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ABSTRACT Cereal Chem. 75(5):665-670
Grain sorghum has been documented to have low protein digestibility
relative to other cereal grains. Low protein digestibility of sorghum is most
pronounced in cooked foods and is ranked slightly lower than corn as a
feed grain. In this article, sorghum germ plasm is identified that has sub-
stantially higher uncooked and cooked flour in vitro protein digestibility
than normal cultivars. Sorghum lines were found within a high-lysine pop-
ulation derived from the mutant P721Q that have =10-15% higher un-
cooked and&25% higher cooked protein digedliiies using a pepsin assay. a floury kernel type, thougtecently this trait has beeound in a modi-
Highly digestible sorghum grain showitle reduction in digestibility after  fied background. More digestible protein from sorghum grain, thaticrdd
cooking, compared to the large reduction that is typical of normal sorghuily is high in lysine content and has a fairly hard endosperm, could be of
cultivars. Using the three-enzyme pH-stat moeft we showed that the important benefit to populations who lack adequate protein in their diets, and
highly digestible lines had the same degree of peptide bond hydrolysis may, pending further studies, prove to increase the value of sorghum as a

major storage prolamirg-kafirin, that comprises:50-60% of the total
sorghum grain protein. Using the enzyme-linked immunosorbent assay
(ELISA) technique to track the pepsin digestioroekafirin, the highly
digestible lines hag90-95%a-kafirin digested in 60 min compared to
45-60% for two normal dtivars. y-Kafirin, a minor structural prolamin
found mainly at the periphery of protein bodies, was also somewhat more
digestible in the highly digestible sorghums. Highly digestible grain was of

=5 min, as was found in 60 min in the normaltigar, P721N. Differ-

feed grain.

ences in protein digestibility were related to enyzme susceptibility of the

Sorghum (Sorghum bicolor (L.) Moench) grain is the principle
staple food for millions of people living in the semiarid regions of
Africaand Asia. It isalso amagjor feed grain, used both in developed
and developing countries. Tannin-free or low tannin sorghum culti-
vars, which are predominately grown around the world, have been
shown to have low protein digestibility compared to other major
cereds (MacLean et d 1981, Hamaker et d 1986). This low diges-
tibility characteristic is most pronounced in cooked sorghum
products, such as porridge, though is still notable in the raw
grain. Additionally, this trait is independent of tannin content,
which itself is known to reduce the digestibility of sorghum pro-
teins. Elkin et al (1996) showed that protein digestibility mea-
sured in chickens varied markedly among sorghum cultivars of
similar condensed tannin content and was low in some culti-
vars essentially free of tannin.

Sorghum protein is somewhat unique among the plant food
proteins in that it becomes markedly less digestible after cooking
(Axtell et al 1981, Eggum et al 1983, Mitaru et a 1985, Oria et a
1995h). In recovered malnourished children fed cooked porridges
made from four sorghum cultivars, apparent protein digestibility
was only 46% (mean value), compared to 81% for wheat, 73% for
maize, and 66% for rice (MacLean et a 1981). Compared to the
control casein diet, sorghum protein was only 57% as digestible.
Another human study showed 55% apparent protein digestibility
for cooked sorghum (Kurien et a 1960). Two further metabolic
studies done by the same group showed that processing sorghum
either by fermentation or decortication-extrusion markedly increased
protein and energy digestibilities (MacLean et al 1983, Graham et
al 1986). In nonruminant livestock animals, the protein diges-
tibility of sorghum is dightly less than for other major feed ceresls.
For example, in swine, protein digestibility of sorghum is reported
to be =95% that of yellow dent maize (Rooney 1990). Low starch
and protein digestibilities, which may be related, affect the overall
feed efficiency and pricing of grain sorghum.

1 Paper No. 15647 of the Purdue Agricultural Research Programs.

2 Department of Food Science, Purdue University, 1160 Smith Hall, West Lafayette,
IN 47907-1160.

3 Corresponding author. E-mail: hamakerb@foodsci.purdue.edu

4 Department of Agronomy, Purdue University, West Lafayette, IN.

Publication no. C-1998-0805-04R.
© 1998 American Association of Cereal Chemists, Inc.

