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ABSTRACT: y-Linolenic acid (GLA) has been used as a general nutraceutical for pharmacologic applications, particularly in the
treatment of skin conditions such as eczema. Four transgenic soybean lines that produce GLA at high yields (4.21% of total fatty
acids, up to 1002-fold) were generated through the stable insertion of the Delta-6-fatty acid desaturase gene isolated from Borago
of ficinalis into the genome of a conventional soybean cultivar. As part of the safety assessment of genetically engineered crops,
the transgenic soybean seeds were compared with their parental soybean seeds (nontransgenic) by applying the principle of
substantial equivalence. Compositional analyses were conducted by measuring the fatty acids, proximate analysis (moisture, crude
protein, crude fat, carbohydrates, TDF, and ash contents), amino acids, lectins, and trypsin inhibitor activity. The present results
showed that the specific transgenic cultivar studied was similar to the conventional control.

KEYWORDS: y-linolenic acid, transgenic soybean, composition, substantial equivalence

B INTRODUCTION

y-Linolenic acid [GLA, C18:3 A(6,9,12)] is an intermediate in
the metabolic pathway of essential fatty acids from linoleic acid
(LA) to arachidonic acid in human and animal diets. GLA is
also the direct precursor of dihomo-c-linolenic acid, which is a
precursor of anti-inflammatory 1-series eicosanoids. GLA
deficiency may occur when D6-desaturation activity decreases
due to aging, stress, diabetes, eczema, and some infections, or
when GLA is catabolized due to oxidation or more rapid cell
division (e.g, in cancer or inﬂammation).l’2 Dietary supple-
mentation with GLA is effective in treating a number of such
conditions (e.g., atopic eczema, diabetic neuropathy, viral infec-
tions, and cancer).’™>

GLA is a rare fatty acid, only available from relatively few
plant species [e.g, borage (Borago officinalis L.), evening
primrose (Oenothera biennis L.), and black currants (Ribes
nigrum L.)], from which cost-effective production is difficult.5~®
One potential strategy to reduce production cost would be to
generate them in major oilseed crops. Soybean (Glycine max L.
Merrill) is one of the most important oil-producing crops, and
soybean seeds have no or very low content of GLA. However,
these seeds have rich LA content [C18:2 A(9,12)], which could
be converted to GLA by Delta-6-fatty acid desaturase (AS-fad).
Our research group has isolated the Afad gene from B. officinalis,
transformed it successfully into soybean, and obtained several
transgenic soybean lines. After five rounds of testing cultivation,
ten transgenic soybean lines were found to have normal agro-
nomic characteristics compared with the control of the same
background while maintaining their higher GLA content.”'
These transgenic soybeans are expected to become excellent
potential sources of GLA for nutraceutical and pharmaceutical
applications.

With the introduction of the exogenous A®fad gene, the
biological metabolic balance of soybean can be disrupted, which
can cause a series of accidental reactions that will result in both
physiologic and ecological problems. Thus, transgenic soybeans
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must be checked thoroughly for safety to both the environment
and the consumer when they are used for food. Accordingly,
many regulations have been implemented for the safety
assessment of these genetically modified products, of which
the scientific concept of substantial equivalence has been
accepted widely. The concept suggests that if no meaningful
difference from the conventional counterpart is found, then the
transgenic crop is as safe and nutritious as its traditional counter-
part, which is generally accepted as safe based on human food use
history."! Composition studies are considered an essential part of
the safety assessment of new crop varieties, including those related
to transgenic soybean seeds. Therefore, the present research was
designed to evaluate the composition of transgenic soybean
seeds compared with that of its conventional counterpart, and
to determine if significant compositional changes were induced
by the insertion of the A’-fad gene into the soybean genome or
by the heterologous expression of A®-fad, which is based on the
Organization for Economic Cooperation and Development
consensus document guidelines.'>"?

B MATERIALS AND METHODS

Soybean Materials and the Experiment. Ten transgenic
soybean lines, TS88, TS89, TS810, TS813, TS815, TS816, TS817,
TS819, TS824, TS825, and the conventional control Pudou-8808 (S8)
were commonly cultivated in the cultivation pots in a greenhouse in
South China Agricultural University in Guangzhou, China. A plot of
each cultivar (one transgenic soybean line or its control S8) was
composed of five cultivation pots of soybeans. The experiment (the
soybean cultivation pot arrangement) was performed in the
completely randomized block design with three replicates. The size
of soybean cultivation pot was 30 cm in diameter and 23 cm in height.
The transgenic soybean lines were fifth generation of self-crossing
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progenies from TO generation of soybean transformants, which were
produced through the Agrobacterium-mediated transformation of
conventional soybean cultivar Pudou-8808 (S8) with plasmid vector
pLING61. The plasmid vector contains the A%fad gene isolated from
Borago officinalis and the bar gene isolated from Streptomyces
hygroscopicus as a selectable marker. Two lines (TS824 and TS82S)
were integrated with the A®-fad gene and could produce high yields of
GLA only. Others were integrated with both the A®-fad gene and bar
gene, and they could supply GLA and confer tolerance to glufosinate.

