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Brown rice is a valuable source of lipid-soluble antioxidants including ferulated phytosterols (i.e.,
y-oryzanol), tocopherols, and tocotrienols. To evaluate the impact of temperature on the accumulation
of these compounds, seeds from six different rice lines grown to maturity in replicate greenhouses in
Gainesville, FL, were analyzed. The lines represented Oryza sativa indica, O. sativa japonica, and
Oryza glaberrima of different origins. Temperatures were maintained near ambient at one end of
each greenhouse and at approximately 4.5 °C above ambient at the other end. y-Oryzanols,
tocopherols, and tocotrienols were extracted from whole seed (i.e., brown rice) and analyzed by
HPLC. Tocotrienols and tocopherols varied widely between lines but changed only slightly with respect
to temperature. In general, the proportions of a-tocotrienol and/or a-tocopherol increased at elevated
temperature, whereas y-tocopherol and y-tocotrienol decreased. Six y-oryzanol peaks, identified on
the basis of absorbance maxima at 330 nm and HPLC—mass spectrometry, were quantified. The
most abundant component was 24-methylenecycloartanyl ferulate, present at 40—62% of total. Its
levels increased 35—57% at elevated temperature in five of six lines, accounting for most of the
change in total y-oryzanol. The results suggest that the physiological action of individual ferulated
phytosterols should be investigated because their relative proportions in y-oryzanol can change.
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INTRODUCTION particular (7), andy-oryzanols (8) have both been implicated

Rice bran constitutes about 10% of the dry matter of a seed @S active components in cholesterol reduction.
and consists of the outer layers (pericarp, seed coat, nucellus, Environment (i.e., planting location or planting year) as well
and aleurone) and the embryo or gerty.(Bran is about as genetics has been reported to affect the contents and/or
15—20% oil, of which a relatively large proportion (ca. 4%) composition of tocols and/or-oryzanols in rice seed( 10).
compared to other vegetable oils is unsaponifiable material, In addition to affecting product quality, such variation may have
primarily free and esterified phytosterols as well as tocotrienols @ significant effect on nutrition study outcomes if different
and tocopherols (collectively referred to tocols). The esterified sources of bran or oil are compared. Conversely, environmental
sterols include 10 or more different compounds linked to ferulic Manipulation in conjunction with genetic selection could be used
acid (2) and are known collectively asoryzanol. to produce bran or oil varying in the content and composition

Similar to oat bran, rice bran and rice bran oil have significant of tocols and/ory-oryzanols. The impact of environmental
hypocholesterolemic effects on humans and other speciesvariables (e.g., temperature, drought, light, etc.) on rice phy-
Unlike oat bran, rice bran lipids and unsaponifiable components tochemical composition has not been determined.
appear to be responsibld6). Isolated tocols, tocotrienols in In soybean seeds, however, elevated temperatures (28 com-
pared to 23C) or severe drought during seed development was

* Corresponding author [e-mail steven.britz@ars.usda.gov; telephone shown to alter tocopherol metabolism, increasing the proportion
(3912050%4gg§15p’0f§gn(t§0;%dSOthglltfels_]éboratory, U.S. Department of Agri- of a-tocopherol (11). In cher Studies, seed QGvelopment at 30
culture. versus 15°C resulted in 95% increases in total soybean

géﬁnSQStStége UnivehrSLthy_-t CMAVE. U.S. Department of Aaricult phytosterols averaged across nine lines with a relative increase
emistry Researc nit, , U.S. Department of Agriculture. . .
# Eastern Regional Research Center, U.S. Department of Agriculture. 1N c@Mpesterol compared to stigmasterol firsitosterol (2).

'University of Florida. Large decreases in total tocopherols were also reported in
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Table 1. Characteristics of Rice Lines (Oryza spp.)

Britz et al.

line species/ecotype/habit origin grain size temperature response?
Arborio sativaljaponicalsemidwarf Italy medium intermediate
Kaybonnet sativaljaponicaltall Texas long intermediate
Jodon sativalindicalsemidwarf Texas long intermediate
Tellahamsa sativalindicaltall India medium tolerant
CG-17 glaberrimaltall Cotonou, Benin? long intermediate
Italica® sativaljaponicalsemidwarf Italy medium sensitive

aThe relative sensitivity of spikelet fertility to elevated greenhouse temperature in 2003 (P. V. V. Prasad, personal communication).  West African Rice Development

Association (Africa Rice Center). ¢ ltalica Livorna.

companion measurements on the same matek8)l Because
sterols and tocopherols both depend on isoprenoid metabolism
the possibility for interactions should be considered!)(
However, phytosterols are not necessarily affected by environ-
ment or location 15, 16), even under conditions when temper-
ature differences were sufficient to affect fatty acid saturation
(16).

