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Sorghum is a critical source of food in the semiarid regions of sub-Saharan Africa and India and a
potential source of dietary phytochemicals including carotenoids. The objective of this study was to
determine the carotenoid profiles of sorghum cultivars, selected on the basis of their yellow-endosperm
kernels, at various developmental stages. Following extraction from sorghum flours, carotenoids were
separated by high-performance liquid chromatography (HPLC) with diode array detection. Total
carotenoid content in fully matured yellow-endosperm sorghum kernels (0.112—0.315 mg/kg) was
significantly lower (p < 0.05) than that in yellow maize (1.152 mg/kg) at physiological maturity. Variation
in total carotenoids and within individual carotenoid species was observed in fully mature sorghum
cultivars. For developing kernels, large increases in carotenoid content occurred between 10 and 30
days after half bloom (DAHB), resulting in a peak accumulation between 6.06 and 28.53 ug of total
carotenoids per thousand kernels (TK). A significant (p < 0.05) decline was noted from 30 to 50
DAHB, resulting in a final carotenoid content of 2.62—15.02 «g/TK total carotenoids. (all-E)-Zeaxanthin
was the most abundant carotenoid, ranging from 2.22 to 13.29 ug/TK at 30 DAHB. (all-E)-/3-Carotene
was present in modest amounts (0.15—3.83 ug/TK). These data suggest the presence of genetic
variation among sorghum cultivars for carotenoid accumulation in developing and mature kernels.
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INTRODUCTION most interestingly, carotenoids are believed to be found in
relative abundance in sorghum (7—10).

Carotenoids are a diverse group of yellow-orange pigments
und in higher plants, which are broadly divided in two general
classes: hydrocarbon carotenes and their hydroxylated deriva-
tives known as xanthophylld={gure 1) (11). Several studies

As indigenous cereal, sorghur@drghum bicolo(L.) Moench]
is a key source of food for both human and animal consumption fo
in many developing nations. Although primarily used as animal
feed worldwide, almost 35% of sorghum is grown directly for

human consumption in the semiarid regions of SUb'Saha”’mhave linked diets rich in carotenoids with a reduced risk of

Affrlca z;nd India (1).h|n thesehparti(c))é Lhe world,'(t:opsumpltloré several chronic and degenerative diseases including cancer,
ot sorghum can reach as much as g percapiia In a calenaag . yioyascular disorder, and age-related macular degeneration
year (2). Past studies have focused on the overall nutritional

. . . (AMD) (12—14). Carotenoid species containing at least 1
value of the grain, but sorghum may potentlally be a unique unsubstituteg-ionone ring and an attached polyene side chain
source of dietary phytochemicals. High mqlecular weight of 11 carbon atoms in length are potential precursors of retinol
phenolic compounds such as condensed tannins are Commonh(vitamin A). Of the major carotenoid species,andg-carotene
associated with sorghum for impairment of digestibility and i '

o om0, pompingsucoest breedng_ %% W1 S5 w1 feypoaninn e petheps e st
strategies to minimize taqn|n content. Wh.efeas most rese.arc}"bioactivity is especially valuable in diets of people in developing
TOCUS .has been. on .tannlns, other beneﬂma! phytOCherT"Calscountries, where vitamin A deficiency is second only to iron
including phenolic acids, flavonols, anthocyanins, and, Ioerhapsdeficiency anemia in magnitude as a micronutrient nutritional
deficiency (15,16).
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Figure 1. Chemical structures of major carotenoid species found in sorghum flour including zeaxanthin (2)-isomers.

interconversion of carotenoids are maintained among individual ~ Carotenoid Profiling of Mature Yellow-Endosperm Sorghum

fruit species and periods of developmeht (18). Information Varieties. Eight sorghum cultivars were selected on the basis of their
on grain carotenoid profiled0—22) and seed carotenogenesis yellow-endosperm kernel characteristics and preliminary carotenoid
(23—25) is more limited and primarily drawn from maizze@ assessment on 2004 sorghum crdpd.(The breeding lines designated
maysL.). Sorghum, as maize, is a member of the grass family P1181, P1219, P1222, P89006, and P88, three additional white

