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Abstract

To determine values for the digestible indispensable amino acid score (DIAAS), it is recommended that ileal amino acid (AA) digestibility
values obtained in growing pigs are used to characterise protein quality in different foods. Therefore, an experiment was conducted to
determine the standardised ileal digestibility (SID) of AA in eight cereal grains (yellow dent maize, Nutridense maize, dehulled barley,
dehulled oats, polished white rice, rye, sorghum and wheat) fed to pigs, where SID values in pigs can be used to calculate approximate
DIAAS values in humans. In the present experiment, twenty-four barrows with a T-cannula inserted in the distal ileum were allotted to
eight diets and fed for three periods to give a total of nine replicate pigs per diet. Each period lasted 14 d, and ileal digesta samples
were collected on days 13 and 14. Among the SID values obtained for all cereal grains, values for total indispensable AA were greatest
(P<0-05) in rice and lowest (P<0:05) in rye and sorghum. The concentrations of SID indispensable AA in rice were less (P<0-05)
than in dehulled oats, but greater (P<0-05) than in the other cereal grains, and the concentrations of SID indispensable AA in Nutridense
maize were greater (P<0-05) than in yellow dent maize and sorghum, but less (P<0-05) than in the other cereal grains, except rye.
In conclusion, results indicate that to meet dietary requirements for AA in humans, diets based on yellow dent maize or sorghum require
more AA supplementation than diets based on other cereal grains.
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Introduction Cereal grains are the major source of energy in most diets

S . . . . consumed by humans, but cereal grains also contribute to
In food tables, values for digestible or bioavailable amino acids Y ’ &

(AA) should be provided on an individual AA basis rather than
as digestible protein values'’. The digestible indispensable
amino acid score (DIAAS) is recommended to replace the
protein digestibility-corrected amino acid score (PDCAAS) for

the protein requirement of humans. In developed countries,
protein contribution from cereal grains is not given substantial
importance because of the availability of other sources of pro-
tein such as meat and legumes. Thus, crude protein (CP)

evaluating protein quality”. The DIAAS is defined as follows:
DIAAS (%) = 100 X ((mg of digestible dietary indispensable
AA in 1 g of the dietary protein)/(mg of the same dietary indis-
pensable AA in 1g of the reference protein)™”. Because AA are
absorbed only from the small intestine and because hindgut
fermentation can affect AA metabolism, ileal digestibility is a
more accurate estimate of AA bioavailability than total tract
digestibility in both humans and growing pigs'®. The apparent
ileal digestibility (AID) of AA is defined as the net disappear-
ance of ingested dietary AA from the digestive tract proximal
to the distal ileum. When AID is corrected for the basal
endogenous loss in pigs, the resulting value is termed standar-
dised ileal digestibility (SID), which can be used to calculate

approximate DIAAS values in humans 2.

intake in developed countries is often more than what is
recommended®. However, in underdeveloped or developing
countries, cereal grains may be a major source of dietary pro-
tein, especially for children™®. Therefore, the concentrations of
CP and AA and the measurement of DIAAS in cereal grains are
important for the health and well-being of many children and
adults in these countries.

Several cereal grains are available for human consumption,
but in most cases, the concentrations of CP and AA in cereal
grains are not sufficient to fulfil CP and AA requirements for
proper growth and development. Therefore, there is a need
to supplement diets with other sources of CP and AA. The
pig has been recognised as a good model for estimating CP
and AA digestibility in humans™>®. Therefore, the objective

Abbreviations: AA, amino acids; AID, apparent ileal digestibility; CP, crude protein; DIAAS, digestible indispensable amino acid score; PDCAAS, protein
digestibility-corrected amino acid score; SID, standardised ileal digestibility.
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of the present study was to determine the AID and SID of AA
in eight major cereal grains fed to growing pigs.

Materials and methods

The protocol for the experiment was reviewed and approved
by the Institutional Animal Care and Use Committee at the
University of Illinois. A total of twenty-four growing barrows
(initial body weight: 30-7 (sp 3-2) kg) that were the offspring
of G-performer boars mated to Fertilium twenty-five females
(Génétiporc) were fitted with a T-cannula in the distal ileum
as described by Stein et al . Pigs were allowed to recover
after surgery for 10d, and they were given ad libitum access
to water and a maize—soyabean meal diet during the recovery
period. Pigs were housed individually in metabolism cages in
an environmentally controlled room. Each metabolism cage
was equipped with a feeder and a nipple drinker. Pigs were
randomly allotted to eight diets that were fed during each of
three periods in a completely randomised design. During
each period, each diet was fed to three pigs. Therefore,
each diet was fed to a total of nine pigs during the experiment,
and no pig was given the same diet more than once.