Rice is currently grown near its temperature optimum in much
of the world and, similar to other grain crops, further increases
in temperature can reduce yielti7( 18). Temperature gradient

Table 2. Rice Samples for Analysis

GH 12 GH2b GH 3¢

line Ed Wwe E W E W
Arborio Af A A A A A
Kaybonnet A A A NA9I A NA
Jodon A A NA A NA NA
Tellahamsa NA A NA NA A A
CG-17 NA NA NA A A A
Italica NA NA NA NA A A

greenhouses have proven to be useful to investigate the influeNCe  a greenhouse 1. o Greenhouse 2. © Greenhouse 3. @ East. € West. Available

of temperature on crop4.7) and were used here to grow rice
reproducibly at ambient or elevated temperature fe&5 °C).
Seeds were analyzed from six lines represen@ngza sativa
indica, O. sativa japonica, andryza glaberrimaoriginating
from different parts of the globe (Table 1). On the basis of
spikelet fertility, Tellahamsa, a tahdicaline of O. sati:a from
India, is relatively heat tolerant, whereas lItalica Livorna, a
semidwarfiaponicaline from ltaly, is relatively sensitivel@ble

1). O. glaberrima, a species still cultivated in Africa, is of

(includes both ambient and elevated temperature sections). ¢ Not available (i.e.,
not planted or insufficient seed).

and third) zones were not used in this study. Temperatures we2e 1
°C warmer on average during 2003 as compared to 2001 and 2002
a7).

Sampling. Intact panicles from multiple plants were collected from
east and/or west sides of each greenhouse zone as availablafdee
2) and air-dried. In practice, Arborio was the only line for which east

interest because of its potential for increased tolerance to stresgind west harvests were available for each greenhouse zone, whereas

(19). However, CG-17 was intermediate in its response to
elevated temperatur@dble 1). Like otherO. glaberrimalines,
CG-17 seeds are red, indicating the presence of anthocyanin
(20).

The purpose of this study is to assess whether season-lon

Arborio and Kaybonnet were the only lines represented in all three
greenhouses. Each sample (east or west) was subdivided to create two

éjuplicates for analysis. All results from a given greenhouse zone were

averaged on the basis of these two or four measurements depending
on availability of east and west seed samples to calculate a greenhouse

%one mean. SigmasStat (ver. 2.03, SPSS Science, Chicago, IL) was used

differences in growth temperature affect the concentration and/ o getermine significant treatment effects € 0.05) on rice phy-

or composition of tocols ang-oryzanol in brown rice seeds.
In general, there is relatively little information on how envi-
ronmental stress during growth and development affects phy-

tochemicals by two-way ANOVA (rice linex temperature) after
validation of normal distribution and equal variance. Significance of
differences (p< 0.05) between rice lines at ambient temperature and

tochemicals in seeds, and specific effects of temperature onsignificance of effects of temperature on each line were determined by

tocols andy-oryzanol have not been described previously. In

addition, the possible significance of such changes on either

the nutritional value of brown rice or the ability of rice seed to

Tukey pairwise multiple-comparison tests.

Whole seeds (i.e., brown rice including bran and embryo) were
analyzed because it is difficult to get reproducible bran samples for

tolerate heat stress will be considered. Both considerations are’ery small seed samples such as were available for this study. Moreover,

important in view of predicted increases in global temperature.

