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Maize (Zea mays L.) plants have been transformed to express a CrylF insecticidal crystal protein
originally isolated from Bacillus thuringiensis Berliner. This protein controls lepidopteran pests of maize,
including the European corn borer, Ostrinia nubilalis (Hibner). As part of the safety assessment for
crops containing transgenes, a compositional analysis of the food and feed is conducted. This analysis
is designed to detect unintended changes in the nutrient and antinutrient content of the raw
commodities produced by the crop due to the insertion of the genes into the genomic DNA of the
plant (pleotropic effects). Samples of transgenic and nontransgenic maize forage and grain were
collected from six field sites located in the U.S. and Canada. Forage samples were analyzed for
proximates and minerals, and grain was further analyzed for fatty acids, amino acids, vitamins,
secondary metabolites, and antinutrients. Results demonstrated that maize expressing the CrylF
protein was equivalent to nontransgenic maize with respect to these important components.
Comparison of the variability within the nontransgenic and transgenic hybrid, as compared to
composition values reported in the literature, suggest that factors other than transgenes may contribute
more substantially to the composition of crops.
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INTRODUCTION Canada. Forage samples were analyzed for proximates and

Maize Zea mays..) plants have been transformed to express miperalg, an'd grain was further anallyzed for fatty acids, amino
a CrylF insecticidal crystal protein originally isolated from acids, vitamins, secondary metabolites, and antinutrients.
Bacillus thuringiensisBerliner. This protein controls lepi- Transformation event TC6275 also contains a gene that
dopteran pests of maize, including the European corn borer,"énders the maize plants resistant to Liberty herbicide (glufo-
Ostrinia nubilalis (Hiibner). Transformation event TC1507 Sinate-ammonium). Because this herbicide may be used on this
expresses the Cry1F protein and has been commercialized undeifansformation event, some regulatory agencies also require a
the trade name Herculex I. Currently under development is a compositional analysis on crops treated with the herbicide. This
second CrylF transformation event, TC6275, which has an is designed to determine if the use of the herbicide alters the
expression pattern that may be useful in some niche pest-controlcomposition of the crop. In this study, the composition of maize-
situations. optimized, CrylF event TC6275 (with and without treatment
As part of the safety assessment for crops containing With Liberty herb_ipide) was compared toanontransgenic c_ontrol
transgenes, a compositional analysis of the food and feed is@nd to composition values for conventionally bred maize as
conducted, 2). This analysis is designed to detect unintended "eported in the literature.
changes in the nutrient and antinutrient content of the raw
commaodities produced by the crop due to the insertion of the MATERIALS AND METHODS
genes into the genomic DNA of the plant (pleotropic effects).

Samples of transgenic and nontransgenic maize forage and grain HYPrid Cry1F maize seed was produced by crossing an inbred line
were collected from six field sites located in the U.S. and containing event TC6275 (CrylF) to a second nontransgenic inbred
line. A genetically similar control hybrid was produced by crossing
the same two inbred lines without the transgenes present (nontransgenic
* Corresponding author [telephone (317) 337-3551; fax (317) 337-3255; control). Seed was planted in conventionally tilled plots between May
e'T%Lﬁnggﬂggggcﬁg' 15 and QUne 10, 2002, ina _LaHoqL_Je loam soil at Rochelle, IL; in' a
+EPL Bio-Analytical Services. Plano Silt loam soil at Wyoming, IL; in a Brookston/Crosby loam soil

§ Pioneer Hi-Bred International, Inc. at Noblesville, IN; in a Hastings Silt loam soil in York, NE; in a Brant
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Silt loam soil at Thorndale, Ontario, Canada; and in a Ste-Sophie Sandydetection (GC/FID). External standards were used to calibrate the GC/
loam in Abbotsford, Quebec, Canada. Each field site contained three FID system (12—14).

treatments: a nontransformed control hybrid, a Cry1F transgenic hybrid, Minerals.Levels of calcium, copper, iron, magnesium, manganese,
and the same Cry1F transgenic hybrid treated with Liberty herbicide. phosphorus, potassium, sodium, and zinc were determined by induc-
Plots were arranged in a randomized complete block design with three tively coupled plasma optical emission spectrometry (ICP-OES) by an
replicate blocks. Plots were two rows wide (0.75 m row spacing) and AOAC method (5). Grain and forage samples were dry-ashed in a
approximately 7.7 m long. Each plot contained a one-row border on muffle furnace at 650C. The resulting ash was dissolved in hot 50%
each side, and a minimum of 3 m separated blocks. Planting equipmentnitric acid and diluted with deionized water. Emission intensity at the
and maintenance chemical use reflected local conventions. Liberty appropriate wavelength was determined for each element and compared

herbicide was applied to one set of CrylF plots at the-V8 growth to that of external standards to obtain quantitative results.