Compositional Analysis. Assay of Fatty Acids. Up to 20 g of
transgenic soybean and nontransgenic soybean seeds, respec-
tively, were ground into powder using a high-speed tissue
masher.'* Their fatty acid profiles were calculated through gas
chromatography and were performed by the China National
Analytical Center, Guangzhou (www.fenxi.com.cn).

Proximate Analysis. The standard methods of the Association of
Official Analytical Chemists were adopted to determine the levels of
proximate compositions, including moisture, ash, carbohydrate, crude
fat, total dietary fiber (TDF), and crude protein.'> Moisture content
and ash were determined in an oven at 105 and 550 °C, respectively,
until a constant weight was attained. The Kjeldahl method'® was used
to determine the seed total nitrogen and protein content, which was
calculated using a nitrogen conversion factor of 6.25. Fat content was
determined using the Soxhlet extraction method, whereas TDF was
determined using the enzymatic—gravimetric method. The carbohy-
drate content was calculated by subtracting the contents of crude
protein, fiber, fat, and ash from 100% dry matter.

Analysis of Amino Acid. Protein hydrolysis was performed before
ninhydrin derivatization to analyze total amino acid composition, with
the exception of Cys, Met, and Trp. Seed powder (10 mg) was hydro-
lyzed with 1 mL of 6 M HCI at 110 °C for 22 h under a nitrogen
atmosphere. The hydrolysate was dried under reduced pressure,
dissolved in 0.02 M HCI, and was subjected to analysis using the
ninhydrin method using a UV detector and a Hitachi L-8800 auto-
matic amino acid analyzer (Hitachi High-Technologies, Tokyo, Japan)
equipped with an ion-exchange column (4.6 mm X 60 mm). The
temperature of the separation column was at 57 °C. The buffer flow
rate was 0.40 mL/min, and the pressure of the buffer pump was 12 Pa.
The ninhydrin flow rate was 0.30 mL/min, and the pressure of the
ninhydrin pump was 1.1 kPa. The cystine and cysteine in the samples
were oxidized to cysteic acid, and methionine was oxidized to methionine
sulfone through performic acid treatment for 16 h at approximately 0 °C.
After acid hydrolysis, the sample was separated on an anion exchange
column and detected with a ninhydrin reaction, as previously described."”

Lectin Analysis. Lectins are univalent or polyvalent proteins of
nonimmune origin that bind reversibly and noncovalently to specific
sugars on apposing cells, thus precipitating polysaccharides, glyco-
proteins, and glycolipids that bear specific sugars. Lectins were deter-
mined by measuring the agglutinating properties of soybean sample
extract on rabbit red blood cells according to modified procedures from
the literature.'®'9*!

Trypsin Inhibitor Activity. The protease inhibitor assay was carried
out by a slight modification of the method.*® Defatted soybean meal
(0.02 g) was suspended in 1 mL of 0.01 M NaOH, which was stirred
magnetically for 3 h. After this period, the mixture was left for 30 min
without stirring, and then 0.5 mL of the supernatant was mixed with
0.5 mL of 0.01 M NaOH in an Eppendorf centrifuge tube. This
solution was centrifuged for 5 min at 14000g. After centrifugation,
0.1 mL of the alkaline extract was mixed with 1.6 mL of 0.05 M Tris-HC],
at pH 8.2, containing 0.02 M CaCl,, 0.1 mL of trypsin (Sigma, type I)
solution, and 0.1 mL of N-a-benzoyl-L-arginine p-nitroanilide solution.
The mixture was incubated for 45 min at 37 °C, and then 0.2 mL of
30% acetic acid solution was added. The absorbance at 410 nm was
measured, and the amount of trypsin inhibited was calculated from a
calibration curve using soybean trypsin inhibitor (Sigma, type I-S).

Statistical Analysis. The statistical data analyses were performed
using the SPSS 15.0 package. All analytical determinations were
conducted in triplicate, and data are presented as mean + standard
deviation. Statistical analysis was carried out using an ANOVA. If a
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significant F-test was noted, then the means were separated using
Duncan’s multiple-range test.* Significance was accepted at P < 0.05.

