying period in the case
of laying animals or one or more lactations in the

case of lactating animals; whole lifespan of ani-
mals (Snell et al. 2012)

– Multigeneration studies to analyse the influence
of GM-feed on fertility/reproduction performance
of animals (Snell et al. 2012; BEETLE 2009).

In general the expense of the studies mentioned
above increases from the top to the bottom of
Table 5. Therefore, long term studies and multigen-
eration experiments with target animals are very rare
(see Snell et al. 2012). Limited feed amounts in earlier
plant breeding stages may also restrict animal num-
bers and the duration of studies with target animals,
especially with large animals such as cattle and pigs.
In summary the following factors (see also Table 6)
may influence the types of animal feeding studies:

– Scientific question(s)
– Availability of GM-feeds (esp. in early stages of

breeding) and adequate comparators
– GM-feed should be included in the diets to the

highest possible amounts
– Financial budget
– Availability of equipments, animals and qualified

manpower.

Feeding studies with target animals should be
considered in the following paragraphs in more
detail. The product quality (e.g. milk, meat, eggs etc.),
and the carry over of ingredients of feed into food of
animal origin (e.g. fatty acids, minerals, vitamins,
undesirable substances) should be also measured in
the feeding studies or after slaughtering of the ani-
mals (ILSI 2007)

5.1 Laboratory animals

Usually, the OECD guideline tests (OECD TG 407 and
408; OECD 1998a, b) for chemicals are used for the
safety testing of single substances including new
products resulting from genetic modification (e.g.
newly expressed proteins; EFSA 2006, 2008, 2011a). In
the main rodents (rats or mice) are used over a period
of 28 days/one month for single dose or repeated-
dose toxicity testing. The detailed testing strategy
should be selected on a case-by-case basis, based on
prior knowledge regarding the biology of the prod-
ucts, so that relevant endpoints are measured in the
test (for more details see OECD 1998a, b; EFSA 2006,
2008, 2011a).

A 90-day rodent feeding study should be carried
out, when indicated by molecular, compositional,
phenotypic, agronomic or other analysis (e.g. chan-
ges in metabolic pathways). Such toxicity studies

Table 5 Important types of feeding studies with animals for
nutritional and safety assessment of feed from GMP and animals
recommended

Type of studies Laboratory
animals

Target
animals

Testing of single substances
(28 day study)

X

90-day rodent feeding study X

Long-term feeding study X X

Multigeneration feeding study X X

Determination of digestibility/
availability

X X

Efficiency study X

Tolerance study X

Studies with GM-animals X
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should only be performed on a case by case basis to
provide additional information for the risk assess-
ment (EFSA 2008). It seems to be nearly impossible
from the nutritional point of view to adapt toxicity
studies for testing whole feed. The OECD (1998b)
guideline has been developed to assess the safety of
additives and not to test whole feed/food. EFSA
(2011b) mentioned as purpose for a repeated-dose
90-day oral toxicity study on whole food/feed to
reassure that the GM food/feed is as safe and nutri-
tious as its traditional comparator. In such cases high
portions of the whole feed/food should be supple-
mented to a basal diet knowing that the energy and
nutrient requirements (NRC 1995) of laboratory ani-
mals are not met and imbalances in some nutrients
esp. amino acids could be expected (EFSA 2011b). This
statement seems to be important from the view of
many GM-feed rich in protein (e.g. soybean, cotton,
rapeseed; see Fig. 1). It is nearly impossible to take
scientific conclusions under imbalance conditions
(NRC 1995). Adjusted diets—if possible—should be fed
under those conditions.

Another point of criticism of the 90-day feeding
study with rodents is the duration of the experiments
for safety assessment (e.g. Seralini et al. 2011). 90 days
are considered as too short for various parameters
such as fertility and reproduction, histopathology of
some organs (e.g. liver, kidney), hormone status etc.
More details about the necessity of studies with lab-
oratory animals and useful endpoints are described
by EFSA (2006, 2008, 2011b) and OECD (1998b).