Poaceael). These cereals share several commonalities includ- endosperm variants (designated P721, P954063, and P290), and an
) inbred maize variety, Becks-5538, were selected and grown at the

ing similar proximate compositior2€) and potential accumula-  Aqronomy Center for Research and Education, near West Lafayette,
tion of specific carotenoid pigment$,(10). Although infor- IN, during the 2005 crop season. All seeds were collected from self-
mation is available on maize, knowledge of carotenoid content pollinated panicles after physiological maturity-40 days after
in sorghum and variations during sorghum kernel development pollination), air-dried, and stored at room temperature. Samples used
remains extremely limited. were free from apparent weathering and molding. Thousand kernel
The carotenoid content of select mature yellow-endosperm weights (TKW) were determined gravimetrically and calculated as mean
sorghum varieties was first reported by Blessin et@ltg reach ~ 9ram weight of three sets of 1000 kernels expressed on a dry weight
approximately 1.10—5.60 mg/kg of flour. Although lower than baS|s: The m0|st_ur§ content for each c_ultlvar was determined following
typical yellow maize {9—22), these data along with efforts by ~American Association of Cereal Chemists (AACC) method 44-283 (
Suryanarayana et al1Q) provided initial information on Samples were ground_ for apprquately 5 min _at the hlghe_sF setting
. . : on a ball mill (Retsch Vibratory Mill, type MM-2, Brinkmann). Finished
sorghum carotenoid profiles. These early efforts established theq,,r samples were placed in 50 mL centrifuge tubes, blanketed with
ability of sorghum to effectively synthesize and accumulate piyrogen, sealed, and stored &80 °C immediately after ground.
carotenoids, but provided only limited information on the full  Carotenoid extraction and analysis were completed within 24 h of
carotenoid profile of yellow-endosperm sorghum varieties. A grinding. Final carotenoid content is expressed as milligrams per
better understanding of the variation of this trait in mature and kilogram of flour.
developing sorghum kernels is required to develop breeding Sorghum Carotenoids Profile during Kernel DevelopmentFour
strategies focused on enhancement of beneficial carotenoidscultivars (P88, P1222, P1181, and P89006) were preselected for further
The present study was undertaken to develop critical knowl- developmental studies based on preliminary screening of the 2004 crop
edge on sorghum carotenoids that will aid in the selection and (27). These were grown in different unreplicated single-row plots in

planning of future breeding strategies to optimize carotenoid 2005, at the same location as_in the first _phase. Several randomly
profile and content in sorghum crops destined for at-risk selected plants from each designated cultivar were tagged at 50%
populations in developing countries anthesis. Three tagged panicles were randomly harvested, during which

the top and bottom quarters of the apical and basal sections of the
panicles were removed and discarded. Samples were then taken from
MATERIALS AND METHODS the remaining middle of the panicles at 10, 20, 30, and 40 days after

Chemicals and StandardsExtraction and HPLC solvents, acetone, half bloom (DAHB) and at full maturity (50 DAHB). All samples were
ethyl acetate, methanol, and petroleum ether, were all of certified HPLC placed immediately in polyethylene bags, kept on dry ice during
and ACS grade. Ammonium acetate (Sigma-Aldrich, St. Louis, MO) harvesting and transportation, and stored-a0 °C until further
was dissolved in double-distilled water and adjusted to pH 4.6 with treatment.
glacial acetic acid to make a 1.0 motiLsolution. Analytical standards With the exception of samples for moisture content determination,
of lutein, g-carotene (Sigma-Aldrich), zeaxanthin, ghdryptoxanthin kernels from all samples were vacuum oven-dried (Lab-line Instruments,
(Indofine Chemical, Hillsborough, NJ) were obtained for HPLC Inc., Melrose Park, IL) at 40C for 23 h. TKW and moisture content
calibration. were determined as described above. Samples were milled to flour and
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Table 1. Properties of Matured Sorghum and Maize Cultivars for the Screening Phase of Study?

