
ABSTRACT: Tocopherol, a natural antioxidant, typically ac-
counts for a small percentage of soybean (Glycine max L. Merr.)
oil. Alleles that govern the expression of polyunsaturated fatty
acids in soybean germplasm are influenced by temperature.
However, little is known about the environmental influences on
tocopherol expression. The objective of this study was to assess
the influence of temperature on tocopherol composition in soy-
bean germplasm that exhibit homozygous recessive and domi-
nant alleles that govern the predominant ω-6 and ω-3 desat-
urases. The control cv. Dare and three low-18:3 genotypes
(N78-2245, PI-123440, N85-2176) were grown under con-
trolled-temperature environments during reproductive growth.
Analysis of crude oil composition at various stages of seed devel-
opment revealed a strong negative correlation between total to-
copherol content and growth temperature. The relative strength
of this correlation was greater in the germplasm that exhibited
homozygous alleles governing the ω-6 desaturase than those gov-
erning the ω-3 desaturase. The decline in total tocopherol with
reduced temperature was attributed predominantly to loss of γ-to-
copherol. However, γ-tocopherol concentration also was directly
related to 18:3 concentration in all genotypes. Thus, low-18:3
oils contained both a lower content and a lower concentration of
γ-tocopherol. Although the biochemical basis for this observation
is unknown, the antioxidant capacity of γ-tocopherol appeared to
be directly associated with changes in oil quality that were medi-
ated more by genetic than by environmental influences on 18:3
concentration. Another aspect of this work showed that low-18:3
soybean varieties should be expected to contain more α-tocoph-
erol, especially when grown under normal commercial produc-
tion environments. This condition should be regarded as another
beneficial aspect of plant breeding approaches to the improve-
ment of soybean oil quality.
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Tocopherols are considered antioxidants because they limit
the availability of oxidants that decompose polyunsaturated

fatty acids. In membranes of plant cells, it is presumed that,
as in animal cells, tocopherols interrupt the chain reaction of
lipid peroxidation by scavenging peroxyl radicals and thus
enhance membrane stability (1–3). Tocopherols also inhibit
triacylglycerol peroxidation at initiation by accepting free
radicals (4,5). Soybean oil typically contains three primary
types of tocopherol: δ [2,8-dimethyl-2-(4,8,12-trimethyltride-
cyl)]-, γ [2,7,8-dimethyl-2-(4,8,12-trimethyltridecyl)]-, and α
[2,5,7,8-dimethyl-2-(4,8,12-trimethyltridecyl)]-tocopherol
(6). In decreasing order, the relative effectiveness of these
compounds as antioxidants is: δ-, γ-, and α-tocopherol (5). 

Although a considerable amount of tocopherol may be re-
moved during refining, especially in the deodorization
process, the oxidative stability of soybean oil may be en-
hanced by hydrogenation, which lowers the level of 18:2 and
18:3 (7,8). In addition, emerging biotechnologies have led to
the development of soybean oils that are naturally low in 18:3
(9,10). These genetically modified oils exhibit improved sta-
bility under high-temperature frying conditions, resulting in
superior flavor quality compared to foods fried in hydro-
genated soybean oil (11). However, hydrogenation is a con-
trolled process, whereas biological reduction of 18:3 may be
subject to the environmental conditions under which the
plants are grown. In that regard, polyunsaturated fatty acid
composition in vegetable oils tends to be negatively corre-
lated with temperature (12,13). In other words, 18:3 concen-
trations may be higher when seeds develop under cooler tem-
peratures. Mazliak (14) suggested that this phenomenon may
be due to different temperature optima for the desaturase en-
zymes that catalyze 18:2 and 18:3 synthesis. Subsequently,
Martin et al. (15) showed that the conversion of 18:1 to 18:2
was more sensitive to temperature than the conversion of 18:2
to 18:3 in soybean germplasm (N78-2245) that carries ho-
mozygous recessive alleles that encode the ω-6 desaturase.
Mating N78-2245 with PI-123440, a germplasm with reces-
sive alleles that encode the ω-3 desaturase, led to selection of
N85-2176 that carries homozygous recessive alleles for both
desaturases (16). Combination of these genes (where A or a,
and B or b denoted dominant or recessive alleles for the ω-6
and ω-3 desaturases, respectively) resulted in a threefold re-
duction in 18:3 concentration and reduced the influence of
temperature effects on oil quality. 