As already mentioned the scientific output of
studies to contribute to nutritional and safety
assessment of feed/food with such studies in rodents
would be very small or negligible. Specific studies
with target animals may contribute more substan-
tially to nutritional assessment of feed and could help
for safety assessment. This conclusion seems to be
also very important from the view of GM-feed used in
animal nutrition (Table 2).

5.2 Target animals

Studies with target animals (food producing animals
such as ruminants, pigs, poultry and fish) mainly
focussed on nutritional concerns. Up to now, less
attention has been paid in such studies to the safety
aspects (EFSA 2006, 2008, 2011a). In the future feed-
ing studies with target animals should be also used
for the safety assessment of GMPs because of the high
proportion of GMPs used for animal nutrition
(Table 2) and the cultivation of GMP of the 2nd gen-
eration. The type of studies depends on the type of
genetic modification in the plants or animals and the
availability of GM-feed or GM-animals.

5.2.1 Measuring digestibility/bioavailability

In the case of substantial changes in plant composi-
tion (GMPs with output traits or GMPs of the 2nd
generation), studies measuring the digestibility/
availability of some nutrients or nutrient precursors
are necessary (EFSA 2008; Flachowsky and Böhme
2005; ILSI 2007). Mostly such studies are done with
model animals (mice, rats, rabbits) or small target
animals (chicks, quails, piglets), because of the high
costs and the limited feed amounts available in some
cases. The model for such studies is shown in Table 7.

Table 8 shows results to measure the bioconver-
sion of b-carotene into vitamin A. The retinol
concentration in the liver of Mongolian gerbils, as a
model animal was used as endpoint. The results show
that the retinol concentration by liver of gerbils fed
with carotene rich maize was similar to animals fed
with maize poor in carotene and supplemented with
adequate amounts of b-carotene. That means in this
case that b-carotene from maize is almost identically
converted into vitamin A as supplemented b-caro-
tene. In the case of ‘‘Golden Rice’’ the first studies to
determine the vitamin A value of b-carotene were
done with labels rice in humans (Tang et al. 2009).

Table 6 Advantages of
studies for safety assessment
of GMPs derived food/feed
with laboratory or target
animals

Laboratory animals Target animals

International agreed study
protocols

Representative for animal species/categories (extrapolation of
data possible)

Small amounts of feed, higher
number of repetitions

Higher amounts of GM-products are fed to animals

Lower costs for feed and
equipment

All ,,control‘‘ animals fed with comparators (isogenic,
commercial) are available for the market (no waste animals)

Real studies on the transfer of undesired substances in food of
animal origin
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Similar studies are necessary to demonstrate the
efficacy of enzymes expressed in plants or to show
the higher phosphorus availability in plants with
lower phytate content. Phytate is one of the most
important inhibitors of P-availability. In a study with
pigs (Spencer et al. 2000) low phytate maize showed
the same results as traditional maize supplemented
with 2 or 1.5 g inorganic P per kg feed, but a signif-
icantly lower P-excretion.

5.2.2 Efficiency studies including transfer of nutrients

The objective of efficiency trials is to measure the
effect of feed from GMPs on the performance of food
producing animals, and to compare the results with
an isogenic counterpart and at least four comparable
commercial products.

Many feeding studies have been carried out during
the last years to show the substantial similarities
(OECD 1993) of feed derived from GMPs of the first
generation (without substantial changes in their
composition or GMPs with input traits). Most of the
studies were done as efficiency trials and GM-feed
was compared in adjusted diets with their isogenic
counterparts and some conventional commercial
varieties (one to ten in some cases). The experimental

designs were done according to the recommenda-
tions by ILSI (2003a, ILSI 2007; see Table 9) and EFSA
(2006). Questions concerning the tolerance of some
feeds in animals (tolerance studies) may be also
included in efficiency trials.

