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Summary
Here, we show that differences between genetically modified (GM) and non-GM comparators

cannot be attributed unequivocally to the GM trait, but arise because of minor genomic

differences in near-isogenic lines. Specifically, this study contrasted the effect of three GM traits

(drought tolerance, MON 87460; herbicide resistance, NK603; insect protection, MON 89034)

on maize grain composition relative to the effects of residual genetic variation from

backcrossing. Important features of the study included (i) marker-assisted backcrossing to

generate genetically similar inbred variants for each GM line, (ii) high-resolution genotyping to

evaluate the genetic similarity of GM lines to the corresponding recurrent parents and (iii)

introgression of the different GM traits separately into a wide range of genetically distinct

conventional inbred lines. The F1 hybrids of all lines were grown concurrently at three replicated

field sites in the United States during the 2012 growing season, and harvested grain was

subjected to compositional analysis. Proximates (protein, starch and oil), amino acids, fatty acids,

tocopherols and minerals were measured. The number of statistically significant differences

(a = 0.05), as well as magnitudes of difference, in mean levels of these components between

corresponding GM variants was essentially identical to that between GM and non-GM controls.

The largest sources of compositional variation were the genetic background of the different

conventional inbred lines (males and females) used to generate the maize hybrids and location.

The lack of any compositional effect attributable to GM suggests the development of modern

agricultural biotechnology has been accompanied by a lack of any safety or nutritional concerns.

Introduction

Maize (Zea mays L.) is a major source of food and feed products,

globally (James, 2012). Continuous improvements in traits such as

herbicide tolerance, insect protection and stress tolerance are

essential to the sustainable cultivation of this vital crop. Today,

crop development relies extensively on the introduction of

transgenic traits into plants, also referred to as genetic modifi-

cation (GM). Over 70% of all maize crops are enhanced with GM

traits, and this number continues to increase (James, 2012).

Results from approximately 20 years of compositional studies on

maize, many of which have been conducted as part of compar-

ative safety assessments required for commercialization, have

consistently shown no meaningful differences between GM crops

and their conventional counterparts (Harrigan et al., 2010;

Herman and Price, 2013) In fact, the impact of GM trait

introduction on composition is negligible relative to varietal/

hybrid differences and environmental (geography, climate and

agronomic practices) variability (Harrigan et al., 2010; Berman

et al., 2011; Zhou et al., 2011a,b; Harrigan and Harrison, 2012;

Harrison et al., 2013a,b). These results are hardly surprising and

they stem from two key considerations. Firstly, domestication and

breeding selection have placed some constraints on composi-

tional variability in modern maize (Flint-Garcia et al., 2009); this

has led to suggestions that incorporation of more exotic alleles

will be required to support continued germplasm improvements

(Flint-Garcia, 2013). Secondly, both conventional breeding and

the introduction of a new GM trait utilize the same type of

multiple successive backcrossing steps to maximize the genetic

similarity of any new line to commercially viable elite germplasm

and to ensure desired agronomic characteristics (Figure 1). This

backcrossing is driven primarily by breeding and agronomic

considerations (Wehrhahn and Allard, 1965) but may have

collateral regulatory and safety implications; as pointed out by

European Food Safety Authority (EFSA) GMO Panel, ‘the occur-

rence of unintended effects is not a phenomenon specific to

genetic modification. In classical breeding extensive backcrossing,

selection of favourable lines and discarding lines with unwanted

properties is common practice to remove unintended effects’

(EFSA, 2008).

Demonstrations of equivalence between GM and conventional

counterparts have led to proposals that compositional studies are

simply not required for regulatory assessments (Herman et al.,

2009; Herman and Price, 2013). Others have proposed that more
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innovative data analysis options (Harrison et al., 2011, 2013a,b;

Harrigan and Harrison, 2012) that acknowledge the inherent

variability of crop composition would ensure that effective

assessments of safety are conducted without imposing the

prohibitive regulatory burdens that discriminate against smaller

entrepreneurial organizations and may restrict agricultural inno-

vation.

The purpose of this study was to provide for the first time an

assessment of maize grain composition in the context of natural

variability associated with conventional germplasm and with

particular reference to the impact of the multiple backcrossing

steps that drive the development of both conventional and GM

maize products. There have been no studies on to what extent

differences between GM and non-GM near-isogenic comparators

are actually due to the GM trait. The study was designed

specifically to distinguish quantitatively between the relative

effects of a new GM trait and the residual genetic variation that

distinguishes any near-isogenic lines from each other. A range of

different GM traits (drought tolerance, MON 87460; herbicide

resistance, NK603; insect protection, MON 89034) were included

to assess the generality and robustness of study results, that is,

were the observations reproducible regardless of GM trait?

Three features of the study design that are particularly

informative included (i) marker-assisted backcrossing (MABC) to

generate two genetically similar inbred variants for each GM line,

(ii) high-resolution genotyping to evaluate the genetic similarity of

GM lines to the corresponding recurrent parents during MABC

and (iii) introgression of the different GM traits separately into a

wide range of genetically distinct conventional inbred lines.