Mertz et a (1984) found that an in vitro pepsin digestion method
produced protein digestibility values for sorghum, and other cereals,
similar to those reported by MacLean et a (1981) for children. In
vitro protein digestibility of cooked sorghum flour was =20% lower
than it was for other cereal flours. Using this procedure Hamaker et
al (1987) showed that cooking sorghum in the presence of a number
of different reducing agents prevented the digestibility decrease
usually seen, resulting in digestibility values comparable to
uncooked sorghum flour, and nearly equal to the levels of barley,
rice, maize, and wheat. The action of the disulfide bond-cleaving
agents suggested that sorghum proteins develop enzyme-resistant
disulfide-bound complexes upon cooking that reduce digestibility.

The main proteins in sorghum grain are the prolamin storage pro-
teins, kafirins, comprising in normal cultivars =70% of total grain
protein and =80% of endosperm protein (Hamaker et a 1995).
K&firins are found exclusively in the kernel endosperm in enclosed
organdlles called protein bodies. They are extracted using an agueous
alcoholic solution containing a reducing agent, such as 60% t-butanol
plus 2-mercaptoethanol. Sorghum prolamins are subclassified as
a-, B, and y-kafirins based on a nomenclature system developed
for maize zeins (Shull et a 1991). a-K&firin is the true storage
protein making up =80% of total kafirin and is found in the central
light-staining region of protein bodies (Shull et al 1992). 3- and y-
Kafirins are found in dark-staining regions at the protein body
periphery and inclusions within the body. They contain significant
amounts of cysteine (B 5 mol% and y 7 mol%) and y, in particular,
has been shown to be highly disulfide-bound in mature grain (Oria
et d 1995a). Hamaker et a (1986) showed that, in genera, kafirins
are much less digestible than nonkafirins and are the last proteins
to be digested whether in the uncooked or cooked state.

Our theory regarding the basis of the low protein digestibility of
sorghum grain is that y- and possibly p-kafirins form a disulfide-
bound enzyme-resistant layer at the periphery of protein bodies,
thus restricting access of proteases to the interior-located and more
easily digested a-kafirin protein (Oria et al 1995a,b). Cooking
likely promotes sulfhydryl-disulfide interchange reactions at the
protein body periphery making them less digestible.

Although kafirin proteins are nutritionally incomplete with little
lysine, in mixed human diets that are deficient in protein content the
increase in digestible protein could be quite valuable. In the case of
sorghum grain for animal feed, increased availability of protein
could reduce the level of higher priced protein supplements needed
in feed formulations. Furthermore, more efficiently digested protein
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may make starch more available for digestion, as the dense protein
matrix in sorghum endosperm is believed to cause the compara-
tively low starch digestibility of sorghum for livestock (Rooney and
Pflugfelder 1986).

In 1975, Axtell and colleagues (Mohan, 1975) developed a chem-
ically induced mutant P721 Opaque (P721Q) with 60% more lysine
than normal sorghum. The enhanced lysine content of that line re-
sulted primarily from an increase in the lysine-rich nonkafirin and a
small decrease in the amount of the lysine-poor kafirin proteins (Guir-
agossian et d 1978, Hamaker et d 1995). We report here the dis-
covery of sorghum lines within a population derived from crosses of
P721Q and hard endosperm, food-grade sorghums that have substan-
tidly higher uncooked and cooked protein digestibilities compared to
norma sorghum cultivars. This is followed by findings showing the
changein digestibility of a-kafirin inthe highly digestible lines.

MATERIALSAND METHODS

Plant Materials

Five sorghum cultivars (P721Q, high-lysine mutant), P850029
(contains the parents P721Q and an agronomically adapted elite
cultivar), P721IN (normal, Mexico 1993-94 crop); P851171 (contains
the parents P721Q and an agronomicaly adapted elite cultivar,
West Lafayette, IN 1994 crop); and SAFRA (normal, Puerto Rico
1993-94 crop) were used to determine protein digestibility (in vitro
pepsin and in vitro pH-stat), and for in vitro pepsin time-course
digestions (0, 10, 30, and 60 min) followed by visualization of
undigested proteins by electrophoresis and quantitation of the
individual undigested kafirins by enzyme-linked immunosorbent
assay (ELISA). Protein contents for these samples as determined
by micro-Kjeldahl content (Approved Method 46-13, AACC 1995)
were 14.7, 12.7, 11.8, 11.8, and 12.6% for P721Q, P850029, P721N,
P851171, and SAFRA, respectively. Samples (P850029, P851171,
P721IN, P721Q [West Lafayette 1992 crop], and SAFRA [Puerto
Rico 1992-1993 crop]) from a different crop year were analyzed
for pepsin digestibility for comparative purposes. Twenty sorghum
cultivars containing P721Q in their pedigree (Mexico 1993-93
crop) were dso tested by the pH-stat digestibility method. In al cases,
whole grain was harvested after field drydown, =20% decorticated
using a tangential abrasive dehulling device (model 4E, Venables
Machine Work, Ltd., Saskatoon, Canada), and milled using a ball mill
to pass through a 125-mesh screen.

