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ABSTRACT: Soybeans from transgenic event DAS-44406-6 are the first to express three proteins that provide tolerance to
broad-spectrum herbicides. DAS-44406-6 soybean expresses the aryloxyalkanoate dioxygenase-12 (AAD-12) enzyme from the
soil bacterium Delftia acidovorans, which provides tolerance to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D); the double-
mutant S-enolpyruvylshikimate-3-phosphate synthase (2mEPSPS) enzyme encoded by a modified version of the epsps gene from
maize (Zea mays), which provides tolerance to the herbicide glyphosate; and the phosphinothricin acetyltransferase (PAT)
enzyme from Streptomyces viridochromogenes, which provides tolerance to the herbicide glufosinate. The purpose of this study was
to determine if the nutrient and antinutrient composition of forage and grain from DAS-444(6-6 soybean are similar to those of
nontransgenic soybean. Forage was analyzed for proximates, fiber, and minerals; grain analyses further included vitamins, amino
acid and fatty acid profiles, and antinutrients and bioactive components (lectin, phytic acid, raffinose, stachyose, trypsin inhibitor,
and isoflavones). Results indicate that DAS-444Q6-6 soybean is compositionally equivalent to nontransgenic soybean. Findings
are consistent with similar studies for other input traits, as endogenous plant metabolic pathways that influence composition are

expected to be less affected by transgenesis compared with traditional plant-breeding methods.
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B INTRODUCTION

To inform the safety assessment of transgenic plants intended
for human and/or livestock consumption, the nutrient and
antinutrient composition of the transformed crop are compared
with the composition of nontransgenic varieties.' Composi-
tional data for nontransgenic varieties may be obtained from
near-isoline(s) of the host used for gene introgression, as well
as commercially and publicly available varieties reported in the
scientific literature and/or produced concurrently with the
transgenic variety under study.>> Although composition studies
are currently required to support assessments for transgenic
crops, their utility has been questioned following 20 years of
data demonstrating only minor and expected variation in
transgenic crop composition as compared with variation
imparted through traditional breeding practices.*

Dow AgroSciences LLC and MS Technologies LLC have
developed the first three-gene herbicide-tolerant soybean event.
Event DAS-444(6-6 soybean expresses three herbicide-tolerant
(HT) proteins: (1) the aryloxyalkanoate dioxygenase-12 (AAD-
12) enzyme from the soil bacterium Delftia acidovorans, which
provides tolerance to 2,4-dichlorophenoxyacetic acid (2,4-D);’
(2) the double-mutant S-enolpyruvylshikimate-3-phosphate
synthase (2mEPSPS) enzyme encoded by a modified version
of the epsps gene from maize (Zea mays), which provides
tolerance to glyphosate;® and (3) the phosphinothricin
acetyltransferase (PAT) enzyme from Streptomyces viridochro-
mogenes, which provides tolerance to glufosinate herbicides.” A
single vector containing the aad-12, 2mepsps, and pat gene
expression cassettes was introduced into the publicly available
soybean line Maverick via Agrobacterium tumefaciens-mediated
transformation to produce transgenic event DAS-44406-6.
Through tolerance to multiple, broad-spectrum herbicides,

-4 ACS Publications  © 2013 American Chemical Society

DAS-44406-6 soybean is expected to provide growers with a
powerful integrated weed management tool for managing
herbicide-resistant weeds in soybean production systems.
Compositional equivalence with nontransgenic soybean has
been demonstrated for a different soybean event (DAS-68416-
4) expressing the AAD-12 and PAT proteins.” In the present
study, DAS-44406-6 soybean was similarly examined through
compositional analysis of crop products (forage and grain)
harvested from a series of replicated field trials established in
soybean-growing regions of the United States.

B MATERIALS AND METHODS

Field Phase. Ten field experiments were conducted in 2010 to
produce soybean forage and grain for compositional analysis. Field
sites were located in Sycamore, GA; Richland and Bagley, IA; Carlyle
and Wyoming, IL; Sheridan, IN; Deerfield, MI; Fisk, MO; and
Brunswick and York, NE. Soybean treatments included DAS-44406-6
soybean in a Maverick-variety genetic background, a nontransgenic
near-isogenic Maverick line (isoline), and six nontransgenic
commercial lines [Dairyland (DSR) 75213-72, DSR 98860-71, DSR
99914N, DSR 99915, Porter 75148, and Williams 82] as reference
varieties.