During the last few years, some reviews on the
nutrition and safety assessment of feed from GMPs
(mostly plants from the first generation) have been
published (e.g. Clark and Ipharraguerre 2001; Fla-
chowsky and Aulrich 2001; Aumaitre et al. 2002;
Flachowsky et al. 2005a, 2007; CAST 2006). Further-
more, the documents by ILSI (2003a, 2007) and EFSA
(2006) also summarize the present state of knowl-
edge in the feeding GMP-derived feed to target
animals. About 150 studies with target animals did
not show biologically relevant differences between
animals fed with feed from GMPs or their isogenic
counterparts (Table 10). There is a large agreement
that studies with feed from GMPs of the first gener-
ation (with input traits) did not significantly
influence animal health, performance, composition
and quality of animals products (summaries by
Alexander et al. 2007; BEETLE 2009; Flachowsky et al.
2007). Side effects might be expected in GMPs, par-
ticularly for GMPs with multiple modifications (multi-
stacked events, Cellini et al. 2004), and these must be

Table 8 Experimental design to assess the conversion of b-carotene into vitamin A in Mongolian gerbils (60 % maize in diets; n = 10,
depletion phase: 4 weeks, feeding: 8 weeks; Howe and Tanumihardjo 2006)

Unsupplemented control
(maize poor in carotene)

Carotene rich
maize

Control ? b-carotene Control ? vitamin A

b-Carotene (nmol/g) 0 8.8 8.8 4.4

Theoretical retinol intake (nmol/day) 0 106 106 106

Retinol in serum (lmol/l) 1.23 ± 0.20 1.25 ± 0.22 1.23 ± 0.20 1.22 ± 0.16

Retinol in liver (lmol/g) 0.10a ± 0.04 0.25b ± 0.15 0.25b ± 0.08 0.56c ± 0.15

a,b,c Means with different letters differ (p\0.05)

Table 7 Examples for nutritional assessment of a GMP of the 2nd generation (GMP with output traits; e.g. higher concentration of the
vitamin A precursor b-carotene; (by EFSA 2008)

Groupsa Composition of diets Measurements; endpoints

1b Balanced diet with typical amounts of the isogenic
counterparts (unsupplemented control)

Depending on genetical modification of plants, e.g.:

Concentration of specific substance(s) in target organ
(e.g. vitamin A in the liver)c2 Balanced diet with adequate amounts of the transgenic

counterpart (e.g. rich in b-carotene) Further metabolic parameters such as
depots in further organs or tissues, activities
of enzymes and hormones

3 Diet of Group 1 with b-carotene supplementation adequate
to Group 2

4 Diet of Group 1 with vitamin A supplementation adequate to
expected b-carotene conversion into vitamin A

a Four or more groups fed with commercial/isogenic control feed to find out the biological range of the parameter(s)
b Adequate feed amounts for all animals; depletion phase for all animals before experimentation
c Up to the steady state in the specific target organ
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scientifically analysed in detail. Furthermore the high
biological range for many parameters should be
considered. Presently, no other food/feed are as
extensively analysed and tested in various studies as
is the case for GMP-products of the first generation. It
can be concluded that the safety and nutritional
evaluation of GM versus conventionally bred plants is
not well balanced (Kok et al. 2008).

Transgenic DNA and newly expressed proteins
showed comparable properties to normal plant-DNA

and proteins and are mostly degraded during feed
treatment and in the digestive tract of animals
(Flachowsky et al. 2005a; Alexander et al. 2007). That
means that small transgenic DNA-fragments and
fragments of newly expressed proteins may be
detected in traces in animal tissues as shown by some
authors (e.g. Nemeth et al. 2004; Mazza et al. 2005;
Sharma et al. 2006; Tudisco et al. 2010).