stage (June 10 to July 6) at 0:30.44 kg ai/ha and again at the 6 Amino Acid CompositionAmino acids in grain were determined
V7 growth stage (June 20 to July 18) at 0-4¥50 kg ai’/ha. Hand by three methodsl6—18). The procedure for tryptophan required base
pollination ensured that sampled grain was self-pollinated. hydrolysis with lithium hydroxide. Analysis of tryptophan was per-

Forage samples were collected at approximately the R4 growth stageformed by reverse-phase high-performance liquid chromatography
Samples consisted of three whole plants (aerial portion) per plot. (HPLC) with ultraviolet detection. The sulfur-containing amino acids,
Samples were chopped into sections of less than 5 cm in length andcystine and methionine, required oxidation with performic acid prior
dried until a constant weight was achieved. Grain samples were to hydrolysis with hydrochloric acid. The remaining 15 amino acids
collected at typical harvest (13968 days after planting). Five self-  were directly hydrolyzed with hydrochloric acid. The free amino acids

pollinated ears were collected from each plot, driee i5% moisture, liberated by acid hydrolysis were derivatized with 6-aminoquinolyl-
and shelled. Samples were stored frozen—(15 °C) prior to being N-hydroxysuccinimidyl carbamate and analyzed by HPLC with fluo-
analyzed. rescence detection.

Compositional Analyses.Compositional analyses were conducted ~_ 2-FuraldehydeLevels of 2-furaldehyde were determined by extrac-
to measure proximates (protein, fat, ash, and moisture), acid detergention with methanol and reverse-phase HPLC with ultraviolet detection
fiber (ADF), neutral detergent fiber (NDF), crude fiber, amino acids, (19). External standards were used to calibrate the HPLC system.
fatty acids‘ minerals (Ca|cium, copper, iron‘ magnesium' manganese, Inositol. Levels of inositol were determined by a del’lvatIZ.atlon
phosphorus, potassium, sodium, and zinc), vitamins (vitamin E, Procedure reported by Knap2@). Samples were extracted with a
riboflavin, thiamin, f-carotene, and folic acid), antinutrients (phytic ~Mixture of ethanol and water. An aliquot of the extract was filtered,
acid and trypsin inhibitor), and secondary plant metabolites (2- diluted W|th_the ethane+water§olvent, and evaporated to drynes_s un_der
furaldehyde, raffinose, inositgh-coumaric acid, and ferulic acid) levels @ flow of nitrogen on a heating block. Standard solutions of inositol
in maize grain_ Grain Samp'es were ground prior to ana'ysis to pass aWere evaporated a|0ng with Samples for use as instrument calibration
20-mesh screen. Proximates, ADF, NDF, crude fiber, calcium, and Standards. Inositol in the dried residue was derivatized with butylboronic

phosphorus levels were determined in maize forage. Forage samplecid in pyridine. The derivatized extract was then analyzed by GC/

were ground prior to analysis to [gaa 1 mmscreen. All compositional FID. ] o ) =
analyses were performed at EPL Bio-Analytical Services (Harristown, ~ Phytic Acid.Levels of phytic acid were determined by a modified
IL). Brief descriptions of the procedures used are given below. version of an AOAC method2(l). Phytic acid was extracted from the

samples with dilute hydrochloric acid. The extracted phytate was
isolated on an anion-exchange solid-phase extraction cartridge and
eluted with dilute sodium chloride solution. The eluted phytate was

gravimetrically by an acid hydrolysis procedud.(Ash content was then mea§ured indirectly by deter_minir_lg the elemgntal phosphorus
determined by gravimetric measurement of the sample residue remain-concentration by ICP-OES. The phytic acid concentration was calculated
ing after ignition in a muffle furnace (5). Moisture content of grain from thg elemental phosphorus result by use of a molecular weight
was determined by gravimetric measurement of weight loss after drying COnversion factor. .

in a vacuum oven at 100C (6). Moisture content of forage was TocopherolsTocopherols (0,3, y, ando) were extracted with hot
determined by gravimetric measurement of weight loss after drying in hexane in a sealed glass vessel. The hexane extract was cooled, filtered,

a forced air oven at 135C (7). Carbohydrate levels were estimated 2nd @nalyzed by normal-phase HPLC with fluorescence dete@®n (
by use of the fresh weight-derived data a8l External standards were used to calibrate the HPLC system.