Pepsin Assay for in vitro Protein Digestibility

Flour samples (200 mg) were subjected, uncooked and cooked, to
in vitro protein digestion using porcine pepsin (Sigma P-7000,
activity: 890 U/mg of protein, Sigma Chemica Co., St. Louis, MO) as
described by Mertz et a (1984). For cooking, flour samples were
suspended in 2 mL of water and placed in a boiling water bath for
20 min. Samples were incubated in 35 mL of enzyme solution (1.5

pH-Stat Assay for in vitro Protein Digestibility

Flour samples (equivalent to 10 mg of N) were subjected to a
multienzyme in vitropH-stat protein digestion according to a
modified Pedersen and Eggum (1983) procedure. Enzyme solution
was prepared to equal 1.72 mg of trypsin (Sigma T-0134 from
porcine pancreas, activity 13,700 U/mg of protein), 4.43 nay of
chymotrypsin (Sigma C-4129 from bovine pancreas, activity 42
U/mg of solid), and 0.51 mg of peptidase (Sigma P7500 from por-
cine intestinal mucosa, activity 120 U/g of solid) for each 1 mL of
purified water. The enzyme solution was adjusted to pH 8.0 with
0.IN NaOH and placed on ice. For uncooked flours, purified water
(10 mL at 37°C) was added to each 10 mg of N flour sample, and
titrant (0.IN NaOH) added to bring to pH 8.0. Enzyme solution
was added (1 mL) and amount of titrant ({@.4aOH) required to
hold the digestion solution at pH 8.0 was monitored for the desig-
nated digestion time or times. For cooked samples, flour equal to
5 mg of N was weighed into test tubes, 2.5 mL of purified water was
added and cooked while stirring for 20 min. Samples were trans-
ferred with 5 mL of purified water, enzyme solution added (0.75 mL),
and titrated NaOH was monitored for the designated digestion times.

SDS-PAGE

SDS-PAGE was performed using a vertical gel electrophoresis
system (model V15-17, GIBCO BRL Life Technologies, Gathers-
burg, MD) on gel slabs (160 x 200 x 1.5 mm). The running gel was
a 10-15% (w/v) polyacrylamide gradient, with the dense solution
consisting of 15% (w/v) total acrylamide, M2ris, 5% (v/v) gly-
cerol, 8M urea, 0.1% (w/v) SDS (pH 8.5), and the light solution
consisting of 10% (w/v) total acrylamide, M2Tris, 6M urea, and
0.1% (w/v) SDS (pH 8.5). The stacking gel was 4% (w/v) total acry-
lamide, 0.M Tris, and 0.1% (w/v) SDS (pH 6.8). Gels were poly-
merized with tetramethylene diamine and ammonium persulfate.

After pepsin digestion, proteins were extracted from the undi-
gested residues for 2 hr on a shaker at room temperature with 2 mL
of a solvent containing 0.1®6sodium tetraborate buffer (pH 10),
2% SDS (w/v), and 1% 2-ME (v/v). Following centrifugation (4,900
x g, 22°C, 20 min), protein extract (2Q@.) and SDS sample
solvent (10QuL; 0.06M Tris, 2.0% [w/v] SDS, 2.0% [v/v] 2-ME,
10% glycerol, and 0.3% [w/v] bromophenol blue) were combined,
boiled 3 min, and loaded (8§0.) into the sample wells of the gel.
The tank buffer was 0.085 Tris, 0.1 glycine, and 0.1% (w/v)
SDS. Electrophoresis was performed at 60V for 16 hr. Gels were
stained using 0.25% (w/v) Coomassie Brilliant Blue R250 stain in
46% (v/v) methanol and 8% (v/v) acetic acid. Gels were destained
in 20% (v/v) ethanol and 10% (v/v) acetic acid (Wilson 1986).