Copyright © 1998 by AOCS Press 591 JAOCS, Vol. 75, no. 5 (1998)

*To whom correspondence should be addressed at Crop Science Department,
4104 Williams Hall, North Carolina State University, Raleigh, NC 27696-7620.
E-mail: Gregeory_Fenner@NCSU.edu.

Temperature Effects on Tocopherol Composition
in Soybeans with Genetically Improved Oil Quality

G.O. Almonora, G.P. Fennera,*, and R.F. Wilsonb

aCrop Science Department and bUnited States Department of Agriculture, Agricultural Research Service,
North Carolina State University, Raleigh, North Carolina 27695-7620



Given the development of soybean germplasm that is nat-
urally low in 18:3, one may wonder whether tocopherol con-
tent also is decreased. Mounts et al. (17) recently reported the
first estimates of tocopherol content in soybean oils with ge-
netically modified 18:3 composition. However, the genotypes
analyzed were from different geographic regions in the
United States with markedly different growth environments.
Because there is no available literature on the impact that en-
vironmental conditions may have on tocopherol composition
in soybean, this investigation was conducted to determine the
effect of growth temperature on the deposition of individual
tocopherols in soybeans with altered 18:3 concentration.

MATERIALS AND METHODS

Soybeans (Glycine max L. Merr.) of cultivars N78-2245, PI-
123440, N85-2176, and Dare were grown in the Southeastern
Plant Environment Laboratory at North Carolina State Univer-
sity (Raleigh, NC). Seedlings were grown under 26°C/22°C
day/night temperatures and a 15-h photoperiod until flowering
was induced ca. 30 d after germination. After pod initiation,
plants of each genotype were exposed to 30/26, 26/22, 22/18,
or 18°C/14°C day/night treatments under a 9-h photoperiod
throughout reproductive growth. The daily mean temperature
(weighted for day and night photoperiod) for each treatment
was 27.5, 23.5, 19.5, and 15.5°C, respectively. Developing
seed was harvested at 30, 45, and 60 (maturity) d after flower-
ing (DAF) and lyophilized at 60°C for 72 h. 

Tocopherols were extracted by a modification of the pro-
cedure described by Priestly et al. (18). One gram of finely
ground lyophilized material was extracted in 50 mL chloro-
form/methanol (2:1, vol/vol). After filtering, the extract was
partitioned against 1% NaCl; the organic phase was passed
through a column containing Na2SO4 and taken to dryness
under N2. Oil was saponified by refluxing with 5 mL 20%
KOH in 60% methanol that contained 0.2% pyrogallol for 1.5
h under N2. The mixture was washed twice with 10 mL ethyl
ether to remove tocopherols. 

Tocopherols were separated by thin-layer chromatography
on plates coated (250 µm) with silica gel and developed with
petroleum ether/ethyl ether/acetic acid (50:50:1, vol/vol/vol).
Tocopherols were visualized with 0.2% 2,7-dichlorofluores-
cein in 95% ethanol under ultraviolet (UV) radiation and iden-
tified by cochromatography with authentic standards. Total to-
copherols were eluted from the gel with absolute ethanol. After
drying under N2, tocopherols were converted to trimethylsi-
lylether derivatives (TMSE) with bis(trimethylsilyl)-trifluo-
roacetamide and pyridine at 65°C for 30 min. After addition of
petroleum ether, samples were dried under N2 and redissolved
in isooctane. Individual tocopherols were separated by flame-
ionization gas chromatography (GC) in a fused-silica SPB-1
capillary column (30 m × 0.32 mm × 0.25 µm; Supelco Inc.,
Bellefonte, PA). Operating temperatures were 230°C (column),
280°C (injector), and 300°C (detector). Carrier flow (helium)
was maintained at 76 cm/s (19). 