In the experiment, eight cereal grains including yellow dent
maize, Nutridense maize, dehulled barley, dehulled oats,
polished white rice, rye, sorghum and wheat were used
(Table 1). Yellow dent maize and Nutridense maize were pro-
cured from ExSeed Genetics LLC. Polished white (Jasmine)
rice was purchased from Walmart, and the remaining cereal
Inc. Al
grains were ground in a hammer mill using a 1-6 mm screen.
A total of eight diets were formulated, and each cereal grain

grains were sourced from Siemer Enterprises,

S. K. Cervantes-Pahm et al.

was the only source of CP and AA in each diet (Table 2).
Vitamins and minerals were added to all diets to meet or
exceed the current requirements for growing pigs, and all
diets also contained 0-4% titanium dioxide (Kronos Titanox)
as an indigestible marker.

The body weight of each pig was recorded at the start of
each period, and the daily feed allotments were calculated
as two times the estimated maintenance requirement for
energy for each pig (i.e. 443-5k] metabolisable energy/
kg®”)®. The daily feed allowance was supplied in two
equal meals that were provided at 08.00 and 17.00 hours,
except on digesta collection days, when pigs were fed at
06.00 and 18.00 hours. Water was available at all times. Each
period lasted 14d. Ileal digesta were collected on days 13
and 14 for 10h as described by Pedersen et al..

At the conclusion of the experiment, ileal samples were
thawed, mixed within animal and diets, and a subsample
was collected for chemical analysis. Samples of each diet
and of each cereal grain were also collected. Digesta samples
were lyophilised and ground before chemical analysis. Cereal
grains, diets and ileal digesta samples were analysed for DM
(method 930.15)"?, CP (method 990.03)? and AA. AA ana-
lyses were carried out on the Hitachi Amino Acid Analyzer
(model no. 18800; Hitachi High Technologies America, Inc.)
using ninhydrin for post-column derivatisation and norleucine
as the internal standard. Before analysis, samples were hydro-
lysed with 6 M-HCl for 24 h at 110°C (method 982.30 E (a))™?.
The concentrations of methionine and cysteine were deter-
mined as those of Met sulfone and cysteic acid after cold
performic acid oxidation overnight before hydrolysis
(method 982.30 E (b))"'”. The concentration of tryptophan

Table 1. Determined crude protein (CP) and amino acid (AA) composition of yellow dent maize, Nutridense maize, dehulled barley, dehulled oats, rice,

rye, sorghum and wheat (as-fed basis)

Yellow dent Nutridense Dehulled Dehulled Polished
ltems maize maize barley oats white rice Rye Sorghum Wheat
DM (%) 875 87-0 86-4 87-6 86-5 882 87-4 87-3
CP (%) 75 88 11-8 131 9-0 121 9-8 11.9
Indispensable AA (%)
Arg 0-32 0-41 0-51 0-87 0-61 0-53 0-33 0-54
His 0-19 0-26 0-25 0-32 0-21 0-26 0-22 0-25
lle 0-23 0-30 0-39 0-51 0-35 0-38 0-37 0-39
Leu 0-71 0-96 0-73 0-98 0-66 0-67 1.24 0-73
Lys 0-23 0-29 0-39 0-57 0-30 0-41 0-20 0-34
Met 0-14 017 017 0-23 0-21 017 0-15 0-19
Phe 0-29 0-39 0-55 0-66 0-42 0-49 0-47 0-49
Thr 0-23 0-27 0-34 0-43 0-27 0-33 0-29 0-32
Trp 0-05 0-05 0-10 0-10 0-07 0-09 0-05 013
Val 0-32 0-40 0-53 0-71 0-49 0-51 0-46 0-49
Dispensable AA (%)
Ala 0-46 0-58 0-40 0-62 0-44 0-44 0-85 0-40
Asp 0-42 0-53 0-59 1.01 0-68 0-73 0-58 0-57
Cys 0-14 017 0-23 0-40 0-19 0-22 0-15 0-25
Glu 1.12 1.47 2.57 2.64 1-41 2.53 1.90 2.97
Gly 0-28 0-33 0-41 0-67 0-35 0-45 0-29 0-44
Ser 0-28 0-32 0-39 0-56 0-34 0-40 0-39 0-43
Tyr 0-19 0-24 0-27 0-38 0-23 0-22 0-30 0-27
Total indispensable AA (%) 2.7 3-5 3-96 5.38 3-59 3-84 3.78 3-87
Total dispensable AA (%) 2-89 3-64 4-86 6-28 3-64 4-99 4.46 5.33
Total AA (%) 5-60 714 882 11-66 7-23 8-83 824 920
Calculated value (%)
Lys:CP 3.07 3-30 3-31 4.35 3-33 3-39 2.04 2.86

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd ££2700€ LSt L LL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114513004273

o

British Journal of Nutrition

Digestible amino acids in cereal grains 1665

Table 2. Ingredient composition (%) of the experi-
mental diets (as-fed basis)