All F1 hybrids developed from the above breeding programme

were grown concurrently at three replicated field sites in the

United States during the 2012 growing season. Components

analysed in the harvested grain included proximates (protein,

starch and oil), amino acids, fatty acids, tocopherols and minerals,

offering a comprehensive assessment of kernel composition and

consistent with those used in regulatory assessments.

Results and discussion

Genetic characterization of germplasm used in maize
hybrid production

The design of the experiment was founded on the use of

backcrossing in developing and preserving elite germplasm. An

overview of trait integration is shown schematically in Figure 1.

Overall, the study included a total of four males (sometimes

referred to as base inbreds) and two females (sometimes referred

to as testers) to generate the GM (MON 87460, NK603 and

MON 89034) hybrid sets, and selection of individuals from the

backcrossing process allowed generation of near-isogenic GM

variants. A summary of the hybrid and variant sets is presented in

Table 1. As highlighted in Table 1, the GM trait that was to be

incorporated into a hybrid was carried on either the male or

female line. All traited lines were genetically fingerprinted on the

Illumina (Diego, CA, USA) InfiniumTM platform. The InfiniumTM

microarrays used for genotyping consisted of 35 000 SNPs

markers. Results of the genetic similarity analysis (see Supporting

Information) are presented in Table 2 and shown schematically in

Figures 2 and 3. In this study, the similarity of all male and/or

female inbred lines that contained a GM trait was calculated as

greater than 93.7% for all comparisons to the corresponding

conventional line (recurrent parent). This high degree of similarity

is associated with the impact of backcrossing and is a critical

feature of current conventional and GM commercial breeding

practices. The genetic analysis also indicated subtle differences

between the inbred variants themselves. This is the foundational

concept of this study as such differences more broadly imply (i) a

genetic basis for compositional differences between ‘matched’

variants and (ii) that differences observed between GM and

non-GM comparators in many reported studies are not directly

the effect of the GM trait. In other words, the results of the

genetic fingerprinting allowed us to review whether composi-

tional differences between near-isogenic GM and non-GM

comparators are simply due to residual genetic variation associ-
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Figure 1 Overview of the successive conventional crossings involved in the GM trait integration process. Theoretically, six successive backcrosses will

yield 99% genetic similarity to the desired elite germplasm. Marker-assisted backcrossing allows a reduction in the number of generations required to achieve

this level of similarity. The process also generates multiple traited variants that are closely related to the elite germplasm as well as to each other.
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ated with the multiple conventional breeding steps required in

the development of new GM products.

Compositional analysis

Compositional components analysed in the harvested grain

included proximates (protein, starch and oil), amino acids, fatty

acids, tocopherols and minerals. For all hybrids, least square

mean values of each component were determined across all

sites (the combined-site analysis) as well as separately for each

of the three individual sites. Compositional values were consis-

tent with those reported for maize hybrids elsewhere (Alba

et al., 2010). Given the large volume of data, tabulated results

are presented in Tables S1–S12 and File S1. Table 3 (main text)

provides a condensed overview of the data summarized by the

female sets.

For the three GM traits, the following data analysis steps were

taken:

1 comparisons of mean component values from the GM hybrids

A and B, derived from their respective inbred variants (Table 1) to

those of the conventional control hybrid derived from the

respective recurrent parent as well as comparisons to each other

(Table 4; Figure 4). Statistically significant differences between

the mean values were declared at a = 0.05. The purpose of this

step was to compare the number of significant differences

between the traited and control lines to that observed between

corresponding traited variants (A and B).

2 assessment of magnitudes of differences in the comparisons of

mean component values from the traited hybrids, A and B,

(Table 1) with those of the conventional control hybrid derived

from the respective recurrent parent (Figure 5 and File S2). This

step involved determining the mean difference between each

corresponding comparator at the individual sites and expressing

that difference in percentages relative to the combined-site mean

for the conventional control. This allowed a direct comparison of

the range and distribution of component differences that could be

associated with GM trait effects or with residual genetic variation.

Overall, for each trait, these two steps would elucidate any

consistent trends in differences between a conventional control

and the GM product when expressed in a range of genetic

backgrounds. The use of a range of diverse traits would allow a

robust general conclusion on the effect of genetic modification.

Finally, variance component analysis (VCA) to compare the

effect of the GM trait on compositional variability relative to other

experimental factors such as germplasm (the effect of different

male and female lines) and location (Figure 6 and File S3) was

performed across all traits.