MATERIALS AND METHODS

Cultivation. Rice seeds were sown on May 28, 2003, in soil (natural
Millhopper fine sand). Plots were fertilized with 60 kghaach of N,
P, and K at sowing and with additional N at panicle initiation and seed
filling (60 kg ha! each time). Plots were located in three replicate
temperature-gradient greenhouses in Gainesville, FL 639N, 82°
27" W), and were irrigated daily to maintain soil moisture near

milling duration can easily and differentially affect the amounts of tocols
andy-oryzanols present (B1). For example, the first 10 s of milling
released most of thes-oryzanol, indicating this compound was
concentrated in the outermost pericarp, seed coat, and nucellus layers
of the bran (). In contrast, a further 10 s of milling yielded a bran
fraction with about the same amount of tocopherols and tocotrienols
as the first 10 s, indicating tocols were well represented in the deeper
aleurone layer, which contains large numbers of lipid bodies. In
addition, significant amounts of phytochemicals were detected in rice
seed even after almost 10% of seed mass was removed by maling (

saturation. Details of the temperature-gradient greenhouse layout and Analysis of Tocols andy-Oryzanols. Seeds were carefully dehusked

operation are described elsewhere (18). In brief, the long axis of

by gentle abrasion using nylon screens and then freeze-dried and ground

each greenhouse was 27.4 m and oriented north-to-south. The houseto a fine flour in a cyclone mill. Samples (100 mg) were weighed into

were 4.4 m wide and 2.2 m high in the middle and covered with
polyethylene that transmitted ca. 90% of photosynthetically active solar

conical centrifuge tubes and extracted three times in absolute ethanol
(5 mL total volume) with 0.1% butylated hydroxytoluene (BHT) at 60

radiation (400-700 nm). The lengths of the greenhouses were separated°C for 5 min each time. Samples were vortexed prior to and following

into four zones 5 m in length and 4.4 m wide. The first zone was
maintained at near-ambient temperatures (3028ay/night maximum/

heating and then centrifuged for 5 min at high speed (1§P0® a
benchtop centrifuge. Supernatants (5 mL total volume) were collected,

minimum growing-season-long average), whereas the fourth zone wascombined, and stored on ice. Following these steps, water (1.5 mL)

maintained at cat4.5°C (i.e., 35/27°C day/night). The middle (second

was added to each sample, after which the extracts were washed three
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“ [a-tocotrienol (o T3), S-tocotrienol (5T3),y-tocotrienol (yT3), and
o Tocotrienci 8 Tocoprerd! . J-tocotrienol (6T3) ando-tocopherol (aT),ﬁ-tocoph_eroI (BT),y-to-
ACN:THFW . copherol {T), andd-tocopherol §T)]. The structural isomergT3 and

pT3 as well asyT and T are usually not resolved by standard C-18
RP-HPLC. In practice, this was not an issue bec@ii&andjsT were
not detected in any rice samples. The identity of tocols in rice samples
was confirmed by cochromatography with co-injected individual
standards. A fluorescence detector was also used in some separations
to confirm that all putative tocol peaks exhibited characteristic
fluorescence.

They-oryzanol standard revealed five main peaks that coeluted with
peaks in rice samples. These peaks and an additional minor component
found primarily in Arborio samples were quantified in rice extracts

assuming the extinction coefficients for ferulic acid were identical for
Retention Time, min all peaks. Therefore, the mass of each peak was calculated on the basis
Figure 1. HPLC chromatogram of tocotrienol and tocopherol standards of its contribution to totalAss [i.e., mass (peak = Y Asso (peaki)/
monitored at 292 nm: &-tocotrienol, T3; y-tocotrienal, yT3; B-tocotrienal, > Aszo (peaks 1, ...n) x mass ofy-oryzanol standard injected, where
[BT3; a-tocotrienol, aT3; d-tocopherol, OT; y-tocopherol, y'T; B-tocopherol, there aren peaks withAsso above baseline]. For the purposes of this
BT; and a-tocopherol, oT. calculation, several minor peaks with detectakig were included in
total Aszo The total absorbance of the six peaks in the standard
0.7 accounted for 90—95% of the totAke. Rice samples generally had
¥T3 Arborio Seed Tocols more detectable peaks than the standard; the six quantified peaks
0.6 ambient temperature Nl typically accounted for 80—85% of totdszo
elevated temperature [
0.5 RESULTS
Tocols. Brown rice seeds contained about 100 nmot gf
0.4 dry matter of total tocolsTable 3), except for Italica Livorna,
oT which had about double this amount. The major individual tocol
0.3 1 wasyT3, except again for Italica Livorna, which had very high
levels ofaT. Although ltalica Livorna samples were available
0.2 from only one greenhous@#dble 2), eight samples representing
duplicates from both east and west sides as well as ambient
0.1 and elevated temperature zones were consistent with respect to
o total tocols andT. Variable amounts and proportions eT,

yT, andaT3 were found in all of the remaining lines with the
exception of Arborio, which lacked detectabl&. Detectable
levels of6T3 (5% or less of total) were found only in Kaybonnet
and CG-17. Because rice tocols are concentrated in the 10% of
seed mass formed by the bran and germ, estimated values for
total tocols per unit of bran mass are comparable to other oil
seeds and other reports of rice bran.