Fatty acid composition of total lipid extracts was deter-

mined after transesterification with sodium methoxide in
chloroform/methanol (2:1, vol/vol) by GC analysis as previ-
ously described (13). All data were reported as the mean of
three replicate treatments. Least significant difference and re-
gression analysis, based on means, were used to analyze data.

RESULTS AND DISCUSSION

Oil deposition in soybean seed typically follows a sigmoidal
pattern during reproductive growth. Although environmental
factors, such as temperature, are often associated in a positive
relation with oil concentration, the effect of growth tempera-
ture on oil content usually is minimal (Burton, J.W., personal
communication). Apparently, changes in oil concentration
that are induced by environmental factors may be attributed
to effects on other seed constituents that determine seed mass.
Greater seed mass also may be expected at lower growth tem-
peratures owing to the reduced number of seeds produced per
plant. These trends were observed in the present study, where
the genotypes Dare and three germplasm lines (N78-2245, PI-
123440, and N85-2176) with various combinations of ho-
mozygous recessive or dominant alleles to govern ω-6 and
ω-3 desaturase activity were grown under different tempera-
tures during reproductive growth (Fig. 1). At all temperatures
(reported as the daily mean temperature, which is weighted
for photoperiod), the most active period of lipid accumula-
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FIG. 1. Effect of growth temperature on oil accumulation during soy-
bean seed development. Temperature treatments were expressed as
daily mean temperature (weighted for photoperiod) throughout repro-
ductive development. Data shown for cv. Dare were representative of
other genotypes. 



tion was between 30 and 45 DAF. The apparent rate of oil
synthesis (as judged by accumulation) during that period was
relatively insensitive to differences in growth temperature
among these genotypes. 

Growth temperature did influence unsaturated fatty acid
composition among these genotypes. At seed maturity, 18:3
concentration, which is a crude indicator of oil quality, in-
creased in an inverse relationship with growth temperature
(Table 1). This trend was evident in both normal and low-18:3
genotypes in this study. Indeed, in the lowest-temperature
treatment, the 18:3 concentration of N78-2245 and PI-123440
approached that of the control in the 23.5 and 27.5°C treat-
ments. These treatments (23.5 and 27.5°C) bracket the aver-
age temperatures that are normally experienced under field
conditions in most U.S. soybean production areas. Barring
advent of unusual weather, soybeans in commercial produc-
tion rarely would be exposed to continuous daily mean tem-
peratures of 19.5°C or less throughout reproductive growth.
The temperatures used in this study, however, were selected
to determine the response of recessive alleles that govern
18:1- and 18:2-desaturation under extreme conditions. In that
regard, 18:3 concentration in crude oil N85-2176, which car-
ries homozygous recessive alleles for both desaturases, was
remarkably stable. No statistically significant differences
were found in expression of the low-18:3 trait in N85-2176
among the 27.5, 23.5, and 19.5°C treatments. By using the
ratio %[18:2 + 18:3)/(18:1 + 18:2 + 18:3)] as a practical
means of distinguishing genotypes with dominant (A) or re-
cessive (a) alleles that govern expression of the predominant
ω-6 desaturase and the ratio %[18:3/(18:2 +18:3)] to distin-
guish dominant (B) or recessive (b) alleles that govern the
ω-3 desaturase in soybean seed, these data indicate that ex-

pression of homozygous recessive alleles for each desaturase
was sensitive to growth temperature when paired with the ho-
mozygous dominant allele for the alternate desaturase. How-
ever, fatty acid composition in germplasm with double ho-
mozygous recessive or homozygous dominant alleles was less
sensitive to wide ranges in growth temperature. Although this
phenomenon cannot yet be explained, it was apparent that
both homozygous recessive alleles are needed to ensure the
lowest 18:3 concentration, regardless of temperature. 