[-Carotene. 5-Carotene content was determined by an AOAC
method 23). Samples were extracted with an acetone/hexane solution.
The extracts were assayed with a UV/visible spectrophotometer. The
spectrophotometer was calibrated with external standards.

Trypsin Inhibitor. Trypsin inhibitor activity was determined by an

Fiber Analysis.An Ankon?® fiber analyzer was utilized in the  approved method of the American Oil Chemists’ Society (AOCS).(
analysis of ADF, NDF, and crude fiber. ADF was determined by Samples were extracted with sodium hydroxide. Trypsin was added
digestion in an acid detergent solution (20 g of cetyl trimethylammo- and reacted with the trypsin inhibitor in the extract. Unreacted trypsin
nium bromide in 1 L of 1 Nsulfuric acid) followed by a water rinse.  in the extract was measured spectrophotometrically. Results were
The residue that remained was dried and quantified gravimetri@lly ( expressed in trypsin inhibitor units (TIU).

NDF was determined by digestion in a neutral detergent solution (30 RaffinoseRaffinose was determined by an approved method of the
g of sodium lauryl sulfate, 18.6 g of ethylenediaminetetraacetic acid, American Association of Cereal Chemists (AAC@J). Raffinose was

6.8 g of sodium tetraborate decahydrate, 4.6 g of sodium phosphateextracted from the grain with a hot aqueous methanol solution. After
dibasic, and 10 mL of triethylene glycol in 1 L of distilled water). The  cooling, the extract was filtered and analyzed by normal-phase HPLC
residue that remained was dried and quantified gravimetrically (10). with refractive index detection. External standards were used to calibrate
Analysis for the determination of crude fiber began with an acetone the HPLC system.

soak to remove the fat from the samples. The samples were then Riboflazin and Thiamin.Thiamin (vitamin B1) and riboflavin
digested in 0.255 N sulfuric acid solution, followed by digestion in  (vitamin B2) were analyzed with modifications of an approved method
0.313 N sodium hydroxide solution. The residue was then rinsed, dried, of the AACC and a publication issued by Supel@5,(27). The B

and weighed (11). vitamins were extracted from grain with a 10% acetic acid solution.

Fatty Acid CompositionThe lipid fraction of grain was extracted  This extract was filtered and riboflavin was determined directly by
with hexane by use of a Soxhlet apparatus. The lipids were saponified HPLC with fluorescence detection. External standards were used to
with 2% methanolic NaOH followed by methylation with 12% BF calibrate the HPLC system. Thiamine was determined by derivatizing
methanol reagent. The fatty acid methyl esters were extracted with an aliquot of the grain extract with potassium ferricyanide to produce
hexane and analyzed by gas chromatography with flame ionization thiochrome. Thiamine standard solutions were also derivatized for use

Proximate AnalysisAn automated Kjeldahl method was used to
determine total nitrogen content. Protein was calculated from nitrogen
content with the formula 6.26(3). Crude fat content was determined

% carbohydrate=
100— (% protein+ % fat+ % ash+ % moisture)
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Figure 1. Proximates and minerals (percent dry weight) in CrylF forage (CrylF), glufosinate-treated CrylF forage (spray), and nontransgenic forage
(control). Means at each location shown: () Rochelle, IL; (M) Wyoming, IL; (a) Noblesville, IN; (x) York, NE; (O) Ontario, Canada; (®) Quebec,
Canada. Literature ranges are shaded. ADF, acid detergent fiber; NDF, neutral detergent fiber.

as instrument calibration standards. Thiochrome was then determinedcalculated by a general Satterthwaite approximation. Significant dif-
by HPLC with fluorescence detection. ferences are declared at the 95% confidence level.