MON 87460

MON 87460 contains a gene that encodes cold-shock protein B

(CSPB) from Bacillis subtilis. Expression of this gene confers a yield

advantage when water availability is limited (Castiglioni et al.,

2008). The compositional equivalence of MON 87460 to a

conventional near-isogenic control has been reported (Harrigan

et al., 2009). In the current study, there were a total of 960

comparisons in the combined-site analysis (40 analytes 9 eight

hybrid sets 9 three entries [control, hybrid A, and hybrid B]

within each set). Of these, only 49 comparison (5.10%) were

significantly different (a = 0.05) and most differences were

associated with comparisons between the respective hybrid

variants and not between conventional and GM products. Given

the paucity of observed differences, no meaningful trends were

observed, that is, no analytes could be consistently associated

with the GM trait, or with differences between the hybrid

variants. The more meaningful interpretation of the data is that

the differences between the MON 87460 and respective

near-isogenic control hybrids were an unavoidable consequence

of the conventional breeding steps required in developing all

commercial maize, conventional or GM, that is, due to differ-

Table 2 Genetic similarity of traited males and female used in hybrid

formation (see Materials and methods)

% similarity

MON 87460

T3653Z -A 98.54

T3653Z -B 97.63

T5927Z -A 94.06

T5927Z -B 94.19

A8389Z –A 96.98

A8389Z -B 97.42

T5373Z -A 99.35

T5373Z -B 97.66

NK603

T3653Z -A NA

T3653Z -B 97.19

V0064Z -A 98.07

V0064Z -B 98.07

T5927Z -A 98.74

T5927Z -B 95.97

A8389Z -A 97.63

A8389Z -B 97.56

MON 89034

V0064Z -A 98.41

V0064Z -B 98.71

A7196Z -A 98.16

A7196Z -B 97.36

T5373Z -A 93.68

T5373Z -B 96.66

Table 1 Overview of GM traits, hybrid sets (Female/Male) and hybrid

entries (numbers 1–52)

Trait

Control

NK603

MON

87460

MON

89034

Female Male A B A B A B

A7196Z T3653Z 1 2 3 4 5 6 7

A7196Z T5927Z 8 9 10 11 12 13 14

A7196Z A8389Z 15 16 17 18 19

A7196Z T5373Z 20 23 24 21 22

V0064Z T3653Z 25 26 27 28 29 32 33

30 31

V0064Z T5927Z 34 35 36 37 38 41 42

39 *

V0064Z A8389Z 43 44 45 46 47

V0064Z T5373Z 48 51 52 49 50

For NK603, the GM trait was carried on the male lines except for entries 30, 31

and 39; for MON 87460, the GM trait was carried on the male line for all

entries; for MON89034, the GM trait was carried on the female line except for

entries 49–52. *The corresponding B variant was not available.
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ences in genetic background differences rather than to the

MON 87460 trait.

In assessing magnitudes of difference, it was also evident that

the range and distribution of values between the GM hybrid

variants or between the GM and near-isogenic conventional

comparators were essentially similar. This is exemplified in

Figure 5 which shows difference associated with a single com-

ponent (using linoleic acid as an example, see also File S2) as well

as across all components.

In summary, it can be concluded that a GM trait that acts

through a regulatory protein, such as an RNA chaperone, is no

more likely to impact crop composition than a trait expressed

through the function of a single enzyme (such as herbicide

tolerance in NK603, see below). Drought tolerance has been

associated with some osmoprotectant metabolites such as sugars

(e.g. trehalose) and free proline (Bartels and Sunkar, 2005), and

although these do not represent a safety endpoint, their

measurement could contribute to a hypothesis-driven character-

ization of a stress-tolerant GM product.

NK603

NK603 contains a gene that encodes the CP4 5-enolpyruvyls-

hikimate-3-phosphate synthase (CP4 EPSPS) protein which

confers tolerance to the family of Roundup� (Monsanto

Company, St. Louis, MO, USA) herbicides. Earlier compositional

assessments have been reported (Ridley et al., 2002). In the

study reported here, there were a total of 840 comparisons in

the combined-site analysis (40 analytes 9 seven hybrid

sets 9 three entries per set) of which only 38 (4.52%) were

significantly different (a = 0.05). As for MON 87460, no

analytes could be consistently associated with the GM trait, or

with differences between the variants. Assessments of magni-

tudes of difference were also essentially similar to that observed

for the MON 87460 hybrids. This raises the question of whether

nonhypothesis-driven compositional analysis is scientifically war-

ranted for GM crop assessments. In other words, a hypothesis

directly linking expected compositional changes to a GM trait

would be required for meaningful interpretation otherwise
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Figure 3 Comparison of all genetic profiles of GM trait-containing inbred with its recurrent parent. The number at top indicates chromosome number.