cultivar
property Becks-5538 P88 p1222 P1219 P1181 P89006 P290 P721IN P954063
% moisture? 13.34+0.02a 9.26+0.09dc 10.82+0.05b 848+0.0le 951+0.05c 9.65+0.08c 931+0.03dc 883+0.03de 9.62+0.28¢c
TKWe 24215+0.12a 50.86+0.02b 3533+0.01d 24.73+0.09i 4342+0.13c 3411+020e 3291+020f 28.09+0.04g 27.29+0.08h
no. of kernels/ 412+ 281 1966 £ 76 h 2837 + 44f 4164+17a  2311+5¢g 2938+ 15e 3086+19d 3535+5¢C 3690+ 16 b
100 g
of flour

2Means along rows followed by different letters are significantly different (p < 0.05). © Moisture percentages are based on triplicate determinations of each cultivar.
¢ TKW, thousand kernel weights were determined gravimetrically and calculated as mean (g) weight of three sets of 1000 kernels expressed on a dry weight basis.

stored at—80 °C until extraction and analysis as described above. Statistical Analysis. Carotenoid content was expressed as nmean
Carotenoid content is expressed as micrograms per thousand kernelstandard error of the mean (SEM) of three independent observations.

(TK).

Carotenoid Extractions. All sample preparations and extractions
were performed under amber light to minimize carotenoid photooxi-
dation and photoisomerization reactions. Approximatelyg of flour
was dispersed in 4 mL of double-distilled water. The resulting slurry
was then saponified with 30% methanolic NaOH for 30 min in the
dark at 37°C. Following saponification, carotenoids were extracted
with 4 mL of petroleum ether/acetone (3:1), containing 0.1% BHT.
Samples were vortex mixed for 30 s and then centrifuged at@&00

Significant differences in carotenoid contents of the various sorghum
varieties were determined by analysis of variance (SAS software 9.1;
SAS Institute, Cary, NC) with TukeyKramer honestly significant
difference post hoc test (o < 0.05).

RESULTS AND DISCUSSION

HPLC Separation of Sorghum Carotenoids Resolution of
lutein, zeaxanthing- and S-cryptoxanthin, andx- and -car-

5 min to facilitate phase separation. The petroleum ether layer was otene was accomplished on a polymeric RP-C18 column within

collected, and the residue was re-extracted a total of three times.

30 min. Additionally, several4)-isomers of lutein, zeaxanthin,

Combined petroleum ether fractions were dried under a stream of andg-carotene were partially resolved from their respectatie (

nitrogen, resolubilized in 50:50 MeOH/ethyl acetate, and then filtered
through a 0.45m filter in preparation for LC analysis. Extraction
recoveries for lutein, zeaxanthin, afiecarotene, the major carotenoids
in sorghum, were determined by spigira 1 g sample of white-
endosperm sorghum variant (P721N) separately with @dof the
specific carotenoid. The amounts of lutein, zeaxanthin,/xodrotene
recovered from extraction of spiked samplas«3) were determined

E)-isomers. Tentative identification of lutein and zeaxanthin
isomers was aided by comparison of spectral data collected by
in-line diode array detection to those previously reported for
lutein and zeaxanthin isomer2Q, 30). This method compares
well to separations reported earlier of lutein and zeaxanthin using
C18 column technology3(, 32). However, complete resolution

to be 118.94, 107.42, and 98.71% of the original amounts, respectively. Of individual lutein and zeaxanthirZf-isomers was hampered