Ferulic and p-Coumaric AcidPhenolic acids were determined by Figures were constructed where the mean value (at each location)
published methods28—31). Grain was hydrolyzed with sodium  for each analyte and matrix was plotted along with published ranges
hydroxide. The hydrolysate was acidified and extracted with an ethyl for the analyte in conventional maize (34—3Fjdures 1-7).
ether/ethyl acetate mixture. After evaporation of the extraction solvent,
the residue was redissolved in acetonitrile and analyzed by reverse-ResyLTS AND DISCUSSION
phase HPLC with UV detection. External standards containing both
phenolic acids were used to calibrate the HPLC system. Forage samples were analyzed for seven proximates and two

Folic Acid. Folic acid was determined by an approved method of minerals (Figure 1). The CrylF forage that was treated with
the AACC. (32) Ground maize grain was subjected to hydrolysis and Liberty had significantly (a. = 0.05) less calcium (0.200% dry
digestion by protease and amylase enzymes to release the folates fromweight) than the nontransgenic control (0.216% dry weight),
the grain. A conjugase enzyme was used to convert the naturally but the CrylF forage that was not treated with Liberty was not
occurring folypolyglutamates to folydiglutamates. An aliquot of the  gjgnificantly different than the nontransgenic control (0.206%
extra_lcted folate_s was mlxe_d with a folate-_free m|crob|_olog|cal_gromh dry weight). Although significantly different, the calcium level
medium. The mixture was inoculated and incubated Wwétbtobacillus d; the Liberty-treated Cry1F forage differed from the nontrans-

casei, subspecies rhamnosis. The total folate content was determine : 0
by measuring the turbidity of thle. caseisubspecies rhamnosis growth enic control by less than 7.5%. The CrylF forage that was

response in the sample and comparing it to the turbidity of the growth UOt treated with Liberty had_ significantly less neutral deterger_1t
response in the folic acid standards. fiber (NDF) (46.97% dry weight) compared to the nontransgenic
Statistical AnalysisAnalysis of variance was conducted across the control (48.75% dry vyelght), but th.e le erty—tre_ated CrylF
six field locations wtih a mixed model. Locations and replicates within Orage (47.64% dry weight) was not significantly different from
a location were each treated as random variables. The CrylF maizeth® nontransgenic control. Although significantly different, the
treatment and the Liberty-sprayed Cry1F treatment were each comparedNDF content of the CrylF forage that was not treated with
to the nontransgenic control bytaest with p values adjusted via a  Liberty differed from the nontransgenic control by less than
Dunnett procedure (33). The denominator degrees of freedom were4%. Mean values for both calcium and NDF were within the
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Figure 2. Proximates and minerals (percent dry weight) in Cry1F grain (Cry1F), glufosinate-treated Cry1F grain (spray), and nontransgenic grain (control).
Symbols and notation are as described for Figure 1. Sodium was also measured in grain, but levels were below detection in all samples (<0.0005% dry
weight).

range of values reported in the literature for all treatments CrylF forage values both significantly different from the
(Figure 1). In no case were the CrylF forage and Liberty-treated nontransgenic control forage. Where significant differences
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Figure 3. Fatty acids (percent of total fatty acids) in CrylF grain (CrylF), glufosinate-treated CrylF grain (spray), and nontransgenic grain (control).
Symbols and notation are as described for Figure 1.
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Figure 4. Vitamins (milligrams per kilogram of dry weight) in CrylF grain (CrylF), glufosinate-treated CrylF grain (spray), and nontransgenic grain
(control). Symbols and notation are as described for Figure 1. Grain samples were also analyzed for vitamin B2, but this analyte was not detected at
any location (<1 mgl/kg of dry weight).

occurred for the forage analyses, less than a 7.5% deviationfor the proximatesq = 0.05). The Liberty-treated Cry1F grain
from the nontransgenic control was seen. It is apparent from had significantly less phosphorus (0.319% dry weight) than the
Figure 1 that factors other than the transgenes are largely nontransgenic control (0.330% dry weight), but the non-Liberty-
responsible for the levels of proximates and minerals in forage. treated CrylF grain (0.322% dry weight) was not significantly
On the basis of this analysis, the two CrylF treatments and thedifferent from the nontransgenic control. The Liberty-treated
nontransgenic control appear to produce compositionally equiva- Cry1F grain differed from the nontransgenic control by less than
lent forage. 4%. Phosphorus levels for all treatments were within the ranges
Grain samples were analyzed for seven proximates and ninereported in the literature. Calcium values were lower than those
minerals Figure 2). No significant treatment effects were seen reported in the literature for all treatments including the
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Figure 5. Essential amino acids (percent dry weight) in Cry1F grain (Cry1F), glufosinate-treated CrylF grain (spray), and nontransgenic grain (control).
Symbols and notation are as described for Figure 1.