They yellow segments indicated unconverted regions. The similarity of the traited inbreds to the recurrent parent as well as to each other is listed on

the left of the diagram.
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Figure 2 Comparison of the genetic profile of a MON 89034 inbred with its recurrent parent, SNP markers (vertical tics) on the ten chromosomes of the

maize genetic map are coloured grey if the genotypes are the same, and either red or green if different; if recurrent parent is homozygous and the

MON 89034 line is homozygous with the opposite allele, the marker is red; if recurrent parent is homozygous and the MON 89034 line is heterozygous,

the marker is green. Mismatched genomic regions identified by a clustering algorithm are boxed above and account for about 4% of the genome allowing

us to say the MON 89034 and recurrent parent is 96% similar. The region on chromosome 4 is near the event insertion site, corresponding to genomic

segment from donor line that was selected with the event in backcross process. A large unconverted genomic region on chromosome 1 is also apparent.
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observed differences between two near-isogenic comparators

can most realistically be assumed to be due to residual genetic

variation. In this context, it is noteworthy that EFSA (2008)

states that animal studies are warranted only when composi-

tional differences are seen for the GM effect yet NK603 has

been associated with recent controversy related to highly

disputed results reported in a formerly retracted (now repub-

lished) rat feeding study (Casassus, 2014).

Table 3 Grain component mean values* combined by female

Analyte

Control MON87460 MON89034 NK603

A7196Z V0064Z A7196Z V0064Z A7196Z V0064Z A7196Z V0064Z

Proximates†

Oil 4.09 3.81 4.13 3.82 4.09 3.75 4.27 4.06

Protein 8.36 7.71 8.52 7.86 8.41 7.72 8.52 7.84

Starch 73.95 74.12 73.91 74.16 73.94 74.28 73.68 73.69

Amino acids†

Alanine 0.63 0.59 0.64 0.59 0.63 0.58 0.64 0.60

Arginine 0.46 0.45 0.46 0.45 0.47 0.45 0.46 0.45

Aspartate 0.57 0.54 0.58 0.54 0.58 0.54 0.57 0.55

Cysteine 0.20 0.20 0.19 0.19 0.21 0.20 0.19 0.19

Glutamate 1.73 1.61 1.75 1.62 1.75 1.59 1.74 1.64

Glycine 0.33 0.32 0.33 0.32 0.33 0.32 0.33 0.32

Histidine 0.23 0.23 0.23 0.22 0.24 0.22 0.23 0.22

Isoleucine 0.30 0.28 0.30 0.28 0.30 0.27 0.30 0.28

Leucine 1.03 0.94 1.05 0.95 1.04 0.93 1.04 0.96

Lysine 0.25 0.25 0.25 0.25 0.26 0.25 0.25 0.25

Methionine 0.19 0.17 0.18 0.17 0.19 0.18 0.18 0.17

Phenylalanine 0.35 0.32 0.35 0.32 0.35 0.32 0.35 0.33

Proline 0.80 0.77 0.79 0.77 0.80 0.75 0.78 0.77

Serine 0.43 0.41 0.44 0.41 0.44 0.41 0.43 0.41

Threonine 0.31 0.29 0.31 0.29 0.31 0.29 0.31 0.29

Tryosine 0.35 0.33 0.36 0.33 0.37 0.33 0.35 0.33

Tryptophan 0.061 0.062 0.062 0.063 0.063 0.061 0.062 0.062

Valine 0.42 0.40 0.42 0.40 0.43 0.40 0.42 0.40

Fatty acids‡

Palmitic 11.48 11.08 11.26 11.19 11.91 11.29 11.38 10.96

Stearic 1.74 1.84 1.76 1.85 1.71 1.86 1.74 1.82

Oleic 28.83 27.67 28.52 27.78 28.04 27.04 29.66 28.48

Linoleic 55.23 56.61 55.71 56.45 55.63 57.02 54.53 56.04

Linolenic 1.49 1.50 1.49 1.46 1.47 1.52 1.48 1.46

Eicosenoic 0.42 0.46 0.43 0.46 0.45 0.45 0.43 0.43

Eicosadienoic 0.34 0.35 0.33 0.34 0.33 0.34 0.33 0.34

Behenic 0.15 0.14 0.15 0.14 0.16 0.15 0.12 0.14

Tocopherols§

a-Tocopherol 14.10 11.11 13.74 11.81 12.79 11.74 12.10 10.82

d-Tocopherol 1.33 0.74 1.34 0.79 1.55 0.98 1.52 0.96

c-Tocopherol 42.50 31.07 42.01 31.19 46.52 35.96 46.15 35.27

Minerals¶

Aluminum 41.68 43.43 41.91 43.51 44.87 42.48 43.26 41.52

Calcium 0.0035 0.0040 0.0034 0.0034 0.0034 0.0038 0.0035 0.0034

Iron 15.39 14.90 15.58 14.70 15.50 14.04 15.61 14.30

Magnesium 0.081 0.087 0.081 0.084 0.082 0.085 0.081 0.086

Manganese 4.45 3.60 4.46 3.49 4.74 3.70 4.41 3.46

Phosphorus 0.22 0.22 0.22 0.21 0.22 0.21 0.22 0.22

Potassium 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27

Zinc 15.20 15.25 14.58 14.36 15.51 15.02 16.28 14.23

*Least square means determined across all three individual sites and males. Means and standard errors for individual hybrids are shown in Tables S1–S12.
†Expressed as % dwt, starch, protein determined by NIR,
‡Fatty acids expressed as % total FA,
§Expressed as mg/kg dwt.
¶Aluminum, iron, manganese, zinc expressed as mg/kg dwt, calcium, magnesium, phosphorus, potassium expressed as % dwt.
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MON 89034