Instrumentation and Chromatography. Carotenoid analysis was
completed with a Hewlett-Packard model 1090A HPLC system

by the complexity of the sorghum extracts and limitation of
the polymeric C18 column, making identification of individual

equipped with a model diode 79880A diode array detector. Carotenoid isomers challenging. Future application of C30 column technol-
separations were achieved using a Grace-Vydac 201TP54 reversedogy and/or normal phase techniques will be required to provide

phase (4.6x 250 mm) polymeric C18 column with a guard column
containing the same stationary phase (Grace Vydac, Apple Valley, MN).
A gradient elution profile based on a binary mobile phase system
consisting of methanol/1l M ammonium acetate (98:2 v/v) in phase A
and ethyl acetate in phase B was used. A flow rate of 1.0 mL/min was
utilized with initial conditions set at 100% A with a linear gradient to
80:20 A/B over 20 min. The gradient was held for 5 min followed by
a 5 min linear gradient back to 100% A and equilibration at initial
conditions for 5 min for a total analysis time of 30 min. Detection and
tentative identification of all carotenoids was accomplished using in-
line diode array data between 250 and 600 nm. Quantification of

a more accurate profile of sorghum lutein and zeaxanthin
geometrical isomers.

It is important to note that carotenoi@)fisomers can be
artifacts of extraction and saponification procedures. However,
in preliminary experiments assessing the saponification method,
formation of specific carotenoidZ§-isomers was not noted in
saponified extracts. In addition, in-line diode array data was
utilized to compare potentiaZf-isomers carotenoid absorption
spectra with thedll-E). On the basis of similarities in spectra
and the presence of a strong absorption between 300 and 350

carotenoids was accomplished using multilevel response curves con-nm consistent with carotenoid (Z)-isomers (M), it was
structed at 450 nm with authentic carotenoid standards at concentrationqncluded that these unidentified peaks were most lik&ly (

ranges of 0.03560 «g/mL for lutein, 0.03-40 ug/mL for zeaxanthin,
0.025—-8.0 ug/mL for p-cryptoxanthin, and 0.046.0 ug/mL for

p-carotene. The concentration of each standard was calculated usingD

the specific absorption coefficien&t”) for each carotenoid (2240 for
lutein in ethanol, 2350 for zeaxanthin in ethanol, 2400 Aecrypto-
xanthin in hexane, and 2590 fgi-carotene in hexane)29). The
observed limits of detection and quantification, functionally defined

isomers of lutein and zeaxanthin as wellfsarotene that are
resent naturally in sorghum grains. The accumulation of
measurable levels of carotenoig<{#omers may be a byproduct

of extended exposure of sorghum kernels to full sun during
maturation. Peaks were therefore tentatively labeled as combined
lutein + zeaxanthin (Zisomers, providing an adequate estimate

as 3:1 and 5:1 signal-to-noise, respectively, were determined to be 0.830f the percentage of total xanthophylls id){isomer configu-

and 1.38 ng/2%.L injection of g-carotene. Due to a lack of authentic
standards for4)-isomers a-cryptoxanthin, and:-carotene, values were

estimated on the basis of the response of closely related carotenoid

species. Specifically, luteif- zeaxanthin (Z)-isomers andcryptox-

anthin were quantified using the standard response curves for zeaxanthi

and (E)-lutein, respectively, wheregscarotene (Z)-isomers and
o-carotene were quantified using the response curvE)gf{carotene.
Intraday coefficients of variation (CV) for extraction and analysis were
2.3, 2.5, 6.1, and 4.1% foall-E)-lutein, (all-E)-zeaxanthin, (Z)-lutein

+ (2)-zeaxanthin, ang-carotene, respectively.

ration.

Carotenoid Profile of Mature Yellow-Endosperm Sor-
ghum Varieties. General kernel properties of the eight sorghum
varieties and yellow maize (Becks-5538) can be see€rainle