Greenhouse

Figure 2. Relative tocol concentrations in Arborio seeds produced at
ambient or elevated temperature in three replicate greenhouses.

times with hexane (3.5 mL total volume) to remove lipids. Hexane

supernatants were kept on ice, combined, and then dried under N C .
Residues were dissolved in 0.5 mL of absolute ethanol with 0.1% BHT Elevated temperature caused small but significant increases

and transferred in an amber vial immediately to an HPLC (Agilent In a_T (_flve of six lines),aT3 (four of six I'_nes_)_’ and'T3 (one .
model 1100), where they were stored in a refrigerated sampling unit Of Six lines). There were also small bUt_ Slgn'flcant decreases in
for up to 12 h before analysis. In some experiments, samples of different ¥ T (three of six lines) andT3 (one of six lines). The changes
mass (e.g., 50, 100, or 150 mg) were extracted to ascertain thatare comparable to those reported in the literature for rice tocols
measured tocols ang-oryzanols were proportional to sample mass. from different locations or years (9). Although ANOVA
Extracts (2QuL) were injected on a YMC C-30 reverse-phase (RP) determined there was an overall significant effect of temperature
“carotenoid” column (4.6x 250 mm, 3um; Waters Corp., Milford ~ on total tocols (p= 0.016), the Tukey test identified a significant
MA) run at 25°C and 1.0 mL min* with 100% solvent B (acetonitrile/  jncrease in total tocols for only Kaybonnet. However, rice seeds

tetrahydrofuran/water 70:25:10, v/v/v) between 0 and 25 min followed decrease about 10% in mass at elevated temperature (data not
) : . o
by a linear gradient to 100% solvent A (acetonitrile/tetrahydrofuran shown), so increases in tocols on a mass basis could be an

50:50, v/v) from 25 to 35 min, 100% solvent A from 35 to 45 min, tifact if the t | tent d . tant
and ending with 100% solvent B from 45 to 60 min. Sample absorbance artifact 1 the tocol content per seed remains constant.

was monitored with a diode array detector. Tocotrienol and tocopherol N fact, real changes in tocol metabolism probably occur
standards (Calbiochem, San Diego, CA) monitored at 292 nm were because the proportion of individual tocols with respect to total
separated between 6.5 and 19 miigtre 1), whereas g-oryzanol changed significantly at elevated temperature. Thy$3
standard (Tokyo Kasei Kogyu, Portland, OR) monitored at 330 nm decreased 6.5%, wherea33 increased 5.6% on average, at
eluted between 37 and 41 mirFigure 3, inset). HPLG-mass elevated temperature for Arborio. Although small, these changes
spectrometry was conducted with an Agilent 1100 MSD equipped with were highly reproducible (Figure 2). Although absolute values
an atmospheric pressure chemical ionization interface operated in thefor o T increased significantlyTable 3), T as a proportion of
2?;23"992?; S;ﬁgﬂl?rzs :tt %gﬁ": "nggﬁ‘zjgfeé:;ef;‘;ﬁe?;g?epsgt total tocols did not change. The pattern of change depended on
325 °C, capillary voltage at 4000 V, corona current at 4, and rice I|ne._ Iq Kaybonnet., for examp!exTS increased signifi-
fragmentor at 80 V). All solvents were of HPLC grade, and all cantly, similar to Arborio, butyT3 P"d not chgngg (data not
chemicals were of reagent grade. shown). In contrast)T3 andyT, neither of which is detected

Use of a C-30 column for the simultaneous separation of tocols, in Arborio, did decrease significantly. Italica Livorna was the
y-oryzanol, and carotenoids in rice bran oil has previously been reportedonly line without significant changes in the proportion of
(22). This column is sufficient to resolve all eight standard tocols individual tocols.
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Figure 3. Concentration of stigmasteryl ferulate (peak 1), cycloartenyl ferulate (peak 2), 24-methylenecycloartanyl ferulate (peak 3), campesteryl ferulate
(peak 4), sitosteryl ferulate (peak 5), and campestanyl ferulate (peak 6) in Arborio seeds produced at ambient or elevated temperature in three replicate
greenhouses. (Inset) HPLC chromatogram of Arborio y-oryzanol monitored at 330 nm; peaks tentatively identified by HPLC-MS-APCI (Table 4).