B RESULTS AND DISCUSSION

Fatty Acid Profiles of Transgenic Soybean Lines and
the Control. The levels of fatty acids changed considerably be-
tween the control and ten transgenic soybean lines, including GLA,
LA, and oleic acid (Table 1). Analysis of the gas chromatograph

Table 1. Fatty Acid Composition of the Transgenic Soybean
and Control Seeds (%)“

soybean y-linolenic acid linoleic acid oleic  fold increments of
lines (GLA) (LA) acid GLA
S$8-CK 0.0042 7.41 3.32
TS88 3.01 7.82 541 716
TS89 3.02 593 4.83 719
TS810 2.16 8.67 4.98 514
TS813 3.83 7.92 5.22 911
TS81S5 4.21 7.36 4.14 1002
TS816 2.83 8.02 3.81 673
TS817 1.98 7.54 6.38 471
TS819 4.19 825 5.67 997
TS824 3.06 5.54 7.57 728
TS825 248 791 5.48 590

“% denotes the fatty acid grams per 100 g of dry weight of soybean
seeds.

showed a novel peak (8.204 min, Figure 1B), corresponding to
the standard GLA, and the highest percentage of GLA to total
fatty acids in the transgenic seeds (TS81S) was 4.21% (in 1002-
fold increments compared with CK (0.0042%, 8.138 min,
Figure 1A)), which indicates that the Afad gene has been
successfully expressed at high levels in the transgenic soybean.
The GLA of TS817 was the lowest among the transgenic
soybeans, but it was 417 times higher compared with the
control S8-CK. The results also showed that the LA and oleic
acid content varied significantly between the ten transgenic
soybeans and the control, especially between TS824 and S8-CK,
and significant differences were observed among the different
transgenic soybeans, in which the contents of LA varied from
5.54% to 8.67% and oleic acid contents varied from 3.81% to
7.57% (Table 1). These changes may be caused by the introduc-
tion of the exogenous A®-fad gene.

GLA is an intermediate in the metabolic pathway of essential
fatty acids from oleic acid (OA) to linoleic acid (LA) to y-linolenic
acid (GLA) to arachidonic acid or to dihomo-c-linolenic acid in
human and animal diets. These research results showed that the
transgenic soybean lines produced GLA one hundred times higher
than the control line but their precursor OA and LA contents were
similar even though they varied in a broad range. This indicated
that the A°fad gene transfer significantly increased the GLA pro-
duction and accumulation but did not have significant effects on
other compositions around the fatty acid pathway.

GLA, one of the essential and nutritional polyunsaturated
fatty acids in human and animal diets, plays an important role
in hormone regulation and fatty acid metabolism.”* In our
previous study, the A®fad gene was successfully transformed
into soybean through Agrobacterium-mediated transformation
and has been expressed at high levels in a transgenic soybean.
In the present study, the GLA content of T generations of
mark-free transgenic soybeans that produce GLA was detected.
In contrast with the control, the percentage of GLA to total
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Figure 1. Gas chromatograms of the fatty acids obtained from the control S8-CK (A) and the transgenic soybean TS81S (B). (A) The peak
retention time and area of GLA in the control are 8.138 min and 0.0042% of total fatty acids, respectively. (B) The peak retention time and area of
GLA in the transgenic soybean TS81S are 8.204 min and 4.2% of total fatty acids, respectively (not all figures attached).

Table 2. Proximate Composition of the Transgenic Soybean and Control Seeds (Mean + SD; n = 3)“

componentb S$8-CK TS813 TS81S TS819 TS824 lit. range®
moisture 8.11 + 0.06 8.08 + 0.08 8.12 + 0.06 8.21 + 0.05 8.23 + 0.07 7—-11

crude protein 37.13 + 0.14 38.65 + 0.09 3827 + 0.13 36.94 + 0.18 37.62 + 0.1 36.9—46.4
crude fat 2045 + 0.09 b 22.36 + 0.06 a 2023 + 0.11 b 22.08 + 0.08 a 21.01 + 0.14 ab 13.2-22.5
carbohydrate 24.02 + 0.11 22.58 + 0.18 23.07 £ 0.15 2242 + 0.17 2191 + 0.23 30.9-34.0
TDF 5.84 + 0.30 5.87 + 0.18 5.82 + 0.06 5.93 + 0.20 5.87 + 0.35 4.7—6.48
ash 4.45 + 0.09 446 + 043 4.49 + 0.30 442 + 0.38 4.46 + 0.16 4.61-5.37

“In each row, different lowercase letters indicate significant difference (p < 0.05). No lowercase letter indicates no significant difference. bGrams per
100 g of dry weight (moisture based on fresh weight). “From refs 23 and 24.

fatty acids in a transgenic soybean was 4.21% in TS81S (in
1002-fold increments, Figure 1B) and 4.19% in TS819 (in 997-
fold increments). These transgenic soybeans produced higher
GLA and herbicide resistance, which would provide a larger
substrate pool for GLA production and feeds.