"} Carotenoid content expressed as milligrams per kilogram from

whole grain flour produced from each variety can be seen in
Table 2. In general,dll-E)-lutein and (all-E)-zeaxanthin were
determined to be the predominant carotenoid species in whole
grain flours for all cultivars, accounting for70% of the total
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88 carotenoid contenta(l-E)-Lutein (0.511 mg/kg) was the most
- ss a |3 g abundant carotenoid in maize, followed by (all-E)-zeaxanthin
€lS3coconas |£2 (0.286 mglkg), (Z)-luteint- zeaxanthin (0.144 mg/kgy-car-
glogu======2 |5 o otene (-0.098 mg/kg)o-cryptoxanthin ¢-0.044 mglkg) 3-cryp-
22 2 g ) toxanthin (0.029 mg/kg)p-carotene (0.027 mg/kg), and)¢
£ p-carotene (0.014 mg/kg). These levels are comparable to
; E carotenoid contents reported previously for other maize varieties
-2 S |c = (19—-21).
§ %%5 2cgo %§ g § For all sorghum cultivars, total carotenoidf contoerg (\)/vas
T|<w S |88 significantly lower than that for maize, ranging from 0.010 to
§§ § g ) 0.315 mg/kg Table 2). The three white endosperm varieties
£8 (P290, P721N, and P954063) were determined to have only trace
. = § levels of total carotenoids<0.016 mg/kg). Although Igwer (';han181
o3 S |83 yellow maize, sorghum cultivars P88, P1222, P1219, and P1
= § §B coooo § E i were found to be significantly higher in total carotenoid content
g|fin==s====4q 1528 than P89006 (p< 0.05). With the exception of P88al(-E)-
Ss s |g¢2 zeaxanthin was the most abundant carotenoid in sorghum
5 S (0.007—0.142 mg/kg) followed bya(l-E)-lutein (0.003—0.174
%é mg/kg), (2)-luteint zeaxanthin (0.01:60.052 mg/kg), (all-B-
Sso 2 o |38 p-carotene (0.005—0.010 mg/kg), and (Z)-f3-carotene (0.005—
< |888 g 8§ |2 3 0.008 mg/kg).o-Cryptoxanthin angb-cryptoxanthin were not
2999222929 g £ detected in sorghum cultivars included in this study.
= 258 g 3 |3 E Whereas yellow maize (Becks-5538) carotenoid content was
S s < |8 B determined to be almost 5-fold higher over all yellow-endosperm
g % sorghum varieties, interesting qualitative differences were
soo 223 |ES observed. Lutein has been well documented to be the most
= §§§O ao § §§ 8 ° gbundgnt carotenoid species in many common cgreal grains
S|E|#HHn===Z0wu |28 including durum' wheat (3334), bar'ley (22), and maize (23—
g53 g5t |58 25, 35,36). Published ratios of lutein to zeaxanthin range from
ses ses %g 10:1 to~2:1 and~3:1, respectively, for these grains. Results
5 4 of our yellow maize analysis are in agreement with these
o oo 29 o0 f% previously published studies. Interestingly, sorghum, with the
o S88 g § § § k| exception of varieties P88 and P290, maintained a zeaxanthin
S99922295% %3 to lutein ratio of 1.4-2.5, making sorghum similar to several
R 253 |ES cultivars of white and inbred maize for its seemingly preferential
SsS sco |88 accumulation of zeaxanthin as compared to lutdif, Q0).
L e Furthermore, total carotenoid levels in the analyzed sorghum
g oo coa |8 § cultivars are similar to those previously published for specific
T ~1888 gg3 = 2 - white and inbred maize varietie$q, 20). Levels of total lutein
g N9 99222%9%5 IS % £ and_ zeaxanth|r_1 (_Z)-lsomers (up to 17%) found_ in sorghum
= Tlygw 588 | .53 cultivars are similar to the levels in yellow maize-13%)
g Ss3 ER=p § 8 P analyzed in this studyT@ble 2). Geometric isomers_, in fresh
= 4 g ; maize and maize flour have been prewousl_y |d§nt|f@ﬂ, 87,
.§ o0 o coco |2BZ 38). Interestingly, only low amounts of provitamin A carotenes