Table 3. Comparison of Tocols in Rice Lines Grown at Ambient or Table 4. Tentative Identification of -Oryzanol Peaks via
Elevated Temperature HPLC-MS-APCI
total retention major sterol
line tocols? T3P yT3¢ oT3d yTe oTf time fragment ion =
peak (min) [M-18+1]* proposed chemical structure

Concentration at Ambient Temperature

(Nanomoles per Gram of Dry Matter)9:h 1 37.3 395 stigmasteryl ferulate
Arborio 91¢ 52¢ 15ab 25b 2 37.8 409 cycloartenyl ferulate
Kaybonnet 140b 5a 9%a 13 bc 8d 19¢ 3 384 423 24-methylenecycloartanyl ferulate
Jodon 135b 93 ab 14 abc 7d 2lc 4 40.0 383 campesteryl ferulate
Tellahamsa 99¢ 72 bc 2d 12¢ 13d 5 40.2 397 sitosteryl ferulate
CG-17 97¢ 4a 63¢c 4d 18b Te 6 40.8 385 campestanyl ferulate
Italica 216 a 57¢ 18a 3la 109 a
Concentration Increase (Decrease) at Elevated Temperature . .
(Nanomoles per Gram of Dry Matter) (10,21) or bran 9) after correction for the proportion of bran
Arborio 9 ) 72 3z mass to seed. The distribution of individualoryzanols was
Kaybonnet 187 (5)z 1 8z () 6z similar for all six lines. About 46-60% of the total was present
ioﬁoﬂ g é ‘1“ (;) z g in peak 3, which was tentatively identified as 24-methylenecy-
C%i7amsa 1 0 5 g 27 8 z 5; cloartanyl ferulate on the basis of LC-MS APCI data. Ap-
ltalica 20 2 3 47 11z proximately 20—35% of totay-oryzanol was found in peak 2,
which was identified as cycloartenyl ferulate. These chemical
agum of T3, yT3, T3, T, and aT. » 5-Tocotrienol. ¢ y-Tocatrienol. ¢ o structures are consistent with other studies using C-18 RP-HPLC
tocotrienol. € y-Tocopherol. a-Tocopherol. 9 Seed dry matter. " Mean of 1 (ltalica), (2) and C-30 RP-HPLC (22) and indicate the majority of
2 (Jodon, Tellahamsa, CG-17), or 3 (Arborio, Kaybonnet) greenhouse zones. y-oryzanol consists of 4 4limethylsteryl ferulates derived from
"Values in a column followed by different letters are significantly different (p < early steps in phytosterol metabolism (24—26).
0.05). /Increases (decreases) followed by “z" are significantly different (p < 0.05) Peaks 4, 5, and 6 were tentatively identified, in order, as

from the value at ambient temperature. campesteryl ferulate, sitosteryl ferulate, and campestany! feru-

late. A seventh peak, not quantified in these studies, was
y-Oryzanol. Six peaks of phytosteryl ferulateg-pryzanol) assigned to sitostanyl ferulate. Peaks 4—6 together constituted
separated via HPLC were detected via UV absorption at 330 about 1726% of totaly-oryzanol. Peak 1, a minor component
nm (Figure 3, inset), and the chemical structures of these estersranging from<1% of the total to 4% in Arborio, appeared to
were identified using HPLC-MS-APCI in the positive ion mode be composed of stigmasteryl (or possibly stigmastenyl) ferulate,
(Table 4). As observed previously, the major fragment ions of consistent with an earlier study (2).