Proximate Compositions. From the above results, we
chose four transgenic soybean lines (TS813, TS81S, TS819,
and TS824) with high GLA yield to check the changes of com-
ponents in these transgenic soybean lines. Table 2 shows the
proximate analyses (moisture, crude protein, crude fat, carbo-
hydrates, total dietary fiber, and ash content) of the five soybean
seeds. Moisture was calculated based on fresh weight. No statis-
tically significant differences were observed in moisture content,
not only between the transgenic soybean seeds and the control
but also among the different transgenic soybean seeds. Content
of other chemicals is presented based on dry weight. The
ANOVA showed that crude fat values varied between two
transgenic soybean seeds (TS813 and TS819) and the control
(p < 0.05), but that there were no significant differences between
two other transgenic soybean seeds (TS81S and TS824) and the
control. The presence of significant difference in crude fat may be
caused by the successful transformation and expression of the
AS-fad gene in the transgenic soybeans, but the analyzed mean
content of each was within the range reported previously for
soybeans.”>** No significant difference was observed in terms
of crude protein, carbohydrate, TDF, and ash contents between
the transgenic soybeans and the control. These results implied
that the proximate compositions of the transgenic soybean line
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TS813, TS81S, TS819, and TS824 were substantially equivalent
to the control S8-CK except for the intended composition of
crude fat in the transgenic soybean line TS813 and TS819.
Amino Acid Contents. Table 3 presents the amino acid
contents of the five soybean cultivar seeds. Up to 18 amino
acids were detected in the five cultivars, and all amino acids
were identical in the profile.”>** Statistical analysis revealed that
TS813 was significantly different from the control in terms of
glutamic acid and proline content, but those of TS815, TS819,
and TS824 were not significantly different from the control.
TS815 was significantly different from the other transgenic
soybean seeds and the control in histidine content. Despite
these differences, the values were within the published literature
ranges”>** and there were no significant differences in the levels of
any of the other 15 amino acids measured in the transgenic
soybean seeds and the control. All soybean seeds contained high
percentages of essential amino acids (EAA) and total amino acids
(TAA), and there were no significant differences in TAA and EAA
content among the soybean seeds. These results demonstrated
that the amino acid contents of the transgenic soybean cultivars
were substantially equivalent to the control soybean cultivar.
Antinutrient Composition. Lectins and trypsin inhibitors
are two important antinutritional factors present in soybean
seeds. Table 4 shows the results of the antinutritional factor
analysis. The concentrations of both the lectins and trypsin in-
hibitors were generally low and did not exceed the range re-
ported previously, which might not affect the nutritional poten-
tial of soybean seeds. Statistical analysis revealed that there was
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Table 3. Amino Acid Composition of the Transgenic Soybean and Control Seeds (Mean + SD; n = 3)“