3 888 888 |gs2 were found in the sorghum cultivars screened in this study
£ 81995222955 |8 compared to maize Becks-5538, with an averagel4 mg/kg
Iy X2 g8y |EC 3 in total carotenes, which was &gmﬂcantlp & 0.05) _hl_gher
g 333 338 |£83 than all yellow-endosperm sorghum varieties. Combining these
& %é f data indicates that sorghum is not a particularly rich source of
3 5 oo cews |S2S provitamin A carotenoids. However, the presence of appreciable
o l22s8838s8 |g¢ § levels of zeaxanthin and lutein is encouraging for sorghum as
3 % 299959599 BER a source of these bioactive carotenoid pigments.
3 glosssreNS 5 g ‘T: Sorghum Carotenoid Profiles During Kernel Develop-
& 183383383853 % 28, ment. Development of sorghum grains is characterized by the
= g‘i % presence of pericarp color change from deep green to yeIIov_v.
5} - D~ O Mmoo o ?3 % It is believed that these color stages reflect the changes in
§ Floe~wgdngg é 5 R carotenoid profiles as well as changes in moisture content, kernel
= i) size, and density during sorghum development. On the basis of
% o g g% results of a preliminary screenin@®), four varieties were
% b= E;c%w o §’§ = selected and followed from 10 to 50 DAHB to deter_mine
© 5 £ § § 2 §§ b é % changes in qualitative and quantitative carotenoid proflle_s as
o . E mg ‘g‘gg SZ. 83 well as key sorghum kernel parameters. Fpr all sorghum varieties
2 T128022tERE |52 TKW increased, whereas percent moisture and number of
< g3& kernels per 100 g of flour decreased sharply, from 10 to 50
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DAHB (Table 3). These results are consistent with cereal grain © 5
ontogenesis, when grain moisture typically ceases to increase - S § o e § 3
during the accumulation of storage materials (such as starch) SHHH A 8
within seeds (39). T188888 |3
For all cultivars, total carotenoid content increased from 10 v g
to 30 DAHB, but decreased sharply as the sorghum kernels © g
approached full maturity at 40—50 DAHB (Figure 2). At 10 H T EEEE:
DAHB, variety P1222 was found to have significantly ¢ R B b
0.05) higher total carotenoid content (388 TK) than cultivars S|* 25888 |g
P1181 (2.25:9/TK), P88 (1.41ug/TK), and P89006 (1.18g/ ol I 2
TK). Large increases in total carotenoid contend48—1200%) %L R £
were found to occur across all varieties from 10 to 30 DAHB, 5lo|S5S%2e |B
resulting in peak accumulations of 28.53, 19.30, 19.12, and 6.06 8| Hnny |5
ug/TK total carotenoid for varieties P1222, P88, P1181, and S |e gg%%g %
P89006, respectively. A significar  0.05) decline was noted © =
from 30 to 50 DAHB, culminating in final carotenoid contents 3
of 15.06, 8.13, 3.09, and 2.62g/TK total carotenoid for ;g S E
varieties P1222, P88, P1181, and P89006 respectively. Signifi- Blonnan ;
cant differences among developmental stages were observed Z898s |8
between cultivars, with only minor carotenoid accumulation by < §
P89006, whereas P88, P1222, and P1181 showed significant booos |B
changes over the 50 days of developmétigigre 2). .les3s3s 2z
Changes in individual carotenoid content mirrored those of 55555 |€
total carotenoids during the 50 DAHB developmental study - E%ééf £
(Figure 3). As with the screening studyéble 2), (all-E)-lutein IR -
and-zeaxanthin represented0% of the total carotenoid content oo O g
for all sorghum varieties assessedll-g)-Zeaxanthin was the o|88858 |E
most abundant carotenoid ranging from a low of 2.2¢TK SITRTTT | &
in P89006 to a high of 13.28g/TK in P1222 at 30 DAHB. £1588€3 |3
(all-E)-Lutein was the second most abundant carotenoid from = SNe g