Based on the results mentioned above, the neces-
sity of animal feeding studies with feed from GMPs of
the 1st generation is often questioned concerning.
According to various guidance documents (e.g. EFSA
2006, 2008, 2011a), such studies are not urgently
needed. No animal feeding studies are required if the
differences in compositional analyses between iso-
genic and transgenic plants are small or negligible
(GMPs of the 1st generation) because of the costs of
such studies and reduction of numbers of experi-
mental animals.

On the other hand feeding experiments with GMPs
of the 1st generation with target animals may con-
tribute to showing the nutritional equivalence and
the safety of feed to the public, and therefore
improve the public acceptance of GM-feed.

Another point is the so-called wastage of animals.
(the ‘‘3Rs’’; Russell and Burch 1959). Under the present
regulations only animals fed with not-permitted GM-
feed cannot be used in the food chain. This means
that if a GM-feed with its isogenic counterpart and

Table 9 Some recommendations from the ‘‘Best practices for the conduct of animal studies to evaluate crops genetically modified for
input traits (GMP of the first generation)’’; adapted from ILSI (2003a)

Animals (species/
categories)

Number of animals
(coefficient of variation
4 to 5%)

Duration of
experiments

Composition
of dietsa

Measurements/endpoints

Poultry for meat
production

10–12 pens per treatment
with 9–12 birds per pen

5 weeks or more Balanced
diets

Feed intake, gain, feed conversion,
metabolic parameters, body
composition

Poultry for egg
production

12–15 replications per
treatment with 3–5 layers
per pen

18–40 weeks of age, at
least three 28-day
phases

Balanced
diets

Feed intake, egg production, feed
conversion, egg quality

Swine 6–9 replications per
treatment with 4 or more
pigs per replication

Piglets (7–12 kg)
4–6 weeks

Growers (15–25 kg)
6–8 weeks

Balanced
diets

Feed intake, gain, feed conversion,
metabolic parameters, carcass
quality

Growing and
finishing
ruminants

6–10 replications per
treatment with 6 or more
cattle per replication

90–120 days Balanced
diets

Feed intake, gain, feed conversion,
carcass data, metabolic parameters

Lactating dairy
cows

12–16 cows per treatment Latin square 28 day
periods

Balanced
diets

Feed intake, milk performance and
composition, body weight, body
condition score (BCS), cell counts in
milk, animal health

28 cows per treatment Randomized block design

a Efficiency studies to evaluate feed from GMP with output traits (GMP of the second generation) should be done under consideration
of recommendation by EFSA (2008) and ILSI (2007)

Table 10 Summary of published data to compare feeds from
GMP of the first generation (mainly maize, soybeans, cotton, and
canola) of various constructs with their isogenic counterparts

Animal species/
category

Number of
experiments

Nutritional assessment

Ruminants No unintended effects in
composition (except lower
mycotoxin concentration
in Bt-plants)

Dairy cattle 23

Beef cattle 14

Others 10

Pigs 21

Poultry No significant differences in
digestibility and poultry
health as well as no
biological relevant
unintended effects on
performances of animals
and composition of food of
poultry origin

Broilers 48

Laying hens 12

Other poultry 1

Others (fish,
rabbits etc.)

8
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four commercial varieties will be tested in a feeding
study, more than 80 % of the animals can be used for
human nutrition. Therefore, the efficiency feeding
studies with GMPs of the first generation could be
useful in some cases (see Tables 6, 9).

More studies are necessary for the nutritional
assessment of food/feed from the second generation
of GMPs (plants with substantial changes in compo-
sition, Tables 7, 8). Experimental designs for such
studies are described in detail by EFSA (2006, 2008,
2011a), Flachowsky and Böhme (2005) and ILSI (2007).

Changed composition of GMPs and derived feed
may also influence the composition of food of animal
origin as has been exemplarily demonstrated for
soybeans with a modified fatty acid pattern. Steari-
donic acid (SDA; C18:4 n-3; Fig. 4) may be transferred
into the body fat of non-ruminants (Table 11) or may
be used as precursor for longer fatty acid chains (e.g.
C20 and C22 fatty acids) in non-ruminants (Table 11)
and in ruminants.