Ingredients Diet

Cereal grain 97-4

Dicalcium phosphate 0-80
Limestone 0-70
Titanium dioxide 0-40
Salt 0-40
Vitamin—mineral premix* 0-30
Total 100-00

*The vitamin—micromineral premix provided the following
quantities of vitamins and microminerals per kg of
complete diet: vitamin A as retinyl acetate, 3-34mg;
vitamin D3 as cholecalciferol, 55-1pg; vitamin E as
DL-a-tocopheryl acetate, 59-4mg; vitamin K as mena-
dione nicotinamide bisulphite, 1-42mg; thiamin as thiamin
mononitrate, 0-24 mg; riboflavin, 6-58 mg; pyridoxine as
pyridoxine hydrochloride, 0-24mg; vitamin Bi,, 0-03mg;
D-pantothenic acid as D-calcium pantothenate, 23-5mg;
niacin as nicotinamide and nicotinic acid, 44mg; folic
acid, 1-58mg; biotin, 0-44mg; Cu as copper sulphate,
10mg; Fe as iron sulphate, 125mg; | as potassium
iodate, 1.26mg; Mn as manganese sulphate, 60mg; Se
as sodium selenite, 0-3mg; Zn as zinc oxide, 100 mg.

was determined after NaOH hydrolysis for 22h at 110°C
(method 982.30 E (c)™®. The concentration of Ti in the
diets and ileal analysed based on the
procedure of Myers et al. 'V,

The AID of each AA in the cereal grains was calculated
12,

samples was

using equation
AIDAA =1- ((AAdigcsla/AAfeed) X (Tifecd /Tidigestu)) X 1007 (l)

where AID,, is the apparent ileal digestibility of AA (%),
AAgigesia is the concentration of AA in the ileal digesta DM,
AAgeeq is the concentration of AA in the feed DM, Tifeeq is
the concentration of Ti in the feed DM and Tigigesa is the
concentration of Ti in the ileal digesta DM.

Values for the basal endogenous loss of AA (ileal endogen-
ous losses of AA; IEL,,) used in the present experiment were
the average values obtained from growing pigs fed N-free
diets summarised from sixteen experiments conducted in
our laboratory. The average endogenous loss value of AA
obtained from our laboratory was close to previously reported
values 2719
The SID of each AA was calculated using equation 2%

SIDax = AID + (IELpa /AAseca), )

where SID,, is the standardised ileal digestibility of AA. The
SID of each AA was multiplied by the concentration of AA
(DM basis) in the cereal grain to calculate the concentration
of SID AA for each cereal grain. The digestible indispensable
AA reference ratio for each indispensable AA was calculated
using the following equation:

Digestible indispensable AA reference ratio
= (digestible indispensable AA contentinlg
— protein of food (mg))/(mg of the same

dietary indispensable AA in 1 g of the reference protein).

The AA scoring pattern from the reference protein was based
on the Report of an FAO Expert Consultation”. The DIAAS
was calculated using the following equation:

DIAAS (%) = 100 X lowest value of the digestible

indispensable AA reference ratio.

Statistical analyses

Data were tested for outliers and normal distribution using the
UNIVARIATE procedure of SAS (SAS Institute, Inc.). Obser-
vations that were more than 3 standard deviations away
from the treatment mean were considered outliers. Data of
three pigs that did not produce sufficient quantities of ileal
digesta were removed from the dataset. ANOVA was con-
ducted using the MIXED procedure of SAS, with diet as the
fixed effect and period as the random effect. Means were cal-
culated using the LSMEANS statement of SAS, and the PDIFF
option of SAS was used to separate treatment means. The
pig was the experimental unit for all analyses, and an «
value of 005 was used to denote statistical significance
among treatment means.

Results

The concentrations of CP among the eight cereal grains ranged
from 7-5 to 13-1%, whereas concentrations of total AA among
the eight cereal grains were between 5-60 (yellow dent maize)
and 11-:66 % (dehulled oats) (Table 1). Compared with other
indispensable AA, all cereal grains contained relatively high
amounts of leucine and low amounts of tryptophan. Dehulled
oats contained 0-57% of lysine, 0-23 % of methionine, 0-43 %
of threonine and 5-38 % of total indispensable AA, whereas the
other cereal grains contained between 3 and 4% of total
indispensable AA, except yellow dent maize, which contained
only 2-71 % of total indispensable AA.

The AID of CP in dehulled barley, rye and wheat was
greater (P<0-05) than that in yellow dent maize, Nutridense
maize and sorghum, but less (P<0:05) than in rice and
dehulled oats (Table 3). The mean AID of indispensable AA
was greater in rice (P<0-05) than in all other cereal grains,
except in dehulled oats. The AID of most AA in dehulled
oats was not different from that in rice, except that the AID
of leucine, methionine, phenylalanine, tryptophan and
valine in dehulled oats was less (P<<0:05) than in rice.