componentb S$8-CK TS813 TS81S TS819 TS824 lit. range®
alanine 1.53 + 0.03 1.56 + 0.04 1.62 + 0.03 1.65 + 0.02 1.53 + 0.03 1.49—-1.87
arginine 2.82 + 0.04 293 + 0.03 2.82 + 0.05 2.90 + 0.01 2.79 £ 0.05 2.45-3.49
asparagine 3.89 + 0.04 4.19 + 0.0S 4.16 + 0.04 3.98 + 0.02 3.85 £ 0.01 3.87—4.98
cysteine 0.61 + 0.01 0.62 + 0.02 0.61 + 0.01 0.63 + 0.02 0.63 + 0.01 0.56—0.66
glutamic acid 6.80 £+ 0.0S a 6.59 + 0.03 b 7.10 £ 0.04 a 697 +0.02 a 7.09 + 0.06 a 6.10—8.72
glycine 1.97 £ 0.02 1.90 + 0.01 1.99 + 0.03 2.01 £ 0.02 1.95 £+ 0.02 1.88—2.02
histidine 120 + 0.01 a 120 +£ 0.02 a 0.95 + 0.03 b 1.05 £ 0.02 a 1.01 £ 0.01 a 0.89—1.08
isoleucine 1.58 + 0.02 1.55 + 0.03 1.52 + 0.02 1.60 + 0.03 1.56 + 0.03 1.46—-2.12
leucine 2.83 £ 0.05 2.79 £ 0.03 2.86 + 0.06 293 + 0.03 2.88 + 0.06 2.71-3.20
lysine 2.46 + 0.02 243 £+ 0.03 2.54 £ 0.02 2.50 + 0.03 248 + 0.02 2.71-3.20
methionine 0.51 + 0.02 0.55 + 0.03 0.53 + 0.01 0.50 + 0.01 0.53 + 0.01 0.49—-0.66
phenylalanine 1.83 + 0.02 1.88 + 0.01 1.90 + 0.02 1.81 + 0.01 1.85 + 0.03 1.70-2.08
proline 192 £ 0.01 a 1.89 + 0.02 b 195 + 0.01 a 1.96 + 0.02 a 2.01 +£0.03 a 1.88—-2.61
serine 2.13 + 0.01 1.99 + 0.02 2.01 £+ 0.01 2.11 £+ 0.02 220 + 0.01 1.81-2.32
threonine 1.51 £ 0.01 1.49 + 0.02 1.53 + 0.02 1.60 + 0.01 1.51 £+ 0.02 1.33—-1.79
tryptophan 0.58 + 0.01 0.61 + 0.01 0.59 + 0.02 0.57 + 0.01 0.59 + 0.01 0.49—-0.66
tyrosine 1.40 + 0.02 145 + 0.02 1.35 £ 0.03 1.43 + 0.02 1.38 + 0.01 1.12-1.62
valine 1.68 + 0.01 1.71 + 0.01 1.65 + 0.01 1.70 + 0.01 1.63 + 0.02 1.52-2.24
TAA 37.21 37.33 37.68 37.72 37.37
EAA 13.97 14.06 14.04 14.3 13.97

“In each row, different lowercase letters indicate significant difference (p < 0.05). No lowercase letter indicates no significant difference. bGrams per

100 g of dry weight. “From refs 23 and 24

Table 4. Summary of Lectin and Trypsin Inhibitor of the Transgenic Soybean and Control Seeds (Mean + SD; n = 3)*

S$8-CK TS813 TS81S TS819 TS824 lit. ranged

lectin (HU/mg)” 6.11 + 0.02 6.08 + 0.01 6.12 + 001 6.17 + 0.03 6.13 + 0.02 5.6-6.6
trypsin inhibitor (TIU/mg)C 4325 + 1.14 43.0S + 1.89 4297 + 1.13 4294 + 1.78 4292 + 095 42.9—-45.0

“In each row, different lowercase letters indicate significant difference (p < 0.05). No lowercase letter indicates no significant difference. YFresh
weight basis. HU = hemagglutinating units. HU/mg denotes lectin units per milligram of fresh weight of soybean seeds. “TTU = trypsin inhibitor

units. “From refs 23 and 24.

no significant difference in antinutritional factors between
transgenic soybean seeds and the control seed. These results
exhibited that the antinutrient compositions of the transgenic
soybean lines were substantially equivalent to the control line.

In conclusion, if these transgenic soybeans are to be used as
food or feeds, a safety assessment program for a genetically
engineered soybean is necessary to develop a good under-
standing of transgenic soybean uses in animals and humans.
Safety assessment studies conducted on genetically modified
soybean were based on the application of the principle of sub-
stantial equivalence, which has been adopted by leading inter-
national food and regulatory bodies, including the World Health
Organization,26 the United Nations Food and Agricultural
Orgallization,27 the Organization for Economic Cooperation and
Development,” and the International Life Sciences Institute.”*>>
According to this principle, transgenic soybean seeds were
compared with their control, and the results of compositional
analysis show no significant difference in the most detected
components between the transgenic soybean seeds and the
control S8-CK. These detected components, excluding some
fatty acids (GLA, LA, and oleic acid), exhibited similar nutri-
tional profiles with the comparator S8-CK, and were within the
normal ranges reported for soybean seeds. In addition, examina-
tion of the data indicated that no analyses showed a consistent
trend of difference between the transgenic soybean seeds and
the control S8-CK. Therefore, based on the data presented in
the present study and the published literatures, the transgenic
soybean TS813, TS815, and TS819 are substantially equivalent
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to the control S8-CK except in terms of the GLA content and
the tolerance to glufosinate, and the transgenic soybean marker-
free line TS824 is substantially equivalent to the control S8-CK
with respect to these important constituents.
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