MON 89034 expresses two Cry insecticidal proteins (Cry1A.105

and Cry2ab2) from Bacillis thuringiensis that provide protection

against lepidopteran insect pests. The compositional equivalence

of MON 89034 to a conventional near-isogenic control has been

reported (Drury et al., 2008). In this study, only 42 (5.83%) of

720 comparisons in the combined-site analysis (40 analytes 9 six

hybrid sets 9 three entries per set) were significantly different

(a = 0.05). Overall, as for the other traits, no analytes could be

consistently associated with the GM trait, or with differences

between the variants. In other words, results obtained in this

study for the three distinct traits, drought tolerance, herbicide

resistance, and insect protection, were near-identical.

With respect to MON 89034, compositional studies on other

Cry protein-containing products such as MON 810 have con-

firmed that differences between GM and non-GM comparators

are of similar number and magnitude to that consistent with the

residual genetic variation associated with the backcrossing steps

used in the generation of conventional and GM products (Zhou

et al., 2011b). It can be extrapolated that meaningful composi-

tional changes are unlikely to be induced in any Cry protein-

containing products.

Variance component analysis

As mentioned earlier, magnitudes of differences in the compar-

isons of mean component values from the traited hybrids, A and

B, with those of the conventional control hybrid derived from the

respective recurrent parent were evaluated. This step involved

determining the mean difference between each corresponding

comparator at the individual sites and expressing that difference

in percentages relative to the combined-site mean for the

conventional control. At the same time, the model was used to

estimate the means difference between the same conventional

control hybrid grown in different sites and provided information

on the impact of environment on composition (e.g. Figure 5). To

more effectively compare the relative contributions of environ-

ment, germplasm, trait, and residual genetic variation, a variance

component analysis (VCA) was performed. This analysis con-

firmed a lack of ‘trait’ effect; in this context, ‘trait’ effect could

more reasonably be referred to as a ‘variant’ effect because it

refers to differences between A and B variants from the control

and therefore includes a contribution from both the GM trait and

background genetic effects. The result of VCA combined across

all components and all three GM traits is presented in Figure 6.

Data presented in Supporting Information show that variation in

levels of proximates, amino acids, fatty acids, and tocopherols

were generally dominated by germplasm (male–female combina-

tion), location, and residual effects. Variation in minerals was

dominated, in general, by location and residual effects. The trait

effect (or variant effect) was essentially zero for all components.

The impact of germplasm and environment on compositional

variation is now well established in studies on GM crops (Harrigan

et al., 2010; Berman et al., 2011; Zhou et al., 2011a,b; Harrigan

and Harrison, 2012; Harrison et al., 2013a,b), and it is increas-

ingly evident that GM is a negligible contributor to that variation.

Conclusion

There are numerous rigorous selection and quality control steps

that ensure a lack of unintended effects in newly developed GM

crops (Privalle et al., 2012). Moreover, the development of new

GM maize hybrids is, at its core, a conventional breeding venture

involving extensive backcrossing steps to ensure a high degree of

genetic similarity to elite, high performing commercial germ-

plasm. By generating GM variants that are as near-isogenic as

practically possible to the respective conventional control, as well

as to each other, our study design allowed us to distinguish

potential GM effects on composition from residual genetic

variation associated with backcrossing. Results showed that

differences that would be observed in comparisons between

any near-isogenic comparators, conventional or GM, greatly

exceed that of GM effects and provide a strong underpinning as

to why the impact of GM technology on composition has been

consistently found to be negligible. This observation extended not

only to physiologically simple single gene traits such as herbicide

tolerance or insect protection but to traits that enhance plant

physiology to better enable yield or stress tolerance, traits that

have also been sought through conventional breeding selection.

It is also evident that the term genetic modification is a

misnomer when referring to crops developed through modern

biotechnology (Herring, 2008). GM traits can be introgressed into

a wide range of conventional germplasm without impacting

Table 4 Number of statistically significant differences (a = 0.05)

from the combined-site analysis (three field sites)

Trait Hybrid A vs B Control vs A Control vs B Total

MON 87460 19* 13* 17* 49 (5.0%)†

NK603 11‡ 18‡ 9‡ 38 (4.52%)§

MON89034 12¶ 18¶ 12¶ 42 (5.83%)**

Total 42/840

(5.00%)

49/840

(5.83%)

38/840

(4.52%)

129/2520

(5.11%)

*From a total of 320 comparisons.
†From a total of 960 comparisons.
‡From a total of 280 comparisons.
§From a total of 840 comparisons.
¶From a total of 240 comparisons.