Stearidonic soybean oil contains between 20 and
30 % SDA. Rymer et al. (2011) added soybean oil con-
taining 240 g SDA/kg oil (45 and 50 g SDA-oil per kg
grower and finisher broiler diet) and compared this
with a diet comprising conventional soybean oil. The
authors did not observe any significant influence of
SDA-oil on feed intake, weight gain and feed con-
version rate in the animals, but they found higher
concentrations of SDA as well as C20 and C22 poly-
unsaturated fatty acids in various body fats (Table 11).
Similar results are described by Bernal-Santos et al.
(2010) in lactating cows after duodenal infusion of
SDA-soybean oil, by Kitessa and Young (2011) after
feeding of ruminal protected SDA-oil to dairy cows,
by Meja et al. (2010) in laying hens and by Forster
et al. (2011) in pacific white shrimp.

Gibbs et al. (2010) consider the introduction of
SDA-oils in animal feed as a change in order to
increase the intake of long-chain n-3 PUFA of men.
However, for some polyunsaturated fatty acids there
exist upper limits for human nutrition and one
should be careful with supplementing of such oils in

animal nutrition. Therefore, animal body composi-
tion may be also an endpoint of animal feeding
studies to measure the transfer of some ingredients
of GMP of the second generation into animal tissues,
milk or eggs. Animal body samples or products from
animals such as milk, eggs etc. should be considered
and analysed adequately (Table 12).

5.2.3 Long term feeding studies

Long-term feeding studies cover the whole lifespan,
or a very long period of this, of the animals e.g., in
the case of laying hens or dairy cows. Apart from the
animal’s performance, the answers expected from
such studies include their fertility and health, when
fed with high amounts of GM-feed. Can animal
feeding trials contribute to the assessment of long
term effects? This was the main question of the
BEETLE-study (BEETLE 2009). The assessment of the
data and the results from the Online Survey of
BEETLE (2009) on animal health did not show any
new aspects. Some participants of the Online Survey
expect only potential long term effects in relation to
allergenicity in humans, but all other possible
adverse long term effects were assessed as being
negligible. In general, a methodical improvement of
the risk assessment procedure has been recom-
mended, including a higher number of replications
and additional control groups to demonstrate the
biological range of measured parameters.

After publishing the BEETLE-study (BEETLE 2009), a
long term feeding study with dairy cows (two
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Δ6 Δ6

18:3
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Δ15 18:4
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Fig. 4 Fatty acid biosynthesis in plants and the new introduced
changes to produce stearidonic acid (C18:4 n-3) and the effects
of various desaturases (by Ursin 2003; Whelan 2009)

Table 11 Concentrations of some n-3 fatty acids (mg/100 g fresh
tissue) in body samples of broilers fed diets supplemented with
45 and 50 g soybean oil containing stearidonic acid (SDA) per kg
grower and finisher broiler diet compared with a diet comprising
conventional soybean oil (Rymer et al. 2011)

Sample Control diet ? 45 or 50 g SDA oil
per kg grower and
finisher diet

Breast meat

C18:4n-3 3 231

C20:5n-3 12 28

C22:6n-3 7 14

Leg meat

C18:4n-3 10 442

C20:5n-3 5 53

C22:6n-3 8 21

Skin

C18:4n-3 111 3,673

C20:5n-5 31 317

C22:6n-6 21 78
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lactations; Spiekers et al. 2009) was finished and has
been partially published. Dry matter intake, milk
yield and composition as well as physiological
parameters in cows were not significantly influenced
by feeding high amounts of GM-maize (MON 810).
Fragments of the newly expressed protein and of the
tDNA were not detected in samples of animal tissues
or in the milk. Recently Snell et al. (2012) examined 12
long-term feeding studies (of more than 90 days) and
came to the conclusion that the studies do not sug-
gest any health hazards. Furthermore, they did not
observe statistically significant differences within the
parameters observed. Some small differences were
observed, though these fell within the normal varia-
tion range of the considered parameters and thus
had no biological or toxicological significance in the
case of GMPs with input traits (1st generation). The
authors conclude that a 90-day rodent feeding study
is generally considered sufficient in order to evaluate
the health effects of GM feed on animals.