each of the phytosteryl esters were the fMwater]" of the Arborio, Kaybonnet, Tellahamsa, and CG-17 had large
phytosteryl moieties23). All lines had similar amounts of increases (>30%) in total-oryzanol at elevated temperature.
y-oryzanol under ambient temperature conditiofee 5). The Most of the increase in all four lines (6@0%) resulted

concentrations are comparable to other reports for brown rice from increases in 24-methylenecycloartanyl ferul&iggre 3;
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Table 5. Comparison of -Oryzanols in Rice Lines Grown at Ambient lines representing a relatively wide distribution of rice ecotypes.
or Elevated Temperature In four of these five lines there were also small increases in
cycloartenyl ferulate such that between 75 and 90% of the total
, total peaks increase iny-oryzanol can be ascribed to 4gdimethylsteryl
fine yonyzanol®  peak1’ peak2® pesk3’ 4+5+6° ferulates. Because these compounds may be less effective in
Concentration at Ambient Temperature blocking cholesterol uptake and absorption in animal models
Aborio 27§“§;rogr8m EgraGram of Dg())’ ’;"aﬂer)fma 68a than the 4-desmethylsterols (27), it is possible that elevated
Kaybonnet 2593 4be 872 1012 60 ab temperature results in d|m|n|shed. bioactivity pfpry;anol.
Jodon 259 a 4bc 84a 104 a 67 ab However, there may be potential for genetic improve-
Tellahamsa 228a lc 2a 130a 55 ab ments in specific 4-desmethyl phytosterols. For example,
GC-17 180a lc 4ra 199a 34D elevated temperature caused 140% increases in a minor peak
llica 2202 10ab 49a 1082 53ab in Arborio that may represent stigmasteryl or stigmastenyl
Concentrationllncrease (Decrease) at Elevated Temperature ferulate and approximately 50% increases in two peaks in
Aborio 1OgMz'ﬁrogram51F’79;Gram of D;y Matter) s . fl(e?ﬁllcgjtznet that may represent sitosteryl ferulate and campestany!
Kaybonnet 99z 3 17 552 247 :
Jodon 17 0 (12) 36z @ On the other hand, 24-methylenecycloartanyl ferulate has
E‘(?S”alf;amsa gg; g 12 Sgé 1; been shown to be a more effective inhibitor of free radical
talica 6 0 7 M 1 initiated cholesterol oxidation in vitro than e|ther cycloartenyl
ferulate or campesteryl ferulate (28). The two dimethylsterols,
aSum of peaks 1, 2, 3, 4, 5, and 6 (see Figure 3 for HPLC; Table 4 for cycloartenyl and 24-methylenecycloartanyl, were more effective
tentative identification). » Stigmasteryl ferulate. ¢ Cycloartenyl ferulate. ¢ 24-Meth- than various 4,4desmethyl phytosterols with respect to anti-
ylenecycloartany! ferulate. € Sum of campesteryl ferulate, sitosteryl ferulate, and inflammatory action induced by phorbol este?9). Although
campestanyl ferulate. "Mean of 1 (ltalica), 2 (Jodon, Tellahamsa, CG-17), or 3 esterification of 4-desmethyl phytosterols withns-ferulic acid
(Arborio, Kaybonnet) greenhouse zones. " Values in a column followed by different increased their activity in this test, it did not make these
letters are significantly different (p < 0.05). " Increases (decreases) followed by “z” compounds more effective than the '4gdmethylsterols. More
are significantly different (p < 0.05) from the value at ambient temperature. research is required to evaluate the bioactivity of individual