Experiments at each site contained five entries of DAS-44406-6
soybean, with each entry receiving a different herbicide treatment.
Herbicide treatments included unsprayed (not treated with 2,4-D,
glufosinate, or glyphosate) or sprayed with 2,4-D, glufosinate,
glyphosate, or a combination of all three herbicides (2,4-D +
glufosinate + glyphosate). The herbicides 2,4-D and glyphosate were
applied as one pre-emergence application and two postemergence
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applications during V3 (three-trifoliate stage) and R2 (full flowering).
The herbicides 2,4-D and glyphosate were applied as a tank mixture in
the combination entry. The 2,4-D and glyphosate application rates
were 1.12 and 1.26 kg acid equivalent (ae)/ha, respectively, at each
application timing. Glufosinate was applied as two postemergence
applications during VS (five-trifoliate stage) and R1 (beginning
flowering) at rates of 0.37 and 0.4S kg active ingredient (ai)/ha,
respectively. Herbicides were applied in a carrier volume of 187 L/ha,
and the spray solution for each application contained ammonium
sulfate (AMS) at a rate of 2% v/v. The commercial formulations of
2,4-D, glyphosate, glufosinate, and AMS adjuvant used in this study
were Weedar 64 (454 g ae/L, Nufarm, Inc.), Durango DMA
(trademark of Dow AgroSciences LLC) (490 g ae/L, Dow
AgroSciences LLC), Liberty (200 g ai/L, Bayer CropScience), and
N-Pak AMS Liquid (Winfield Solutions LLC), respectively. In addition
to structured herbicide treatments applied to specific entries, all
entries, including the nontransgenic isoline, received identical, site-
specific maintenance applications of insecticides, fungicides, and
conventional soybean herbicides (excluding 2,4-D, glyphosate, and
glufosinate-containing products) as necessary to promote optimal crop
health.

The commercial reference varieties were arranged across sites in a
balanced incomplete-block design, where three of the six commercial
lines were randomized at each site. Within each site, the five DAS-
444Q6-6 entries, the isoline, and the three assigned commercial lines
were then arranged as a randomized complete-block design with four
replicate blocks. Plots were four rows wide (76 cm apart) by 7.6 m
long with an in-row seed spacing of approximately 6 cm. Two
nontransgenic soybean border rows flanked each plot, and a minimum
of four border rows surrounded the entire trial at each site. Soybean
forage (300 g) and grain samples (S00 g) were collected from the
center two rows of each plot during the R3 (beginning pod) and R8
(full maturity) growth stages, respectively. Samples were shipped
frozen to the analytical laboratory (Covance Laboratories Inc.,
Madison, WI, USA) for compositional analysis.

Compositional Analyses. Soybean forage and grain were assayed
for compositional components (Covance Laboratories), using
methods previously described by Herman et al.” Forage was
quantitatively analyzed for proximate (moisture, ash, crude protein,
and crude fat), fiber [acid detergent fiber (ADF) and neutral detergent
fiber (NDF)], and mineral (calcium and phosphorus) content. Grain
was analyzed for the same components as forage with the addition of
the following: total dietary fiber; minerals (copper, iron, magnesium,
manganese, potassium, selenium, sodium, and zinc); amino acid
profile; fatty acid profile; vitamins [f-carotene, thiamin hydrochloride,
riboflavin, niacin, pantothenic acid, pyridoxine hydrochloride, folic
acid, ascorbic acid, and tocopherols (@, f3, 7, 6, and total)]; and
antinutrients and bioactive components (lectin, phytic acid, raffinose,
stachyose, trypsin inhibitor, and isoflavones). Carbohydrate content
for forage and grain was calculated from the proximate by difference
[ie, % carbohydrate = 100% — (% protein + % fat + % ash + %
moisture)] using fresh weight results, followed by conversion to a dry
weight measure. In addition to the Herman et al’ analyte list and
associated methods, the present study includes the mineral selenium. A
brief summary of the method for selenium analysis is presented below.
Selenium samples were wet-ashed with nitric acid using microwave
digestion. Using inductively coupled plasma mass spectrometry, the
level of selenium was determined by comparing the counts generated
by the field samples to those generated by standard solutions of known
concentrations.