The mean AID of indispensable AA in Nutridense maize was
not different from dehulled barley and wheat, but the AID of
histidine, leucine, methionine and phenylalanine was greater
(P<0-05) in Nutridense maize than in dehulled barley, and
the AID of methionine, threonine and valine was greater
(P<0-05) in Nutridense maize than in wheat. However, the
AID of tryptophan was greater (P<0-05) in wheat and
dehulled barley than in Nutridense maize. The mean AID of
indispensable AA and the AID of all indispensable AA,
except methionine and tryptophan, in yellow dent maize
was less (P<0-05) than in Nutridense maize. The AID of histi-
dine, leucine and methionine in rye was less (P<0-05) than in
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Table 3. Apparent ileal digestibility of crude protein (CP) and amino acids (AA) in yellow dent maize, Nutridense maize, dehulled barley, dehulled oats, rice, rye, sorghum and wheat*
(Least-square mean values and pooled standard errors)
Yellow Nutridense Dehulled Dehulled Polished
Iltems dent maize maize barley oats white rice Rye Sorghum Wheat SEM P
CP (%) 49.83° 58.07° 61-50° 72.722 70.592 57.19° 49.88° 62-50° 2.63 0-001
Indispensable AA (%)
Arg 65-54°f 74.81°4 72.28°4 82.96%° 83.482 68.94%° 60-59' 76-63°° 2.43 0-001
His 75.12° 80-232° 74.53° 81.672 81.712 70-26° 66-03° 77.13° 1.57 0-001
lle 61-32¢ 68.91° 67-99°° 78.552 81.572 63.65° 64.34%4 70.29° 1.32 0-001
Leu 77-62° 84.443P 72419 81.19° 85.742 66-54° 71-61¢ 74-01%9 1.44 0-001 »
Lys 58.320:4- 65-67° 63-84°° 76.272 78.072 57.86%° 52.86° 61.250¢d 2.20 0-001 -
Met 83.01° 86-122P 71.93%¢ 84.38° 88.882 74.18% 69.-74° 79.-04° 1.36 0-001 ’
Phe 72.71° 79.74°¢ 76-10%¢ 82.71° 87292 72.85° 6873 77-56%9 1.33 0-001 g
Thr 50.74° 58.99° 58-16° 67.75% 75.79% 50-18° 50.73° 51.60° 2.47 0-001 3
Trp 43.49¢ 47.50¢ 73.58%P 68.74°° 77592 64-03° 49.74° 74.287° 2.71 0-001 =1
Val 60-56°" 69-14° 68-04°4 76-21° 83.542 60-541 63-14° 64-88%¢ 1.64 0-001 ¢
Mean 65-11° 71.52° 70-17° 78.252 82.102 64-34%4 60-40° 70.52° 1.64 0-001 g
Dispensable AA (%) g
b a C a,b a c b C
Ala 6576 7343 47.98 69-88% 75-29 48-81 64-26 46-49 2.49 0-001 =
Asp 59.80° 65-60° 59.91° 75.972 80.772 61.95°° 59.06° 52.749 1.92 0-001 S
Cys 64.82¢ 70.51°° 72.40°° 72.27°¢ 82.812 70-06° 58.29° 74.75° 1.66 0-001 =
Glu 76-59° 82.46° 81.28° 87.05%° 87-602° 84.23°° 72.71° 88.932 1.41 0-001
Gly 5.27¢ 25.70°¢d 13.78°%¢ 55.872 49.06%° 9.37°¢ 5.41¢ 30-3020° 8-68 0-001
Ser 66-82° 72.76°° 68.67%%° 70-71° 81.802 65-96° 64-80° 70-715¢d 1.69 0-001
Tyr 68-29¢ 75-41° 68-58°4 72.96"° 80-492 59.40° 61-89° 67-32¢ 1.72 0-001
Mean 50.32° 58.35° 51.35° 63-182 66-732 50.-48° 48.50° 53.84°¢ 2.24 0-001
Total AA (%) 51.59° 63-42° 58.80°° 73.252 74.322 55.24° 51.37° 63.98%° 5.01 0-001

abedefMean values within a row with unlike superscript letters were significantly different (P<0-05).
*Data are least squares means of nine observations per treatment except for dehulled barley, dehulled oats, rice and wheat that have eight observations per treatment.
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yellow dent maize, but the AID of all other indispensable AA
and the mean AID of indispensable AA in rye were not
different from values obtained for yellow dent maize. The
mean AID of indispensable AA in sorghum was lowest
(P<0-05) among the values obtained for all cereal grains,
and the AID of all indispensable AA, except isoleucine,
leucine, threonine, tryptophan and valine, was lowest
(P<0:05) in sorghum. The mean AID of dispensable AA in
rice was greater (P<<0-05) than in all the other cereal grains.
For most of the dispensable AA, differences among the
cereal grains followed the patterns observed for indispensable
AA. The mean AID of all AA in rice was greater (P<0:05)
than in all the other cereal grains, except dehulled oats,
whereas the mean AID of all AA in yellow dent maize and
sorghum was lowest among the values obtained for all
cereal grains (P<0-05).