Another factor that influences oil quality is tocopherol
composition, and soybean is the predominant source of vita-
min E (α-tocopherol). The biological activity of tocopherols
generally is believed to be manifested in protection of polyun-
saturated triacylglycerol molecular species by terminating
peroxidation at initiation (5). Few investigations have re-
ported the nature of tocopherol deposition during soybean de-
velopment, the effect of growth temperature on tocopherol
levels, or, perhaps more importantly, the effect of genetically
altered soybeans with reduced levels of 18:3 on tocopherol
composition. 

Total tocopherol accumulation tended to parallel oil accu-
mulation during development of soybean seeds (Fig. 2). The
most active rate of tocopherol synthesis occurred between 30
and 45 DAF in these genotypes. However, unlike the mini-
mal response of oil deposition to growth temperature, both
the rate of accumulation and total amount of tocopherol were
significantly diminished by lower temperatures. At seed ma-
turity (60 DAF), tocopherol content exhibited a strong posi-
tive correlation with growth temperature in all genotypes
(Fig. 3). Each genotype showed ca. 1.5-fold change in total
tocopherol over the temperature range, and the slope of these
trends was also similar among genotypes. A striking feature
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TABLE 1
Temperature Effects on Expression of Alleles That Govern Linolenic Acid Concentration of Oil from Mature Soybean Seed

Tempb (% of total lipid) Total (%)
Genotypea (°C) 16:0 18:0 18:1 18:2 18:3 (mg seed−1) 18:1Dc 18:2-D

Dare AABB 27.5 11.4 3.8 24.6 51.9 8.2 33.42 71.0 13.6
23.5 10.7 3.3 21.9 55.6 8.6 33.35 74.6 13.4
19.5 10.2 3.1 16.9 60.6 9.2 33.74 80.5 13.2
15.5 10.1 3.1 16.1 61.3 9.4 33.45 81.5 13.3

N78-2245 aaBB 27.5 11.4 3.6 54.4 26.2 4.4 39.52 36.0 14.4
23.5 11.5 3.3 47.4 32.4 5.4 43.42 44.4 14.3
19.5 11.6 3.6 36.4 41.1 7.3 46.20 57.1 15.1
15.5 10.9 3.5 30.0 47.6 8.0 48.62 65.0 14.4

PI-123440 AAbb 27.5 11.6 3.1 26.2 54.9 4.2 30.09 69.3 7.1
23.5 11.2 3.1 25.0 55.6 5.1 31.38 70.8 8.4
19.5 11.0 3.4 22.1 56.7 6.8 32.14 74.2 10.7
15.5 10.7 3.3 19.2 58.2 8.5 32.94 77.6 12.7

N85-2176 abba 27.5 11.5 3.1 43.5 38.8 3.1 32.41 49.1 7.4
23.5 11.7 3.2 39.2 42.3 3.6 34.20 53.9 7.8
19.5 12.9 3.4 34.5 44.8 4.4 36.47 58.8 8.9
15.5 12.9 3.4 31.7 46.2 5.7 38.62 62.1 11.0

LSD0.05 0.5 0.1 7.0 6.4 1.3 3.4 8.3 1.7
aAA/aa, homozygous dominant or recessive alleles that govern 18:1-desaturation; BB/bb, homozygous dominant or recessive alleles that govern 18:2-desat-
uration in selected soybean germplasm.
bTemp, daily mean growth temperature during reproductive development, weighted for photoperiod.
c18:1-D, relative estimate of 18:1-desaturation: %[(18:2 + 18:3)/(18:1 + 18:2 + 18:3)]·100; 18:2-D, relative estimate of 18:2-desaturation: %[(18:3)/(18:2 +
18:3)]·100. Abbreviation: LSD0.05, least significant difference (P < 0.05).



of these data was the apparent effect of alleles that govern ex-
pression of the ω-6 desaturase on the response of tocopherol
content to growth temperature. Regardless of the alleles (BB
or bb) that govern ω-3 desaturase activity, tocopherol content
at each temperature was significantly greater in genotypes
that carried the homozygous dominant alleles (AA) for ω-6
desaturase than those with the homozygous recessive alleles
(aa). Indeed, the mean total tocopherol levels for cv. Dare and
PI-123440 were ca. 1.3-fold greater than those for N78-2245
and N85-2176 within temperature treatments. Thus, it appears
that genetic effects exerted by, or associated with, alleles that
determine ω-6 desaturase activity may impose a considerable
influence on tocopherol levels in addition to the effects of
widely divergent growth temperatures. 