5.2.4 Multigeneration studies

In addition to long term feeding studies, multigen-
eration studies (mostly five generations) were carried
out to test the influence of GM-feed on reproduction,
long term health and metabolic effects in laboratory
and target animals. In laboratory animals, no nega-
tive effects were described for growth, testicular cells
or reproductive traits in mice fed Bt corn, a gly-
phosate tolerant soybean or a transgenic triticale
grain resistant to the ‘‘Basta’’-herbicide when com-
pared with conventional corn, soybean or triticale
(Baranowski et al. 2006; Brake and Evenson 2004;
Brake et al. 2004). Rats and their offspring were not
significantly influenced in a five generation study, if

fed with 5 % GM potatoes containing the bar gene or
conventional potatoes (Rhee et al. 2005). Kilic and
Akay (2008) did not find any differences in the organ
weights of the offspring and no differences in
reproduction rate of rats fed up to 20 % Bt corn or
conventional corn. Krzyzowska et al. (2010) fed pellets
containing 20 % control triticale or 20 % Basta-herbi-
cide resistant GM-triticale to mice for five consecutive
generations and found some changes in lymph nodes
and in immune response (increased IL-2 levels and
decreased IL-6 levels) in the fifth generation. Snell
et al. (2012) examined 12 multigenerational studies
(from 2 to 5 generations), mainly carried out with
rodents, but also with sheep (44 months; Trabalza-
Marinucci et al. 2008) and laying hens (4 generations;
Halle et al. 2006). Results of all 12 studies did not
show any health hazards.

In a ten generation study, feeding laying quails
with a diet containing 50 % Bt corn did not signifi-
cantly influence production and reproduction
performances of animals compared with a diet con-
taining 50 % isogenic corn (Fig. 5). Unfortunately,
further multigeneration studies with food producing
animals are missing.

6 Conclusions

Feeding studies with feed from genetically modified
plants contribute substantially to the nutritional and
safety assessment of such feed. Presently feeding
studies with laboratory animals have been mainly
used for safety assessment, and those with target
animals for nutritional assessment. In the future,
studies with target animals should also be used more
intensively for safety assessment. For this purpose,

Table 12 Proposal of endpoints for comparative analysis of food of animal origin from animals fed with feed from GMP of the second
generation and of GM animals (pers. proposal)

Group of GM-animals Mammals Birds Aquaculture (e.g.
fishes, mollusks)

Insects
(honey bees)

Samples from the
animal body

Tissues

Meat, muscle (M.long.dorsi;
M.bic.femoris)

Body fat

Blood

Some organs (liver, kidney,
spleen, brain? etc.)

Residue body (meat and
bone meal as feed)

Tissues

Meat, muscle (breast, thigh)

Abdominal fat

Blood

Some organs (liver, kidney,
spleen etc.)

Residue body (animal body
meal as feed)

Edible fraction (e.g. fillet)

Residue body (e.g. fish
meal as feed)

Food/feed produced
by animals

Milk Eggs Caviar Honey
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more endpoints such as weight of inner organs,
parameters relating to the gastrointestinal tract,
metabolic parameters, histopathology, urine, faeces
etc. should be included in the studies.

New developments in plant (and animal) breeding
will pose real challenges for animal nutritionists for the
nutritional and safety assessment of such products.

In summary, the genetic modification of plants is a
big chance and a large challenge for improving the
food security all over the world. Unfortunately, the
contributions of present GMPs to this aspect are
relatively low and need to be further improved
(Table 13). Further efforts on a more efficient use
of restricted resources (development of low input
varieties) should therefore be one of the main
objectives of plant breeding.
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