The SID of CP in yellow dent maize, Nutridense maize,
dehulled barley, rye and wheat was greater (P<0-05) than
in sorghum, but less (P<0:05) than in dehulled oats and rice
(Table 4). The SID of all indispensable AA in rice was greater
(P<0:05) than in all the other cereals, with the exception that
the SID of arginine in rice was not different from that in Nutri-
dense maize, dehulled oats and wheat, the SID of histidine in
rice was not different from that in Nutridense maize and
dehulled oats, and the SID of methionine in rice was not
different from that in Nutridense maize. With a few excep-
tions, the SID of dispensable AA in rice was also greater
(P<0:05) than in the other cereal grains. Similarly, the mean
SID of all indispensable AA was greater (P<0-05) in rice
than in the other cereal grains.

The SID of most indispensable AA in dehulled oats was less
(P<0-05) than in rice and not different from that in Nutridense
maize, but greater (P<0-05) than in the other grains. The SID
of most AA in Nutridense maize was greater (P<0-05) than in
dehulled barley, wheat, yellow dent maize, rye and sorghum.
The SID of most indispensable AA in yellow dent maize was
not different from that in dehulled barley, except that the
SID of leucine and methionine was greater (P<0:05) in
yellow dent maize than in dehulled barley, and the SID of
tryptophan in yellow dent maize was less (P<0-05) than in
dehulled barley. There was no difference in the SID of indis-
pensable AA between dehulled barley and wheat, except that
the SID of methionine was greater (P<<0:05) in wheat than
in dehulled barley, and no differences were observed in the
SID of indispensable AA between sorghum and rye, except
that the SID of phenylalanine was greater (P<0-05) in rye
than in sorghum. However, the SID of most indispensable
AA in sorghum and rye was less (P<<0-05) than in the other
cereal grains. Sorghum and rye also had the least (P<0-:05)
mean SID of the indispensable AA and mean SID of the
dispensable AA among all cereal grains.

The concentrations of SID CP in dehulled barley and wheat
were less (P<0:05) than in dehulled oats, but greater
(P<0:05) than in the other cereal grains, and the concen-
trations of SID CP in Nutridense maize and sorghum were
greater (P<0-05) than in vyellow dent maize, but less
(P<0-05) than in the other cereal grains (Table 5). The con-
centrations of all SID indispensable AA, all dispensable AA

and all AA in dehulled oats were greater (P<<0-05) than in
the other cereal grains, and the concentrations of all SID indis-
pensable AA in rye were less (P<0-05) than in dehulled barley
and wheat and greater (P<<0-05) than in yellow dent maize,
but not different from those in Nutridense maize and sorghum.
The concentrations of total SID indispensable AA in Nutri-
dense maize were also greater (P<0-05) than in sorghum.
The concentrations of SID arginine, histidine, isoleucine,
lysine, phenylalanine, threonine and valine in dehulled oats
were greater (P<0-05) than in the other cereal grains, and
the concentration of SID methionine was greater (P<0:05)
in dehulled oats and rice than in all other cereal grains. How-
ever, sorghum had the greatest (P<0-05) concentration of SID
leucine, and sorghum and wheat contained more (P<0-05)
SID tryptophan than the other cereal grains. Yellow dent
maize had the lowest (P<<0-05) concentrations of most SID
indispensable AA. The concentrations of all SID dispensable
AA and all SID AA in yellow dent maize were also lowest
(P<0:05) among the values obtained for all cereal grains.
The DIAAS was 48 for yellow dent maize, 54 for Nutridense
maize, 51 for dehulled barley, 77 for dehulled oats, 64
for polished rice, 47 for rye, 29 for sorghum and 43 for
wheat (Table 6).

Discussion

Cereal grains are grown in large quantities around the world
and are responsible for a large proportion of daily intake of
energy and protein. This is especially true for rice, wheat
and maize, which are responsible for approximately 60% of
the world’s food energy intake™. Rice is a staple food for
1-6 billion people around the world, particularly in Asia,
Latin America and parts of Africa, whereas wheat is mostly
consumed in central Asia, the Middle East and Africa, and
maize is used as a staple food in South America, Central Amer-
ican, Mexico and parts of Africa. Barley, oats and rye are also
among the domesticated grains in the world, and they are
important staple foods in Europe and Russia®". For millions
of people in the semi-arid tropics of Asia and Africa, sorghum
is an important staple food because other grains grow
poorly in these regions due to low rainfall or soil salinity'®.
Therefore, determination of protein quality in cereal grains
provides important information on how these grains contrib-
ute to a sustainable diet.