As shown in Table 2, the concentration of individual tocoph-
erol isomers remained constant within genotypes during seed
development at a given temperature. In view of inherent
genotypic differences in tocopherol composition, each geno-
type responded to temperature treatments in a similar man-
ner. γ-Tocopherol concentration tended to be positively corre-
lated to growth temperature, apparently at the expense of δ-
and α-tocopherol. When expressed on an absolute basis, the
change in amount of γ-tocopherol accounted for 73.4 ± 2.7%
of the variation in total tocopherol within all genotypes over
the temperature treatments. Among and within all tempera-
ture/genotype combinations, δ-tocopherol averaged 280.4 ±
11.0 g/kg oil and α-tocopherol 139.0 + 5.1 g/kg oil. Given the

relatively minor response of α- and δ-tocopherol content to
altered growth temperature, the change in total tocopherol
content appeared to be essentially attributed to temperature
effects on the amount of γ-tocopherol.

Given the negative relation between 18:3 concentration
and growth temperature, it was somewhat surprising to ob-
serve a positive response in γ-tocopherol concentration to
temperature. However, regressing γ-tocopherol concentration
against the 18:3 concentration among genotypes in a given
temperature treatment showed the expected response (Fig. 4).
A strong positive correlation was found between γ-tocopherol
and 18:3 among genotypes in each temperature treatment
with little variation in slope (1.59 ± 0.09) whereas the inter-
cept ranged from 57.8% γ-tocopherol at the highest growth
temperature (R2, 0.95) to 46.1% γ-tocopherol in the lowest
temperature (R2, 0.89). Therefore, lower γ-tocopherol con-
centrations may be expected in soybean varieties with geneti-
cally reduced 18:3 concentration. Expression of this trend is
further influenced by environmental factors. Although the
biochemical basis for this observation is unknown, it appears
that γ-tocopherol may be associated with the changes in 18:3
concentration by both genetic and environmental influences. 

Based on these data, low-18:3 soybean oils, especially
N852176, appear to have inherently elevated levels of α-to-
copherol or vitamin E. The apparent enrichment in α-tocoph-
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FIG. 2. Effect of growth temperature on total tocopherol accumulation
during soybean seed development. Data shown for cv. Dare were rep-
resentative of other genotypes. 

FIG. 3. Effects on total tocopherol content in mature seed of soybean
genotypes with genetically modified linolenic acid composition. The
gene descriptors AA or aa represent homozygous dominant or recessive
alleles that encode the predominant ω-6 desaturase; BB or bb represent
homozygous dominant or recessive alleles that encode the ω-3 desat-
urase in soybean seed. DAF, days after flowering.



erol was a function of loss of γ-tocopherol. The percentage
difference in the actual amount of α-tocopherol between Dare
and N85-2176 increased in a linear relation, where percent-
age difference = 1.225 (daily mean temperature) + 12.504 [R2

= 0.993] from the 15.5°C treatment (2.8% difference) to the
27.5°C treatment (12.5% difference). Therefore, low-18:3
soybean varieties should contain more α-tocopherol, espe-
cially when grown under normal commercial production en-
vironments. This condition should enrich the amount of ex-
tractable vitamin E in deodorization distillates compared to
normal or high-18:3 soybean oils, and should be regarded as
another beneficial aspect of plant breeding approaches to im-
prove soybean oil quality.
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ω-6 desaturase: BB or bb represent homozygous dominant or recessive
alleles that encode the ω-3 desaturase in soybean seed.



tioxidant Protection in Chloroplast, Chem. Phys. Lipids,
44:327–340 (1987).

4. Olcott, H.S., and O.H. Emerson, Antioxidants and the Autoxi-
dation of Fats. IX. The Antioxidant Properties of Tocopherols,
J. Am. Chem. Soc. 59:1008–1009 (1937).