**From a total of 720 comparisons.

Conventional 
control

Hybrid 
variant B

Hybrid 
variant A

Differences (α = 0.05)

MON 87460 19

NK603 11

MON 89034 18

Differences (α = 0.05)

MON 87460 13

NK603 18

MON 89034 18

Differences (α = 0.05)

MON 87460 17

NK603 9

MON 89034 14

Figure 4 A three-way comparison of the hybrid variants and the

corresponding conventional control. Differences in comparisons

represented by the diagonal arrows can be attributed to residual genetic

variation; differences in comparisons represented by the horizontal arrow

can be attributed to residual genetic variation. Components identified as

being statistically significantly different are presented in the Supporting

Tables.
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extant levels of genetic quality and diversity; the binary

classification of GM and non-GMO crops is an artificial dichotomy

from the perspective of plant composition and genetics.

Our results have implications for current practices and

principles of current safety assessments. The results of previous

studies which have assigned differences between near-isogenic

conventional and GM comparators to the GM trait may have to

be reconsidered. As has been pointed (Herman and Price, 2013),

the lack of unintended compositional consequences observed

after decades of studies on a range of GM crops support the
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Figure 6 Variance component analysis averaged

across all traits and all hybrids. These results

highlight the lack of any trait effect; the term Trait

(Female_Male) represents variation due to trait

(Control, MON87460, MON89034 and NK603)

within a female and male combination but does

include a contribution from residual genetic

variation. The term Entry (Trait 9 Female_Male)

represents variation due to differences between

the A and B variants (i.e. residual genetic

variation).
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Figure 5 The plots on the left show (bottom caption) magnitudes of difference observed for all corresponding A versus B comparisons expressed as

percentage difference, (middle caption) magnitudes of differences observed of A and B hybrids versus control and (top caption) differences between

control hybrids grown at different sites. The plots on the right are similar plots combined across all components.
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safety of the GM process. Compositional studies can therefore

only have merit if there is a specific hypothesis on effects that can

be directly associated with insertion of a given GM trait. In other

words, issues related to safety and nutrition can be more

effectively addressed through targeted hypothesis-driven evalua-

tions than by large-scale prescriptive studies that fail to distin-

guish residual genetic variation between near-isogenic

comparators. This is especially true when considering hypothe-

sis-free nontargeted profiling approaches that can neither asso-

ciate observed differences with the GM trait nor a clear safety or

nutritional endpoint. The lack of any compositional effect

comprehensively established here for a range of diverse GM

traits suggests that citing the so-called precautionary principle to

limit the development of modern agricultural biotechnology is

misplaced and that the expense and resources associated with

precautionary approaches are preventing beneficial traits being

developed by smaller organizations that lack the resources to

generate required regulatory data.

Materials and methods

Maize samples, nursery and field production

In summary, there were a total of four males (Manufacturer

Codes: T3653Z, T5373Z T5927Z and A8389Z) and two females

(Manufacturer Codes: A7196Z and V0064Z) (Table 1). These

males and females provided the foundation for a range of

different traited and conventional control hybrids in this study.

The three GM traits chosen for the study included stress

tolerance, (MON 87460) (Castiglioni et al., 2008), herbicide

tolerance, (NK603) (Ridley et al., 2002), and insect protection,

(MON 89034) (Drury et al., 2008). For each GM trait, sets of

hybrid variant (A and B) were generated from respective base

inbred (male) or tester (female) variants (A and B). Multiple

hybrids were generated for each GM trait and each variant, in

three to four different genetic backgrounds depending on the

GM trait. Control hybrids used for comparison were generated in

same genetic background but without the GM trait. A total of 51

hybrids were generated for analysis (Table 1).

Production of transgenic conversions

The conversions used in this experimentwereproducedby standard

backcross breeding supplemented with molecular markers

(Eathingtonet al.,2007).Tissuesamplesforeach individual seedling

growing in the conversion nursery were shipped to the Monsanto

marker laboratory in Ankeny, Iowa, where they were assayed with

PCRusing100polymorphicmarkers. Individualsmostclosely related

to the recurrent parent for each conversion were pollinated and

advancedtothenextgeneration.Thiswascontinuedfor threetofive

generations depending on the inbred. After the last backcross,

plantswereself-pollinatedtoproducehomozygous linesandfurther

increased to produce F4 seed bulks to be used in hybrid production.

The A and B versions were developed by selfing two different

plants in the last backcross generation BC3 generation and

continuing two separate lineages from that point.

Genetic fingerprint analysis

A bulked seed sample from each of the finished conversions was

shipped to the genotyping laboratory at Monsanto St Louis for

fingerprinting. The conversions were fingerprinted using the

Illumina InfiniumTM platform. The InfiniumTM microarrays used for

genotyping consisted of 35 000 SNPs markers. The SNPs are

proprietary Monsanto genetic markers, mostly discovered from

the sequencing of two public lines: MO17 and B73 and two elite

Monsanto inbreds. By comparing or overlaying genotypes of GM

conversions with parental line on the genetic map, we can identify

genomic regionswhere theydiffer. For example, Figure 2compares

a MON 89034 conversion with its recurrent parent, colouring SNP

markers (vertical tics) on geneticmap grey if their genotypes are the

same, and either red or green if their genotypes are different; if

recurrentparent ishomozygousandconversion ishomozygouswith

the opposite allele, marker is coloured red; if recurrent parent is

homozygous and conversion is heterozygous, marker is coloured

green. As expected, and as exemplified in Figure 2, mismatched

SNPs tend to cluster, with the clusters defining continuous genomic

segments where the lines differ. In Figure 2, the region on

chromosome 4 is near the event insertion site, corresponding to

genomic segment from donor line that was selected with the GM

transgene in backcross process. A large unconverted genomic

region on chromosome 1 is also apparent.