nontransgenic control, indicating that this was not an effect of secondary metabolites and two antinutrierfegggre 7). No
the transgenes. Sodium was also measured in grain, but levelsignificant treatment effects were detected for any of these
were below detection<0.0005% dry weight), so results are analytes (oo = 0.05). The vitamin A content (measured as
not illustrated inFigure 2. This is consistent with literature  [-carotene) for the grain samples was above the values reported
values for sodium in maize grain {®.15%) (36). It is clear  in the literature for conventional maize for all treatments,
from Figure 2 that factors other than the transgenes are largelyincluding the nontransgenic contrdtigure 4), indicating that
responsible for the levels of proximates and minerals in grain. this was not caused by the transgenes. The total tocopherols in
On the basis of the proximate and mineral analyses, the twothe grain samples from all treatments, including the nontrans-
CrylF treatments and the nontransgenic control appear togenic control, were generally lower than those reported in the
produce compositionally equivalent grain. literature, also indicating that this deviation was not caused by
Grain samples were further analyzed for five fatty acids the transgenes. All other analyses indicated similarity to
(Figure 3), six vitamins Figure 4), 12 essential amino acids conventionally bred maize. Grain samples were also analyzed
(Figure 5), six nonessential amino acidsigure 6), and five for vitamin B2, but this analyte was not detected in any samples
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Figure 6. Nonessential amino acids (percent dry weight) in CrylF grain (CrylF), glufosinate-treated CrylF grain (spray), and nontransgenic grain
(control). Symbols and notation are as described for Figure 1.
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Figure 7. Secondary metabolites and antinutrients (percent dry weight except as indicated) in CrylF grain (CrylF), glufosinate-treated CrylF grain
(spray), and nontransgenic grain (control). Symbols and notation are as described for Figure 1. TIU, trypsin inhibitor units. Grain samples were also
analyzed for furfural, but levels were below detection in all samples (<0.0001% dry weight).

(<1 mg/kg of dry weight) and thus results are not illustrated in analyses, the two Cry1F treatments and the nontransgenic control
Figure 4. Furfural levels were also below detection in all appear to produce compositionally equivalent grain.

samples (<0.0001% dry weight) and thus results are not A total of 61 compositional analyses were completed across
depicted inFigure 7. Literature values for the furfural content  forage and grain samples for each treatment. Forage and grain
in maize grain are not available. It is clear frdfigures 3—7 samples were collected from six sites in North America and
that factors other than the transgenes are largely responsiblefrom each of three replicates at each site. Fifty-eight of these
for the levels of fatty acids, vitamins, amino acids, secondary analytes were amenable to a statistical analysis, with three
metabolites, and antinutrients in grain. On the basis of theseanalytes being undetectable in all samples. Of the 58 analyses,
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three treatment effects were detected at the 95% confidenceLITERATURE CITED

level, which is consistent with random chance (5%). Also, for
no analyte did both Cry1F treatments (with and without Liberty

treatment) differ significantly from the nontransgenic control,

and for these significant differences, deviations from the
nontransgenic control were all less than 7.5%, and were all
within the published ranges for conventionally bred corn.

The horizontal alignment of the analyte valuesFigures
1-7 clearly illustrates the similar composition of the CrylF,
Liberty-treated CrylF, and nontransgenic control. The consis-
tency of the analyte values for the treatments evaluated here,
relative to many of the ranges of values reported in the literature,
indicate that factors other than the transgenes and Liberty
treatments are largely responsible for the variability in the
composition of maize forage and grain.

Equivalency between the composition of crops expressing
insecticidal crystal proteins and/or herbicide-inactivating en-
zymes and the composition of conventionally bred crops is
expected. The insertion of a small number of well-characterized
genes into a genome of nearly 50 000 ger8s (vould not be
predicted to have a substantial unexpected effect on the
composition of a crop. This is especially true because only
transgenic events that are agronomically satisfactory and that
show nutritional equivalence to conventional maize in animal

performance studies are selected for commercial development.

These latter studies eliminate transformation events that might
affect the nutrition of the crop or its agronomic performance
based on whole-organism evaluations.
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