a low of 1.96ug/TK in PP89006 to a high of 7.189/TK in = £
P1222 at 30 DAHB. 4ll-E)-B-Carotene was present ranging sS82y |8
from 0.15 to 3.83:g/TK. Overall, total3-carotene represented §ISSSSS |=
8.6—18.0% of total carotenoids content among cultivars, with 183828 §
P1222 maintaining the highest totaicarotene level of 3.83 TSERY |
ug/TK at 30 DAHB. Furthermore, as found in the initial 2
screening studyT@able 2), appreciable levels of total lutein and g g § § g §
zeaxanthin (¥isomers were found in each cultivar at each stage 82299 S |2
of developmentKigure 3). Lutein and zeaxanthin present in . “lgssgsgg |T
(2)-isomer form ranged from 5 to 17% of total carotenoid ) YES8B | g
content at all developmental stag&&ire 3). Although in only 7} v
modest amountg-carotene Z)-isomers represent a significant kS S20ze I
portion (18-89%) of the totaj3-carotene in sorghum after 0 3 g|SSos3S |E
50 DAHB. & Blyoscy |8
In a similar fashion to total sorghum carotenoid content, the £ egs8s |2
greatest increase in individual carotenoid levels was found to £ 3
occur between 10 and 30 DAHB. Significant increases were %L gg 3.%: §§ “g,
noted for zeaxanthin (3661873%),5-carotene (3831065%), > S|lsssss |2
(2)-lutein+ zeaxanthin (388—970%), and lutein (258—659%), ° Bloness |°
across all varieties. Thousand kernel weights similarly showed =| g XEddEe | g
an increase over the same period while moisture content 218 ZE
decreased (Table 3), likely to accommodate more storage § < sooze |33
materials such as starch. A sharp decline in xanthophylls, E=] N[SSS2S |58
zeaxanthin and lutein, was noted in all sorghum varieties on a © Bliadit |8
kernel basis, between 30 and 40 DAHBidure 3). Variety E LE38s |2°
P1181 demonstrated the most significant loss (from 8.64 to 1.52 2 % )
#g/TK and from 4.66 to 0.8@g/TK) in zeaxanthin and lutein, N socooe |Ed
respectively, whereas P89006 showed the least amount of o wl222282 |38
decline (from 2.22 to 1.929/TK and from 1.96 to 1.36g/ % & ;g%%g < o
TK) in zeaxanthin and lutein at 30 DAHB, respectively. 3 sEo8o [E8
The apparent loss of these xanthophylls in sorghum is the major & z =
factor for the observed drop in total carotenoid content during o @ s a;‘,’
the same period (Figure 3). Reduction in sorghum kernel 2 Z|2SR888 |= >
[-carotene content was more moderate than that of the xantho- < ° -
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Figure 2. Total carotenoids content of four yellow endosperm sorghum cultivars at 10-50 DAHB: (H) P1222; (<) P88; (O) P1181; (a) P89006. Values
are expressed as mean + SEM for three independent observations. The presence of different letters along a row indicates a significant difference in
individual carotenoid species content (p < 0.05) between sorghum kernels DAHB. The presence of different numbers within a column indicates a
significant difference in individual carotenoid species content (p < 0.05) within the specified DAHB.
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Figure 3. Cultivar P88, P1222, P89006, and P1181 content of () zeaxanthin, (O) lutein, (O) (2)-lutein + zeaxanthin, (a) S-carotene, and () (2)-f3-
carotene. Values are expressed as mean + SEM for three independent observations. The presence of different letters along a row indicates a significant
difference in individual carotenoid species content (p < 0.05) between sorghum kernels DAHB. The presence of different numbers within a column
indicates a significant difference in individual carotenoid species content (p < 0.05) within the specified DAHB.