Todelimit contiguous regions on thegeneticmapwhere thenear

isolines differ, we used a clustering algorithm that identified

groupings of improbably neighbouring mismatched markers,

accounting for the probability that some SNPs within a region of

difference will match (i.e. identical by state but not identical by

descent), variability in marker map positions, as well as fingerprint

error rate. Delimiting genomic regions is complicated by the large

number of matching SNPs within a region. In a straightforward

backcross conversion with a single donor and a single recurrent

parent, this complication canbe avoidedby first identifyingmarkers

whose genotypes differ between the donor and recurrent parent

line; these are the so-called informative markers. When the

clustering algorithm is applied using informative markers only, the

genomic segments can be more precisely defined. In related work,

Frisch andMelchinger (2006) used low-density genetic fingerprints

of donor, recurrent parent and offspring to attribute genomic

regions in offspring to donor or recurrent parent. Their application

required knowledge of informativemarkers, and extensive interpo-

lation due to lowmarker density.

Hybrid production

The hybrid seed was produced at the Monsanto research farm in

Kihei, Hawaii. The parents (male and female inbreds) for each

hybrid were planted in three rows called ‘triplets’ where the male

parent was planted in the centre row flanked by two rows of the

same female parent. This configuration was used for each hybrid

in the study. To produce the seed, pollen from the male parent in

the centre row was collected in standard paper pollinating bags

and transferred to the silks of the female parents in the adjoining

rows by holding the pollinating bag over the silks and shaking the

bag, so the cloud of pollen would settle on all of the exposed

silks. To prevent other pollen from contaminating the sample, a

‘shoot bag’ was kept over the ear shoot until pollination and the

pollinating bag was left over the ear after pollination until harvest.

The ears were harvested after maturity, dried to approximately

12% moisture in the seed and shipped to the Monsanto research

facility in Huxley Iowa for processing and packaging for planting.

Field trials

The hybrids were planted in the field in 2012 growing season in a

randomized complete block design at three different locations in

United States (Boone County, Iowa and Sangamon and McClean

Counties, Illinois). At each location, the plots comprised four rows

(7 m long and 0.7 m between rows). Each hybrid material was

planted in three replications at each location. Standard agro-
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nomic practices for each geographic region were followed. At

harvest, six ears were harvested by hand and were dried down to

14% moisture before shelling the seed form the cobs. The seed

for the six ears was bulked and shipped to St Louis for

compositional analysis.

Analytical methods

Grain samples were analysed for protein, oil, starch, amino acids,

fatty acids, minerals and tocopherols. Moisture levels were

measured for the re-expression of fresh weight values on a dry

weight basis. Values for protein, oil and starch were determined

using NIRS (near-infrared spectroscopy) following ISO (Interna-

tional Standard Organization) certified methods. Approximately

250-g sample of whole-kernel was used in a Foss Infratec 1221

near-infrared transmittance (NIRT) instrument. The NIRT was

calibrated using reference wet chemistry methods. %RSD (rela-

tive standard deviation) calculated from control samples for

protein, oil and starch were 1.49%, 3.02% and 0.71%,

respectively. Each test sample was measured in duplicate to

verify repeatability and average of the two repeats was reported.

Where replicate analyses were more than 3 9 standard devia-

tion, a third replicate was run. When there were more than two

replicate values, a Q-Test was performed to determine whether

there is an outlier. If Q (observed) > Q (tabulated), the outlier is

discarded and average of the only the two remaining results were

reported. All NIRT results were reported on a dry basis percentage

(percentage of nonwater material).

Methods for determination of amino acids were as described

previously in Harrigan et al. (2007). Fatty acids were determined

using AOCS (American Oil Chemists’ Society) methods as

described in Harrigan et al. (2007). Minerals (calcium, copper,

iron, magnesium, manganese, phosphorus, potassium, sodium

and zinc) levels were estimated using inductively coupled plasma

emission (ICP) mass spectrometry-based AOAC methods as

described in Drury et al. (2008). Tocopherol analysis was based

on a reversed-phase HPLC method using fluoresence detection

with excitation at 290 nm and emission at 336 nm (Hogarty

et al., 1989). Tocopherols were extracted from ground lyophi-

lized seed with 0.1% pyrogallol in ethanol. The reversed-phase

HPLC system comprised a Keystone Aquasil C18 column at 40 °C,
and methanol as mobile phase. Flow rate was 1 mL/min.