ELISA

Primary antibodies against-, -, and y-kafirins were previ-
ously obtained in our laboratory by Shull et al (1992) and the ELISA
assay developed by Oria et al (1995a). A check sample (P721Q) was

g of enzyme/L in 0.1M KH,PO,, pH 2.0) for 2 hr at 37°C in a used in each microtiter plate to monitor assay precision. Proteins
shaking water bath. Digestion was stopped by adding 2 mNof 2were extracted (30 mg/mL) in a 0.0M%orate buffer (pH 10)
NaOH. After centrifugation (4,900 g, 4°C, 20 min) the super- containing 2% SDS and 1% 2-ME by shaking for 14 hr at 22°C.
natant was discarded, the residue was twice washed and cenRrotein extracts (100L) were diluted 10-fold in the same extraction
fuged in 20 mL of buffer (OMI, K;HPQ,, pH 7.0), and the residue solvent. Fory-kafirin analysis, the standard, control, and zero digest
and original flour were analyzed by microKjeldahl for nitrogen.extracts were diluted again 250-fold in 40% (v/v) ethanol and 10%
The percentage of soluble nitrogen, calculated by difference, wds/v) acetic acid. Extracts from the 10-, 30-, and 60-min digests were
reported as in vitro protein digestibility. diluted 125-fold. Forp-kafirin analysis, diluted samples were

For five sorghum cultivars (P850029, P851171, P721Q, SAFRAurther diluted twofold. Fon-kafirin analysis, they were further
and P721N), in vitrgpepsin digestion was followed by ELISA diluted 10-fold. Diluted extracts (1QfL) were added to the second
analysis to quantitate undigested (3-, andy-kafirins for uncooked row of an ELISA microtiter plate (Corning high-binding ELISA
and cooked samples. Flour samples to be cooked (200 mg) wepkate 25801-96, Corning, New York) to fQ of 40% ethanol and
suspended in 5 mL of (VB Na;HPO, (pH 6.0) containing 5@iL 10% acetic acid. The samples were mixed immediately. Six three-
of heat-stable bacterial-amylase (Sigma A-3306) and cooked asfold dilutions were made into adjacent wells of consecutive rows
above. Both uncooked and cooked samples were digested fortBat contained 40% ethanol and 10% acetic acid. The plates were
10, 30, and 60 min. The undigested proteins of two sorghurimcubated for 2 hr at 32°C to allow for binding of the antigens.
cultivars (P850029 and P721N) were also visualized by SDS-PAGEfter incubation, solutions were removed from the wells by aspir-
after pepsin digested for 0, 0.5, 1, 3, 5, 10, 20, 30, and 60 min. ation, and the wells were rinsed three times with 85 Tnis-HCI,
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0.9% (w/v) NaCl, and 0.05% (v/v) Tween 20 (TBS-T), pH 7.5. Statistical Analysis
Then, 200 pL of bovine serum abumin (2.5%, w/v, in TBS-T) was Statistical analysis was performed using the one-way analysis of
added to each well. Plates were covered and incubated for 2 hr at variance (ANOVA) test, and significant differenc&< 0.05) be-
32°C. Solutions were aspirated, the wells rinsed with TBS-T, antiveen means were determined by the Student-Newman-Keul's test
100 pL of primary antibody solution (anti-kafirin, antif3-kafirin, for multiple comparisons (Steel and Torrie 1980).
or antiy-kafirin serum [1:1,000 in TBS-T]) were added to each well.
The plates were again covered and incubated for 2 hr at 32°C. RESULTS
After the solutions were aspirated and the wells rinsed with TBS-T,
100 pL of goat antirabbit antibodies labeled with alkaline phos-In Vitro Digestibility
phatase (Jackson ImmunoResearch Laboratories, Inc., West GroveSorghum lines P851171 and P850029 from two crop years, both
PA), diluted 1:5,000 in TBS-T, were added to each well and incuderived from crosses containing the high-lysine mutant P721Q,
bated overnight at 4°C. Aspiration and rinsing steps were repeategshowed markedly higher uncooked and cooked in \(jiepsin)
Enzyme substrate (Sigma 104 phosphatase substrate tablets [pa@tein digestibilities than did the normal sorghum cultivars P721N
nitrophenyl phosphate]) was dissolved in diethanolamine (9.7%and SAFRA (Table I). Cooking generally resulted in less decrease
vlv, pH 9.8) as described by Clark et al (1986) and added to eaahdigestibilities in P851171 and P850029 (6 and 9% decrease in 1992,
well. Color was developed for 45 min forkafirins, 90 min fory- and 16 and 14% decrease in 1994) than in the normal cultivars
kafirins, and 2 hr foB-kafirins, and absorbance was read as A P721N and SAFRA (23 and 8% decrease in 1992, and 22 and 26%
on a V5 ELISA platereader (Molecular Devices, Menlo Park, CA).decrease in 1994). Pepsin digestibilities of 22 normal sorghum culti-
Absolute amounts of the different proteins were computed by divivars of the 1992 crop (data not shown) averaged 74.8% uncooked
ding the slope of their linear regression lines by the slope of thand 59.5% cooked, for an average decrease due to cooking of 15.3%.
line of a standard (P721N), and then multiplied by the previously Cooked digestibilities for P851171 and P850029 were some-
determined milligram amount of-, -, or y-kafirin per 100 mg of  what different in the two crop years with the 1994 samples showing
P721N flour. a larger decrease in digestibility following cooking. However,
decreases due to cooking were also greater for the normal cultivars
in 1994 compared to 1992, averaging a 24% drop. Cooked digesti-