The PDCAAS calculated using protein digestibility has been
recommended to be used for protein quality evaluation, with
the intention of assessing the capacity of foods or diets to
meet the protein and essential amino—N requirements'”.
However, the PDCAAS method does not adequately take into
account the different digestibility of individual AA and does
not consider the influence of anti-nutritional factors"’ =,
Therefore, the new DIAAS system is recommended to replace
PDCAAS for protein quality evaluation”. The main differ-
ences between PDCAAS and DIAAS systems are that the
PDCAAS are truncated and the ileal digestibility value of
each AA is used in the DIAAS system, whereas a single
faecal CP digestibility value is used in the PDCAAS system”.
For DIAAS calculation, the use of true ileal digestibility or

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd ££2700€ LSt L LL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114513004273

Nf. British Journal of Nutrition @

—
[
&
Table 4. Standardised ileal digestibility (SID) of crude protein (CP) and amino acids (AA) in yellow dent maize, Nutridense maize, dehulled barley, dehulled oats, rice, rye, sorghum and wheat**
(Least-square mean values and pooled standard errors)
ltems Yellow dent maize Nutridense maize Dehulled barley Dehulled oats Polished white rice Rye Sorghum Wheat SEM P
CP (%) 70.17°° 76-39° 74.49° 84.602 88.07° 70.53°° 65-68° 74.98° 2.63 0-001
Indispensable AA (%)
Arg 81.10°° 86-943° 82.40°° 90-082 92.45% 78.97%¢ 73.73¢ 86-992° 2.43 0-001
His 82.99°¢ 87.073b° 81.18¢ 88.112° 91.392 76.71° 73.53° 84.08°¢d 1.57 0-001
lle 76-09%° 80-92° 76-44%¢ 86-52° 92.302 71-86° 73.78°%f 78-70%4 1.36 0-001
Leu 84.33°¢ 89.74° 79.24°f 87.24°° 93.842 74179 76.28"9 81.16%° 1.44 0-001
Lys 74.58%9 78.945¢ 73.74%4 84.51° 92.412 67-01° 69-10%¢ 73.05%4 2.20 0-001
Met 89.54° 91.222P 78-10¢ 89.95° 94.66% 80-47° 77-20° 85.25° 1.36 0-001 »
Phe 83.15° 87.92° 81.93%¢ 88.38° 95.292 79.34°° 76-00° 84.28° 1.33 0-001 >
Thr 70-45%92 75-75P¢ 71.78%¢ 81-30° 90-642 64-38° 67.73%¢ 65-40%¢ 2.70 0-001 o
Trp 69-65° 73.27° 84-11° 81.88° 94.70% 74-64° 73.31° 83.95° 2.75 0-001 o
Val 75-37° 81.79° 77-16° 84-66° 94.342 70-67¢ 73.45%¢ 75-10° 1.67 0-001 5
Mean 79-95¢ 83-40P° 78-96%¢ 86-44° 93.382 73.43° 72.30° 79-95%4 1.66 0-001 §
Dispensable AA (%) P
Ala 77.73°° 83.432P 62-42¢ 81.07° 89.242 62.07¢ 71-80° 61.74¢ 2.38 0-001 Iy
Asp 77-15%4 79-545¢ 72.43%¢ 85-06° 92.782 71-62°f 71618 66-79° 1.90 0-001 5:7
Cys 77.25%¢ 82.06°° 800204 77-44°°4 94.35% 75.72% 68-34° 82.67° 1.93 0-001 &
Glu 85.02° 89-08P¢¢ 85.34%° 91.3070° 94.89% 88.09%° 77-24f 92.52%P 1-60 0-001 N
Gly 56.24%4 69-96%°° 48.78°4 81-68°cd 93.492 42.324 48.57°4 63.77%¢d 8-68 0-001 =~
Ser 83.35°° 86-43° 80-83%9° 84.50°° 95.922 77-68° 78.95%° 82.910cd 1.69 0-001
Tyr 79-85°¢ 85-15° 77-11° 80-735¢ 92.192 65-88¢ 70.79¢ 77-06° 210 0-001
Mean 66-46° 72.06° 63.17° 72.39° 81.09° 61.91° 61-59° 65-86° 2.87 0-001
Total AA (%) 77-09° 84.05° 76-64° 84.18° 94.05% 70-15¢ 69-45° 79.32°° 3.46 0-001

abedelaMean values within a row with unlike superscript letters were significantly different (P<0-05).