Statistical Analysis and Data Interpretation. Analytes for
which >50% of samples in the isoline and transgenic entries were less
than the limit of quantitation (LOQ) were excluded from statistical
analysis. Grain analytes satisfying the criteria for exclusion were fatty
acids (8:0 caprylic, 10:0 capric, 12:0 lauric, 14:0 myristic, 14:1
myristoleic, 15:0 pentadecanoic, 15:1 pentadecenoic, 16:1 palmitoleic,
17:0 heptadecanoic, 17:1 heptadecenoic, 18:3 y-linolenic, 20:2
eicosadienoic, 20:3 eicosatrienoic, and 20:4 arachidonic); vitamins
[vitamin A (f-carotene), f-tocopherol], and the mineral sodium.
These analytes are generally not observed in significant or detectable

quantities in soybean, which is supported by the relatively few reports
of detection from soybean in the International Life Sciences Institute’s
Crop Composition Database (ILSI-CCDB):"® www.cropcomposition.
org/.

The primary method used to compare and interpret compositional
results was through examination of across-site means within the
context of the range reported for the nontransgenic crop.'® " Site
means and literature ranges were also plotted to visualize results at the
local level, where values below the limit of quantitation were plotted as
zero. Additionally, data were subjected to a mixed-model analysis of
variance (ANOVA) using PROC MIXED in SAS/STAT version 922!
Entry was defined as a fixed effect; site, replicate block within site, and
the site-by-entry interaction were defined as random effects. Paired
contrasts (t-tests) were conducted between the isoline and each DAS-
44406-6 entry. Following ANOVA, a false-discovery rate (FDR)
procedure was used to adjust P values for multiplicity,”>** and
differences were considered to be statistically significant at P < 0.0S.
These procedures have been applied in previous studies examining the
composition of transgenic crops.””

B RESULTS AND DISCUSSION

To assess the safety of raw commodities produced by a novel
transgenic crop, the nutrient and antinutrient composition of
forage and grain from event DAS-4446-6 soybean generated
in a replicated U.S. field study were compared with the
composition of nontransgenic soybean. Results are presented in
Tables 1—6 and discussed below. The available literature
describing the concentrations of some soybean analytes is
relatively sparse, resulting in the narrow ranges reported here or
the absence of literature values for those analytes (e.g, some
minerals and vitamins). The absence of some literature ranges
is expected because soybean has not been traditionally
considered to be a dietary source for all analytes that may be
quantitatively assessed.

Forage Composition. Proximate, fiber, and mineral
content in forage samples was similar between DAS-44406-6
entries and the isoline, with the exception of slightly lower
moisture levels for DAS-44406-6 entries [77.2—77.6% fresh
weight (fwt)] compared with the isoline (78.7% fwt). All forage
end points for DAS-44406-6, including moisture content, were
within ranges observed for nontransgenic soybean (Table 1).

Grain Composition. Proximate levels for grain from the
DAS-444(6-6 entries were also similar to those of the isoline,
with the exception of small differences for carbohydrate and
isolated differences for protein and fat, where some DAS-
444Q6-6 entries contained more protein [sprayed with either
2/4-D [38.5% dry weight (dwt) or all herbicides (38.6% dwt)]
or fat [unsprayed (19.5% dwt) or sprayed with glufosinate
(19.3% dwt)] and less carbohydrate (all entries; 37.0—37.4%
dwt) than the isoline (protein, 37.8%; fat, 18.9%; carbohydrate,
38.1% dwt). Because carbohydrate content is calculated from
the proximate by difference (see Materials and Methods), the
presence of more protein, fat, or other proximate components
is expected to result in a partial decrease in carbohydrates. Fiber
levels for grain were statistically indistinguishable from the
isoline (17.7% dwt) with the exception of lower neutral
detergent fiber levels for one of five DAS-44406-6 entries (all
herbicides applied; 16.5% dwt). For both proximate and fiber,
analyte values for DAS-44406-6 entries were within ranges
observed for nontransgenic soybean (Table 2).