TABLE | bilities for the two highly digestible lines were25% higher
In Vitro Protein Digestibilities (Pepsin, %) Using Pepsin Assay than for the normal cultivars. P721Q had lower uncooked and
S?)fr;hWUOmNSLT:ﬁlaSrOSrf?%maﬂjigh‘fﬁ;sg(ﬁgﬁ)';uﬁgg;A(isél)(g”gsgﬂsi cooked digestibilities when compared to P851171 or P850029
and P850029) ' ' in 1992, but were nearly equal to the two highly digestible lines

in 1994. The differences in valuesifiid due to year have been cor-

1992 1994 roborated in a recent study in our laboratory that revealed sig-
Cultivar Uncooked Cooked Uncooked Cooked
P721N 80.2b? 56.8b 70.9b 48.5¢c
SAFRA 65.8¢c 57.8b 73.5b 47.3c 0.35 1
P721Q 79.8ab 57.4b 86.7a 71.9b 030
P851171 87.0a 80.8a 88.3a 72.5a,b e
P850029 87.8a 78.7a 89.4a 75.1a £ 025 Sran N §
a Values followed by the same letter are not significantly different ( P < 0.05). 2 020 J m § z
E g
g 0.15 —
0.60 — 2 =
E 010+ &
0.55 — g
= 0.05 -
—~ 0.50 —
T . 0,00
Q 0.45 — highly digestible
Z Normal Sorghum Culitivars P721Q-deri:led §t:|(gh:.|r;| Lines
Z 040 _ {except as indicated)
g 0.35 — Fig. 2. Comparison of titration volumes at 10 min using the pH-stat digesti-
€ bility method for 20 sorghum cultivars or lines grown in the same
e 0.30 — location and year, plus wheat, rice, and maize.
E 025 -
© kDa
S 020 — =
5 normal =
= 0.15 - -
Eown- e L L1
0.05 — A 31
0.00 C— I T | I | | 215

BT ——
0O 10 20 30 40 50 60 7O S — — ——
Time (min)
P721Q-panicle 1 & P851171-panicle 1
P721Q-panicle 2 v P851171-panicle 2
P850029-panicle 1 O P721N-panicle 1
P850029-panicle 2 A P721N-panicle 2

e X O R K

Fig. 3. SDS-PAGE gel of atime-course digestion of a normal sorghum cul-
Fig. 1. Titration curves by the pH-stat method over 60 min comparing two tivar (P721N); undigested proteins are shown. Lane 1: molecular weight
uncooked panicles of one normal (P721N) and three highly digestible standard; lanes 2-10: digestion at 0, 0.5, 1, 3, 5, 10, 20, 30, and 60 min,
(P721Q, P850029, P851171) sorghum lines. respectively.
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nificant year-to-year variations in in vitro protein digestibility
for one cultivar over seven years (Buckner and Hamaker, un-
published results).

In vitro pH-stat titration curves for uncooked flours (1994 crop)
showed remarkable differences in protein hydrolysis rates between
P851171, P850029, and P721Q, and the normal cultivar, P721N
(Fig. 1). This technique monitors the amount of peptide bonds hydro-
lyzed by digestive enzymes. Lines P851171, P850029, and P721Q
showed much higher initial rates of digestion, aswell as later higher
titration volumes when compared to P721N. Approximately the
same number of peptide bonds were hydrolyzed in =5 min in highly
digestible cultivars as were in 60 min in the normal cultivar. Titra-

o e —

—_——

B =
5'
[
o= — -
21.5 = p——
—— e

-

0
&
a1

tion curves of two panicles from each of the cultivars were the same,
indicating genetic homogeneity.