5. Sherwin, E.R., Antioxidants for Vegetable Oils, J. Am. Oil
Chem. Soc. 53:430–436 (1976).

6. Gutfinger, T., and A. Letan, Studies of Unsaponifiables in Sev-
eral Vegetable Oils, Lipids 9:658–663 (1974).

7. Bagge, C., Techniques for Enhancing Quality in Edible Oil Pro-
cessing, in Proceedings of the World Conference on Oilseed
Technology and Utilization, edited by T.H. Applewhite, Ameri-
can Oil Chemists’ Society, Champaign, 1993, pp. 194–198.

8. Chu, Y.H., and J.Y. Lin, Factors Affecting the Content of Tocoph-
erol in Soybean Oil, J. Am. Oil Chem. Soc. 70:1263–1268
(1993).

9. Wilson, R.F., Advances in the Genetic Alteration of Soybean
Oil Composition, in Designing Value-Added Soybean Traits for
Markets of the Future, edited by R.F. Wilson, American Oil
Chemists’ Society, Champaign, 1991, pp. 38–52.

10. Wilson, R.F., J.W. Burton, and P. Kwanyuen, Effects of Genetic
Modification of Fatty Acid Composition of Soybeans on Oil
Quality, in Proceedings of the World Conference on Edible Fats
and Oils: Basic Principles and Modern Practices, edited by
D.R. Erickson, American Oil Chemists’ Society, Champaign,
1989, pp. 355–359.

11. Mounts, T.L., K. Warner, G.R. List, W.E. Neff, and R.F. Wil-
son, Low-Linolenic Acid Soybean Oils—Alternatives to Frying
Oils, J. Am. Oil Chem. Soc. 71:495–499 (1994).

12. Rennie, B.D., and J.W. Tanner, Fatty Acid Composition of Oil
from Soybean Seeds Grown at Extreme Temperatures, Ibid.
66:1622–1624 (1989). 

13. Wilson, R.F., and J.W. Burton, Effects of Growth Temperature
on Expression of a High-Stearic Acid Trait in Soybean, in Pro-
ceedings of the World Conference on Oilseed Technology and
Utilization, edited by T.H. Applewhite, American Oil Chemists’
Society, Champaign, 1993, pp. 422–429.

14. Mazliak, P., Temperature Regulation of Plant Fatty Acyl Desat-
urases, in Low Temperature Stress in Crop Plants, edited by
J.M. Lyons, D. Graham, and J.K. Raison, Academic Press, New
York, 1979, pp. 391–404.

15. Martin, B.A., R.F. Wilson, and R.W. Rinne, Temperature Ef-
fects upon the Expression of a High-Oleic Acid Trait in Soy-
bean, J. Am. Oil Chem. Soc. 63:346–352 (1986).

16. Wilson, R.F., and J.W. Burton, Regulation of Linolenic Acid in
Soybean and Gene Transfer to High Yielding, High Protein
Germplasm, in Proceedings of the World Conference on Emerg-
ing Technologies in the Fats and Oil Industry, edited by A.R.
Baldwin, American Oil Chemists’ Society, Champaign, 1986,
pp. 386–391.

17. Mounts, T.L., S.L. Abidi, and K.A. Rennick, Effect of Genetic
Modification on the Content and Composition of Bioactive Con-
stituents in Soybean Oil, J. Am. Oil Chem. Soc. 73:581–586
(1996).

18. Priestley, D.A., M.B. McBride, and C. Leopold, Tocopherol and
Organic Free Radical Levels in Soybean Seeds During Natural
and Accelerated Aging, Plant Physiol. 66:715–719 (1980).

19. Fenner, G.P., G.W. Patterson, and W.R. Lusby, Developmental
Regulation of Sterol Biosynthesis in Cucurbita maxima L.,
Lipids 24:271–277 (1989).

[Received August 16, 1996; accepted September 29, 1997]

596 G.O. ALMONOR ET AL.

JAOCS, Vol. 75, no. 5 (1998)