components of-oryzanol and to evaluate the relative impor-

tance of the free phytosterol versus esterified ferulic acid. It is
Table 5). The remainder of the increasejroryzanol came  possible that the benefit froproryzanols derives from ferulic
from different compounds in different lines. For example, acid and that the major impact of the steryl component is to
stigmastenyl! ferulate (peak 1) contributed 17% to the total affect bioavailability (30).
increase in Arborio but was a minor component in K_aybonneté The implications of these findings for sterol metabolism are
Tellahamsa, and CG-17. Peaks 46 together contributed 24%ncjear because the biosynthesis of sterols is complicated and
of the totaly-oryzanol increase in Kaybonnet, but were minor it js not understand how ferulation is regulated. In fact, few
components in Arborio, Tellahamsa, and CG-17. There were gy, gjes have examined botkoryzanol and bulk sterols. In one
falso relatively large increases in cycloartenyl ferulate (peak 2) comparison,y-oryzanol and phytosterols in rice seeds were
in K_aybonnet and TeIIahamsa. Ml!ler and Engkﬂ)(emphasged present in approximately equal amoun®&l) Bulk sterols
the importance of comparing 4;dimethylsteryl ferulates (i.e.,  congisted, as expected, mainly of 4-desmethylsterols (chiefly
cycloartenyl ferulate and 24-methylenecycloartanyl ferulate) g_sjiosterol). Although it appears therefore that sterols are not
with 4-desmethylsterols (i.e., all of the rest). Taken together, gimply ferulated in proportion to their abundance in the seed,
the dimethylsteryl ferulates accounted for+% of the ¢ sjtyation is more complicated becayseryzanols were
increase in totay-oryzanol in Arborio, Kaybonnet, Tellahamsa,  ¢oncentrated in the outermost layers of the bran, whereas bulk

and CG'17'_ o ) sterols, similar to tocols and lipids, were distributed more evenly
Changes in tota}-oryzanols were not significant in the two i deeper layers.

remaining lines, Jodon and Italica Livorna, although Jodon had
relatively large increases in peak 3 that were partially negated
by decreases in peaks 2 and@l

Greenhouse EffectsGreenhouse 1 was distinguished from
the other two houses on the basis of higher levelgldd, aT3,
oT, cycloartenyl ferulate, and 24-methylenecycloartanyl ferulate
in Arborio seeds grown under ambient temperature conditions
(Figure 3 and data not shown). Similar results were noted for
Kaybonnet with respect tdT3, yT3, T, cycloartenyl ferulate,
sitosteryl ferulate, and campestanyl ferulate (data not shown).
On the other handyT3, o T, 24-methylenecycloartanyl ferulate,
and campesteryl ferulate in Kaybonnet were similar in all
houses. Differences between greenhouses did not appear t
interfere with the effect of temperature, which was superimposed
on higher ambient baseline levels (Figure 3).

Phytosterols are important components of plant membranes;
changes in temperature affect the relative composition of sterols
in ways likely to stabilize membranegRg). The function of
y-oryzanols in plants, however, is unknown. That moderate
increases in temperature induce increases in these compounds
suggests they are involved in plant stress responses. For
example,y-oryzanols did not increase at elevated temperature
in seeds of Italica Livorna, which were relatively sensitive to
high temperatureliable 1) and which had typical levels of total
and individualy-oryzanols at ambient temperature (Table 5).
On the other hand, seeds of Tellahamsa, which was relatively
6olerant to elevated temperaturEaple 1), were comparable to
other lines with intermediate temperature sensitivity with respect
to y-oryzanols and the changes induced by elevated temperature
(Table 5). Additional research over a wider range of genotypes
and growing conditions is needed and may lead to improvements
in the ability of rice to adapt to more stressful conditions. In

The main result is that a 4”& increase in season-long growth  particular, it will be useful to investigate the impact of elevated
temperature resulted in large increases in one fraction of atmospheric C@ In soybeans seeds, by comparison, elevated
y-oryzanol, 24-methylenecycloartanyl ferulate, in five of six CO, appeared to ameliorate the impact of elevated temperature

DISCUSSION



7564 J. Agric. Food Chem., Vol. 55, No. 18, 2007

Britz et al.

and reduced changes in tocopherols and isoflavones induced (13) Dolde, D.; Vlahakis, C.; Hazebroek, J. Tocopherols in breeding

by elevated temperature (31).

Changes in tocopherols and tocotrienols appear to be less

important than changes jroryzanols for the adaptation of rice

to elevated temperature. Thus, seeds of the sensitive Italica

Livorna had very high levels afT, whereas seeds of the tolerant
Tellahamsa contained relatively low levels of total tocols.
Nonetheless, the extreme variability in tocopherol and toco-
trienol composition noted here for different lines of rice may

be useful to evaluate the significance of these compounds with

respect to serum cholesterol level reduction by rice bran or oil
(32). Comparing seeds from 26 lines of rice, Horvath et28) (
also noted wide variability in total tocals, in the relative amounts
of tocopherols and tocotrienols, and in the ratoEyT and
aT3/yT3. Moreover, the ratioaT/y T andaT3/yT3 were often
different in the same line.
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