phylls. Potential reasons for the sharp and more selectivevitro conditions (42—45). As with zeaxanthin, conversion to
decrease in xanthophyll kernel content may include several secondary metabolites likely contributes to the observed reduc-
factors including the relative abundance of xanthophylls relative tion in lutein content in sorghum kernels during maturation from
to carotenes. Also, sorghum kernels approach full physiological 30 to 50 DHAB.

maturity around 4650 DAHB. It has been reported that in plant The period from 30 to 50 DAHB seems to be a significant
seeds, zeaxanthin is an important precursor for abscisic acid,point in sorghum carotenoid synthesis and accumulation. For
which contributes to seed maturity and dormant,@1). The cultivars P88, P1222, and P1181 (highest in total carotenoids;
decline in zeaxanthin content from 30 to 40 DHAB is likely a Figure 3), the ratio off-carotene to zeaxanthin was lower at
result of conversion to this vital metabolite as the kernels 30 DHAB compared to physiological maturity. In the carotenoid
approach full maturity and prepare for dormancy. Similarly, biosynthesis pathway, hydroxylation of cyclic carotenes is
lutein has been reported to be a precursor for the formation of carried out by enzymes specific f@i-rings. Conversion of
apocarotenoids such as 3-hydrgsyenone, mycorradicin (with p-carotene top-cryptoxanthin and eventually zeaxanthin is
antimicrobial properties), and the generation of several aromamediated by these enzyme systeds)( It is worth noting that
compounds via an oxidative cleavage in cereal plants and inthe cultivars with the lowesf-carotene to zeaxanthin ratios
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(P1222 and P1181) showed the highest concentration ofbranch (o-carotene/lutein) and th&f branch (B-carotene/
zeaxanthin at 30 DAHB. Therefore, it seems that lowered zeaxanthin) of the biosynthetic pathway. In addition, the higher
[-carotene content relative to zeaxanthin at 30 DAHB may amount of zeaxanthin relative to lutein found in sorghum
potentially indicate modulation of carotenoid biosynthetic cultivars is encouraging both for the development of plant-
pathways in the kernels, favoring the increased production of breeding strategies and as an additional source of dietary
zeaxanthin fronp-carotene (Figure 3) ultimately required for ~ zeaxanthin. Furthermore, the presence of significant amounts
subsequent abscisic acid synthesis and accumulation. It has beeaf (-carotene plant metabolic products such as zeaxanthin
further reported that in cereal grains, although abscisic acid actsindicates the presence of the proper biosynthetic mechanisms
prior to full maturity, it is reduced with advanced seed for provitamin Aj-carotene synthesis and suggests a preference
maturation 40, 41). Therefore, observed attenuation of zea- of theg,s branch in sorghum seed carotenogenesis. These data
xanthin loss between 40 and 50 DAHBiure 3) may indicate offer evidence of specific targets for plant breeders and/or
cessation of zeaxanthin conversion to end products such aggenetic manipulation to optimize qualitative and quantitative

abscisic acid. sorghum carotenoid profiles favoring the accumulation of
Only minor levels of 4ll-E)- and @)-3-carotene were detected physiologically relevant carot(_an0|d species |nc_lud|ng provitamin
in sorghum cultivars throughout developmeRigure 3). This A carotenes as well as lutein and zeaxanthin. Data from the

is in agreement with data from initial screening of fully mature Present study, combined with ongoing screening efforts in our
sorghum kernels (Table 2). Suryanarayana et al. (10) previously laboratory, expa_nd upon _earher reports of sorghum cargtenmds
reported higheg-carotene values in selected yellow-endosperm @nd serve as a first step in a broader approach to provide plant
varieties of sorghum ranging from 0.024 to 0.98 mg/kg of flour. Preeders critical information facilitating the development of
Earlier studies by Blessin et a9 also reported higher total hlgh_-_carote_n0|d varieties suitable for human consumption and
carotenoid levels in selected yellow-endosperm cultivars, rang- Nutritional intervention.

ing from _1.10 to 5._60_ mg/kg of flour. These higher levels Qf ABBREVIATIONS USED

carotenoids are similar to average values of other grains
including barley and durum whea2Z, 33, 34). Lower levels

of total carotenoids and, in particulgi#;carotene observed in

the present study may be attributed, in part, to factors including - - ; L
varietal difference, specific growth conditions, seed age and gastrointestinal tract; TKW, thousand kemel weight, AACC,
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