Eight of the 10 minerals analyzed in grain were found to be
present in the isoline and DAS-44406-6 entries at similar levels
(Table 2). Calcium was present in slightly higher concen-
trations in three of five DAS-444(6-6 entries [unsprayed (324
mg/100 g dwt) and sprayed with either 2,4-D (318 mg/100 g

dx.doi.org/10.1021/jf403775d | J. Agric. Food Chem. 2013, 61, 11180—11190
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dwt) or glyphosate (320 mg/100 g dwt)], and potassium was
present in slightly higher concentrations in all DAS-44406-6
entries (1770—1790 mg/100 g dwt) than in the isoline
(calcium, 301 mg/100 g dwt; potassium, 1730 mg/100 g dwt).
However, values for calcium and potassium were similar to
those observed for nontransgenic soybean (Table 2).

Of the 18 amino acids examined in the present study, only
cystine levels in grain from DAS-444(6-6 entries (unsprayed
and sprayed with glufosinate or all herbicides applied) differed
statistically from the isoline (Table 3). Cystine levels were
slightly higher in these DAS-444()6-6 entries (0.6% dwt each)
compared with the isoline (0.5% dwt); however, all entries were
similar to levels observed for nontransgenic soybean. Marginally
higher amino acid levels and, consequently, higher crude
protein levels have been observed for transgenic maize,” which
likely resulted from event selection processes following
transformation, rather than transformation itself. Plants that
are derived from single plant selections of soybean, as are
transgenic events during event selection, can differ markedly
from parent lines in basic agronomic traits due to normal
intracultivar variation.>®

Fatty acid levels for grain were similar between DAS-44406-
6 entries and the isoline for all fatty acids examined, although
palmitic [10.6—10.7% total fatty acid (TFA)] and oleic acid
(21—22% TFA) were slightly lower and linoleic (54—55%
TFA) and linolenic acid (8% TFA) were slightly higher in
DAS-44406-6 entries compared with the isoline (palmitic,
10.9%; oleic, 24%; linoleic, 53%; linolenic, 7% TFA) (Table 4).
Differences between DAS-4446-6 entries and the isoline
across these four major soybean fatty acids were approximately
5%, indicating a small amount of variation between transgenic
and nontransgenic entries. An isolated difference was also
observed for behenic acid, for which values were slightly higher
in DAS-44406-6 plots to which all herbicides were applied
(0.34% TFA) compared with the isoline (0.33% TFA). Despite
small differences, fatty acid levels for DAS-444Q6-6 entries and
the isoline were similar to those observed for nontransgenic
soybean (Table 4).

The majority of the vitamin and tocopherol levels examined
for grain were found to be similar between DAS-44406-6
entries and the isoline (Table S). An isolated exception was
observed for vitamin B, (folic acid), which was found to be
slightly lower in DAS-44406-6 plots to which all herbicides
were applied (3.9 mg/kg dwt) compared with the isoline (4.3
mg/kg dwt). The observation was not supported by the
remaining four DAS-4446-6 entries, and mean values were
similar to those observed for nontransgenic soybean, suggesting
differences were not due to genotype or herbicide treatments.
Among the tocopherols, y-tocopherol levels were slightly higher
in DAS-44406-6 entries (179—185 mg/kg dwt) compared with
the isoline (174 mg/kg dwt), which is reflected in the trend
observed for total tocopherol (Table S), for which values for
DAS-444()6-6 entries were similar to those from commercial
soybean lines within the present study and similar to
commercial soybean varieties examined in previous years.”

Levels for antinutrients and bioactive compounds in grain
were similar between DAS-44406-6 entries and the isoline for
each of the analytes examined (lectin, phytic acid, raffinose,
stachyose, and trypsin inhibitor) (Table 6). Statistically higher
values were observed for lectin in two of five DAS-44406-6
entries [unsprayed, 107 hemagglutination units (HU)/mg
protein; all herbicides applied, 99 HU/mg protein] compared
with the isoline (79 HU/mg protein) and for trypsin inhibitor

in two of five DAS-44406-6 entries [sprayed with 2,4-D, 36
trypsin inhibitor units (TIU)/mg dwt; sprayed with glufosinate,
37 TIU/mg dwt] compared with the isoline (31 TIU/mg dwt).
The observations for higher lectin and trypsin inhibitor content
were not supported by the remaining three DAS-444006-6
entries in each case, and mean values were similar to those
observed for commercial lines within the study and within the
literature range for nontransgenic soybean. Additionally,
bioactive components including lectin and trypsin inhibitor
are inactivated during standard processing of soybean grain
prior to corlsumption.13’l4’26’27