In vitro pH-stat titrations at 10 min for 20 sorghum genotypes
grown at the same location, plus wheat, rice, and maize are shown
in Fig. 2. Sorghum cultivars with P721Q in their pedigree and P721Q
were consistently more digestible than normal sorghum cultivars
and normal maize.

Digestion of the Individual Kafirins

Analysis of pepsin undigested proteins using SDS-PAGE revealed
that differences in digestibilities between norma and highly
digestible cultivars are related to differences in disappearance during
proteolysis of the a-, B-, and y-kefirin proteins (Figs. 3 and 4).
Nonkafirin proteins were rapidly digested in both cultivars. In the
time-course digestion of the normal cultivar P721N, the a-kafirin
protein was not noticeably digested until 60 min of pepsin
incubation. y-Kafirin in P721N was resistant to digestion up to 30
min. For the highly digestible cultivar P850029, a-kafirin was
digested as early as 3 min and had dmost disappeared by 60 min of
digestion. The y-kafirin band disappeared by 5 min. 3-Kafirin was
less digestible than y-kafirin in P850029 but was still more rapidly
digested than in P721N.

ELISA was used to show quantitative differences in digesti-
bility of the individua kafirins among norma and highly digestible
sorghum cultivars. Digestion of uncooked highly digestible lines
(P850029, P851171, and P721Q) with pepsin showed that a-kafirin

was 75-90% digested in 30 min as compared to 35-45% in the nor-
mal cultivars (P721N, SAFRA) (Fig. 5). By 60 moxkafirin was

Fig. 4. SDS-PAGE gel of atime-course digestion of a highly digestible sor- virtually all digested in the highly digestible cultivars compared to
ghum line (P850029); undigested proteins are shown. Lane 1: molecular 50-60% digested for the normal cultivars.

weight standard; lanes 2-10: digestion at 0, 0.5, 1, 3, 5, 10, 20, 30, and  The percentages of-kafirin digested from cooked sorghum flours
60 min, respectively. are shown in Fig. 6. Cooking caused some reduction in digesti-

1 2 3 4 5 & 7 8 9 10

10 min 30 min 10 min ~ 30min
100 - 100 —
90 — 90 —
80 — 80 ~

V77 P721N
XY SAFRA

V77 P721IN
XY SAFRA

P721Q P721Q
E== P850029 E= P850029
[ P851171 [ P851171

Fig. 5. Percentage af-kafirin digested in uncooked flour of two normal Fig. 6. Percentage ofi-kafirin digested in cooked flour of two normal
(P721N and SAFRA) and three highly digestible (P721Q, P850029, and721N and SAFRA) and three highly digestible (P721Q, P850029, and
P851171) sorghum ttivars determined using enzyme-linked innmo- P851171) sorghum ttivars determined using enzyme-linked innmo-
sorbent assay (ELISA) after 10, 30, and 60 min of in vitro pepsin digestiosorbent assay (ELISA) after 10, 30, and 60 min of in vitro pepsin digestion.
Mean values with different letters are significantly differer® &t0.05. Mean values with different letters are significantly differerf® &t 0.05.
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bility of a-kafirin in al cultivars, though again the highly di-
gestible lines had much more rapid a-kafirin digestion. P721Q
after cooking showed some loss in digestibility of a-kafirin.
At 60 min of pepsin digestion, a-kafirin in P850029 and P851171
was nearly all digested, and in the two normal sorghum cultivars
was <50% digested.

B- and y-Kafirins in uncooked sorghum flours were more di-
gestible in P721Q and P850029 than in the normal cultivars (Figs.
7 and 8), although the differences were not as great as with a-
kafirin. Similar trends were seen in the cooked samples (not shown).
In the case of y-kafirin, there was less difference between the
normal and highly digestible cultivars, although again the highly
digestible group was, for the most part, more digestible at 30
and 60 min.