Statistical analysis

Statistical analyses were performed using SAS Software (SAS

Institute, Cary, NC, USA) Release 9.4. All compositional compo-

nents were statistically analysed using a mixed model analysis of

variance. The three replicated sites were statistically assessed

individually (individual site analysis) and as a combination of the all

three sites (combined-site analysis).

Combined-site analysis was performed using the following

model:

Yijklm ¼ U þ Si þ RðSÞij þ Hk þ TðHÞkl þ EðTHÞklm þ SEðTHÞiklm
þ eijklm

where Yijklm is the unique individual observation, U is the overall

mean, Si is the random site effect, R(S)ij is the random replicate

within site effect, Hk is the hybrid or male 9 female effect, T(H)kl
is the trait within hybrid effect, E(TH)klm is the entry within trait

and hybrid combination effect, SE(TH)iklm is the random site by

entry within trait and hybrid combination interaction effect, and

eijklm is the residual error.

Individual site analysis was performed using the following

model:

Yijkl ¼ U þ Ri þ Hj þ TðHÞjk þ EðTHÞjkl þ eijkl

where Yijkl is the unique individual observation, U is the overall

mean, Ri is the random replicate effect, Hj is the hybrid or

male 9 female effect, T(H)jk is the trait within hybrid effect, E

(TH)jkl is the entry within trait and hybrid combination effect, and

eijkl is the residual error.

The SAS procedure PROC MIXED was employed to run the

analysis. A residual is the difference between the observed value

and its predicted value from a statistical model. A studentized

residual is scaled so that the residual values tend to have a

standard normal distribution when outliers are absent. Thus, most

values are expected to be between �3. Extreme data points that

are also outside of the �6 studentized residual range are

considered for exclusion, as outliers, from the final analyses. A

total of 18 observations of 18 360 had studentized residuals

outside of the �6 range (one cysteine, one glycine, three

eicosadienoic, five iron, one magnesium, one manganese, one

zinc, three c-tocopherol and two d-tocopherol). These observa-

tions were identified as outliers and removed from analysis.

For each compositional component, the mean of the control

hybrid was compared to the mean of the respective A and B

inbred variants of each trait. Likewise, for each compositional

component and trait, the mean of the respective A and B inbred

variants was compared to each other. Statistically significant

differences between the mean values were declared at a = 0.05.

Assessment of magnitudes of difference was performed using

the combined-site ANOVA model with the effects of site and the

interaction between site and entry within trait and hybrid

combination as fixed effects. The model was used to estimate

the within site means difference between each of the traited

hybrids, A and B, (Table 1) and the conventional control hybrid

derived from the respective recurrent parent for each composi-

tional component. At the same time, the model was used to

estimate the means difference between the same conventional

control hybrids grown in different sites. All differences were

expressed as percentages relative to the combined-site mean for

the conventional control. This step therefore allowed a direct

comparison of the range and distribution of component that

could be associated with GM trait effects or with residual genetic

variation.

Variance components analysis (VCA) was also conducted to

estimate the relative contribution of the experimental factors to

the total variance in the study. In this application, all effects from

the combined-site ANOVA model were set as random effects. The

SAS procedure PROC MIXED was employed to run the analysis.

The output table of covariance parameter estimates from SAS

PROC MIXED procedure gives estimates of the variance compo-

nent parameters for each of model components. The variance

component parameters of each model component were divided

by the total variance to obtain the variance proportions for each

component.
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Additional Supporting information may be found in the online

version of this article:

Figure S1 Genetic distance and similarities of the conventional

inbreds represented in this study.

Table S1 Starch protein and amino acid combined site mean

values for grain from control hybrids.

Table S2 Starch protein and amino acid combined site mean

values for grain from MON87460 hybrids.

Table S3 Starch protein and amino acid combined site mean

values for grain from MON89034 hybrids.

Table S4 Starch protein and amino acid combined site mean

values for grain from NK603 hybrids.

Table S5 Oil fatty acid and tocopherol combined site mean values

for grain from control hybrids.

Table S6 Oil fatty acid and tocopherol combined site mean values

for grain from MON87460 hybrids.
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Table S7 Oil fatty acid and tocopherol combined site mean values

for grain from MON89034 hybrids.

Table S8 Oil fatty acid and tocopherol combined site mean values

for grain from NK603 hybrids.

Table S9 Mineral combined site mean values for grain from

control hybrids.

Table S10 Mineral combined site mean values for grain from

MON87460 hybrids.

Table S11 Mineral combined site mean values for grain from

MON89034 hybrids.

Table S12 Mineral combined site mean values for grain from

NK603 hybrids.

File S1 Supporting_File1_Ind SiteData provides individual site

data in xml format.

File S2 Supporting_File2_Histogram of Differences provides

graphical plots showing distribution of magnitude differences

between near-isogenic comparators.

File S3 Supporting_File3_Variance Component Plots provides

graphical plots showing the results of variance component

analysis for all assessed crop compositional analytes.
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