* SID values were calculated by correcting the values for apparent ileal digestibility for the basal endogenous losses. Values used for the basal endogenous losses were as follows (g/kg of DM intake): CP, 17-38; Arg, 0-59; His,
0-19; lle, 0-37; Leu, 0-57; Lys, 0-43; Met, 0-12; Phe, 0-36; Thr, 0-57; Trp, 0-12; Val, 0-54; Ala, 0-66; Asp, 0-87; Cys, 0-20; Glu, 1-12; Gly, 1-64; Ser, 0-57; Tyr, 0-29.

T Data are least squares means of nine observations per treatment except for dehulled barley, dehulled oats, rice and wheat that have eight observations per treatment.
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Table 5. Concentrations (g/kg DM) of standardised ileal digestible crude protein (CP) and amino acids (AA) in yellow dent maize, Nutridense maize, dehulled barley, dehulled oats, rice, rye, sorghum
and wheat*

(Least-square mean values and pooled standard errors)

Yellow Nutridense Dehulled Dehulled Polished

ltems dent maize maize barley oats white rice Rye Sorghum Wheat SEM P

CcP 60-2° 76-4¢ 102.0° 126.42 90.7° 94.4° 73.3¢ 102.0° 3.05 0-001

Indispensable AA
Arg 3.0f 4.1° 4.8¢ 9.0% 6-6° 4.6° 2.3f 5.4° 0-12 0-001 )
His 1.8' 2.6° 2.3%¢ 3.2° 2.2° 2.2%¢ 1.8' 2.4° 0-04 0001
lle 2.0f 2.8° 3.4° 5.0% 3.7° 3.19 3.19 3.5° 0-06 0-001 9
Leu 6.9%¢ 9.9° 6.7¢ 9.8° 7-1° 5.6° 10-82 6-8°¢ 017 0-001 g
Lys 2.0¢ 2.7° 3.3° 5.52 3.2° 3.1° 1.6° 2.8° 0-08 0-001 o
Met 1.4¢ 1.8° 1.5° 242 2.3 1.504 1.50¢ 1.8° 0-03 0-001 g
Phe 2.8 3.9° 5.2° 672 4.6° 4.4¢ 4.1° 4.7° 0-07 0-001 3
Thr 1.8¢ 2.3° 2.g° 4.0% 2.8° 2.4° 2.2° 2.4° 0-09 0-001 S
Trp 0-4° 0-4° 1.0° 0-7° 0-7° 0-8° 122 112 0-08 0001 &
val 2.89 3.8 4.7° 692 5.3° 4.19¢ 3.9°f 4.2¢ 0-09 0-001 e
Total 24.51 33.5¢ 36-1° 53.22 38.7° 31.9%¢ 31.3° 35.4° 0-67 0-001 =

Dispensable AA 2
Ala 4.19 5.6° 2.9° 5.7° 4.5° 3.1° 7-02 2.9° 0-15 0-001 @

o

Asp 3.7 4.8° 5-0° 9-8° 7.3° 6-0° 4.8° 4.4° 0-13 0-001 o
Cys 1.2f 1.6° 2.1° 3.52 2.1° 1.9¢ 1.2f 2.4° 0-04 0-001 =
Glu 10-9' 15.0° 25.4° 27.5° 15.4° 25.2° 16.8° 31.42 0-33 0-001 5
Gly 1.8%° 2.6%4 2.3¢0:de 6-3% 3.8° 2.0de 1.6° 3.2b¢ 0-37 0-001
Ser 2.7 3.2° 3.6%¢ 5.42 3.8° 3.4%¢ 3.54 4.9° 0-09 0-001
Tyr 1.7° 2.3° 2.4° 3.52 2.4° 1.6° 2.4° 2.4° 0-06 0-001
Total 22.0f 30-1° 35.3° 52.12 34.1°4 34.8%9 31.4% 40.2° 1.60 0-001

Total AA 47.3° 66-4¢ 74.30c4 114.9% 77.9°° 69.2°¢ 63-9¢ 82.4° 5.69 0-001

abe.defd Mean values within a row with unlike superscript letters were significantly different (P<0.05).
*Data are least squares means of nine observations per treatment except for dehulled barley, dehulled oats, rice and wheat that have eight observations per treatment.
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Table 6. Digestible indispensable amino acid scores (DIAAS)* for yellow dent maize, Nutridense maize, dehulled barley, dehulled oats, rice, rye,