DISCUSSION

In this study, substantially higher in vitro protein digestibilities
were found in sorghum lines carrying the P721Q mutant in their
background, as well as P721Q itsef, than in norma sorghum
cultivars. Higher protein digestibilities of these improved lines
were shown to be a result of more rapid digestion of the main sor-
ghum storage protein, a-kafirin. This protein alone comprises

In addition to the importance of finding sorghum cultivars with
high protein digestibility, this discovery also clarifies why normal
sorghum has poor protein digestibility when compared to other
cereals. We have theorized that sorghum protein in normal cultivars
is less digestible because the protein bodies are more resistant to
proteolysis than the protein bodies of other similar cereal grains
such as maize (Hamaker et al 1987; Oria et al 1995a,b). Various
experimental evidence (Oria et al 1995a,b) implicates the enzyme-
resistant nature of the peripherally located and possiblyf-,
kafirins that prevents ready access of proteasasktfirin. Addi-
tionally, y- andB-kafirins have been shown to form extensive inter-
molecular disulfide-bound complexes during seed development
and during cooking (Oria et al 1995a,b). In a companion study on
these same highly digestible lines (Oria etrapress), y-kafirin
was found to be located not at the protein body periphery, but at
the base of folds of a highly invaginated protein body structure.
Thus,a-kafirin in protein bodies of the highly digestible cultivars
is more exposed to digestive enzymes than in normal protein bod-
ies, and accordingly, as shown in this study, is quickly digested.

Notably, this is the first time sorghum lines have been identified
that retain relatively high in vitrprotein digestibilities after cooking.
Cooking normally decreases digestibility of sorghum proteins,
specifically the kafirins (Axtell et al 1981, Hamaker et al 1986, Oria

=50-60% of total grain protein, ranging from the high-lysine et al 1995b). In previous work in our laboratory (Hamaker 1986),
P721Q to normal cultivars (calculations based on values for totale showed that isolated, native (unreduceekafirin is highly
kafirin in Hamaker et al 1995). Highly digestible grain was of adigestible and retains its high digestibility after cooking, unlike the
floury kernel type, though recently this trait has been found in & andp-kafirins that become more resistant to digestion (Oria et al
modified kernel type with partial vitreous endosperm (Hamaker ani995b). Thus, in the highly digestible lines, the improved accessi-
Mamadouunpublished data). There is a continuing effort to improve bility of proteases ta-kafirin, even after cooking, must account

kernel type along with the high protein digestibility trait.

30 min

10 min

P721N
SAFRA
P721Q
E= P850029
[ P851174

Fig. 7. Percentage of B-kafirin digested in uncooked flour of two nor-
mal (P721N and SAFRA) and three highly digestible (P721Q, P850029,
and P851171) sorghum cultivars determined using enzyme-linked im-
munosorbent assay (ELISA) after 10, 30, and 60 min of in vitro pepsin
digestion. Mean values with different letters are significantly different
at P <0.05.

for their overall higher protein digestibility.

30 min

10 min

60 min

Z7) P721N
SAFRA
P721Q
E=3 P850029
[ P851171

Fig. 8. Percentage of y-kafirin digested in uncooked flour of two nor-
mal (P721N and SAFRA) and three highly digestible (P721Q, P850029,
and P851171) sorghum cultivars determined using enzyme-linked im-
munosorbent assay (ELISA) after 10, 30, and 60 min of in vitro pep-
sin digestion. Mean values with different letters are significantly dif-
ferent at P < 0.05.
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CONCLUSIONS

Sorghum germ plasm was identified with substantially higher
uncooked in vitro protein digestibility when compared to normal
cultivars. Sorghum grain with improved protein digestibility could
be an important nutritional contribution to the diets of people and
livestock depending on sorghum as a main protein source. For
humans consuming a mixed diet with marginal to inadequate protein
levels, the addition of more digestible protein, with an accom-
panying boost in lysine content (as is true in these lines), would
increase the utilizable protein in the diet. In animals, in addition to
increasing available protein, a highly digestible sorghum protein
may increase starch availability, as the protein component is known
to restrict starch digestion (Rooney and Pflugfelder 1986). This
needs to be further studied. In this study we have revedled the rea
son for the digestibility differences between normd and highly diges-
tible sorghum cultivars, that being increased a-kafirin digestibility.
This knowledge should facilitate the development of a screening
assay for breeders to use to select for highly digestible lines. The
assay presently being worked on is based on relative differencesin
disappearance of a-kafirin between the highly digestible and nor-
mal sorghum cultivars.
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