Isoflavone content (total daidzein, genistein, and glycitein
equivalents) in grain was similar between DAS-444()6-6 entries
and the isoline; no statistical differences were observed, and
values for DAS-44406-6 entries were similar to those observed
for nontransgenic soybean (Table 6). Isoflavones, in particular,
exhibit greater variation than many compositional end points.'”
Variation across geographies was well illustrated by the site-
specific stratification of values for each isoflavone (Figure 1).
For total glycitein content, 2 of the 10 sites exhibited values
that significantly broaden the literature range for this analyte.
These higher levels were consistent across all entries planted at
each site; therefore, values were not deemed to be outliers. To
facilitate figure interpretation, it is noteworthy to consider that
as part of the balanced incomplete-block design, each
commercial, nontransgenic reference entry received only half
the replication of the remaining entries across all sites. The
lower level of replication for the reference lines is expected to
limit the distribution of plotted values compared with the
transgenic and isoline entries.

The similar composition of event DAS-44406-6 and
commercial nontransgenic soybean support a conclusion of
substantial equivalence of DAS-44406-6 with conventional
soybean. Cultivation of DAS-44406-6 soybean under manage-
ment practices including the application of conventional
soybean pesticides (fungicides, insecticides, selective herbi-
cides) and broad-spectrum herbicides designed for use with
DAS-44406-6 is expected to have no impact on the
compositional safety of soybean products.

In the present study, the influence of environment is well
illustrated through the variation in isoflavone values between
sites, despite the finding of no differences across sites (Figure
1). The levels for minerals, vitamins, and isoflavones reported
from the nontransgenic crop demonstrate that current literature
ranges could benefit from a broader sampling of environments
and germplasm. Composition studies have thoroughly demon-
strated that effects due to geographic region, growing season,
germplasm/variety selection, and plant stress factors are
distinctly stronger than those due to transgene insertion and
related breeding processes.”>”'**%73¢

The detection of some statistically significant, but small-
magnitude, differences between the near-isoline and transgenic
entries attests to the power of the experimental design and
analytical methods. The absence of consistent differences across
transgenic entries, the negligible magnitude of these differences,
and the finding that results for DAS-44406-6 fall within the
range of values reported for nontransgenic varieties indicate no
biologically relevant compositional differences between DAS-
444Q6-6 and nontransgenic soybean. The common observa-
tion of random differences and/or biologically nonrelevant
differences in composition studies is further supported for
DAS-44406-6 through a cross-examination of the results
presented here with those of a different soybean event (DAS-

dx.doi.org/10.1021/jf403775d | J. Agric. Food Chem. 2013, 61, 11180—11190
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Figure 1. Site-specific isoflavone levels in soybean grain observed for a
nontransgenic near-isogenic variety (Maverick), unsprayed DAS-
44406-6 (AAD-12 + 2mEPSPS + PAT), 2,4-D-treated DAS-44406-
6, glufosinate-treated DAS-44406-6, glyphosate-treated DAS-44406-
6, 24-D + glufosinate + glyphosate-treated DAS-44406-6, and
commercially available varieties [Dairyland (DSR) 75213-72, DSR
98860-71, DSR 99914N, DSR 99915, Porter 75148, and Williams 82].
Commercial varieties were planted at half the number of sites as the
remaining entries. The shaded area spans the published values for each
analyte, and levels are expressed as micrograms per gram dry weight.
Symbols in the plots are as follows: O, Sycamore (GA); X, Richland
(1A); +, Bagley (IA); A, Carlyle (IL); O, Wyoming (IL); <, Sheridan
(IN); @, Deerfield (MI); A, Fisk (MO); M, Brunswick (NE); @,
York (NE).

68416-4) expressing the AAD-12 and PAT proteins,” in which
no consistent trends in compositional differences were found
using the same nontransgenic, near-isogenic variety (Maverick)
used in the present study. The value of conducting composition
studies to detect unintended effects due to transgene insertion
is diminished in light of the overwhelming evidence that such
effects are often small in magnitude, especially when compared
to traditional breeding, and contribute little biologically relevant
information to inform the risk assessment for novel crop traits.
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