sorghum and wheat

Yellow dent Nutridense Dehulled Dehulled Polished
ltems maize maize barley oats white rice Rye Sorghum Wheat
DIAA reference ratio
His 1-31 1-61 1.07 1.35 1.33 1.03 1.03 1.10
lle 0-78 0-92 0-84 112 1.20 0-75 0-93 0-86
Leu 1-31 1-60 0-80 1.07 113 0-67 1.58 0-82
Lys 0-48 0-54 0-51 0-77 0-64 0-47 0-29 0-43
Sulphur amino acids 1.35 1-46 117 1.71 1.83 1-09 0.97 1.35
Aromatic amino acids 1-90 2:25 1.96 2-33 2.36 1-61 1.91 1.93
Thr 0-86 0-93 0-83 1.07 1.09 0-70 0-80 0-70
Trp 0-70 0-63 1.08 0-95 1.12 0-84 0-57 1-39
Val 0-80 0-93 0-87 1.15 1.28 0-74 0-86 0-77
DIAAS (%) 48 (Lys) 54 (Lys) 51 (Lys) 77 (Lys) 64 (Lys) 47 (Lys) 29 (Lys) 43 (Lys)

DIAA, digestible indispensable amino acids.

* DIAAS were calculated for older child, adolescent and adult. The indispensable amino acid reference patterns are expressed as mg amino acid/kg protein: His, 16; lle, 30;
Leu, 61; Lys, 48; sulphur amino acids, 23; aromatic amino acids, 41; Thr, 25; Trp, 6-6; Val, 40".

SID value of each AA still awaits official sanctioning from the
FAO. The ileal digestibility values of each AA determined in
humans are preferred, but if such values are not available,
values determined in growing pigs can be used to estimate
approximate DIAAS®?®”. A number of experiments have
been conducted to compare AA digestibility in growing pigs
and in human subjects”®
experiments have indicated that pigs are relatively good
models for humans. It is, therefore, believed that values for
AA digestibility obtained in pigs are also close representatives
of values in humans. The SID values of AA obtained in grow-
ing castrated male pigs are similar to those in adult female
pigs'*V. In the present study, we assumed that values obtained
for castrated male pigs are close representatives of SID values
of AA in all groups of humans, but future work should be
directed at confirming this hypothesis. A consensus method
for determining true ileal digestibility or SID in human nutri-
tion has not been agreed upon; therefore, the DIAAS values
calculated using the present data are only approximations
to DIAAS.

The concentrations of AA in the cereal grains used in the
present experiment are within the range of published
values”??, AA in cereal grains are mainly stored in the starchy
endosperm of the grains in the form of prolamins and legu-
mins®®®. Prolamins are the major storage proteins in maize,
sorghum, rye, barley, wheat and most cereal grains*. How-
ever, unlike in most cereals, prolamins are the minor storage
proteins in oats and rice, where most AA are stored in legu-
mins®*?*. Legumins contain more lysine than prolamins®?,
but in the present experiment, a greater concentration of
lysine per unit of CP was observed in dehulled oats, but not
in rice, compared with the other cereal grains. However, the
AID and SID of AA in rice and dehulled oats were superior
to those in the other cereal grains, which indicates that AA
in legumins are more digestible than AA in prolamins.

The AID values obtained for all cereal grains except Nutri-
dense maize and rice were less than the values reported
by the NRC®?, but close to those for most AA reported
from other experiments for barley, wheat, yellow dent
(25-28) @8 @39 4nd sorghum®3P. Variation

, and the results of most of these

maize , rice”™, oats

in AID values may be a result of the differences in cereal
variety, the growing conditions of the grains®® and the
presence of anti-nutritional factors in the grains®”. The low
concentration of each AA in cereal grains may misrepresent
the AID of the AA in cereal grains because of the relatively
greater contribution of AA of endogenous origin to the ileal
output of AA in feed ingredients with a low concentration
of AA®. Therefore, for better protein evaluation, the SID
values of AA are calculated to remove the influence of basal
endogenous losses of AA on the determined digestibility
values®. The SID values of most indispensable AA obtained
in the present experiment were in agreement with those

. . . O
reported for yellow dent maize and Nutridense maize®3?
and for sorghum®® barley®?? wheat®, rye and
oats®*?? and rice™?.

Ranking of the cereal grains used in the present experiment
based on the mean SID of the indispensable AA led to rice
being ranked first followed by dehulled oats and Nutridense
maize. Wheat was ranked fourth followed by dehulled
barley and yellow dent maize with rye and sorghum being
ranked last. However, because the concentration of AA differs
among the cereal grains, the concentration of SID AA was
calculated. The SID,, represents the amount of AA in the
cereal grain that is assumed to be available for protein syn-
thesis after absorption from the intestinal tract. Dehulled
oats contribute more digestible AA per kg DM than any of
the other cereal grains with rice ranking second. Wheat and
dehulled barley ranked third and fourth in terms of their con-
tribution of total indispensable SID AA, followed by Nutri-
dense maize and rye, sorghum, and yellow dent maize. The
low contribution of indispensable SID AA from rye, sorghum
and yellow dent maize indicates that greater protein and AA
supplementation is needed when these grains are used than
when dehulled oats, rice, wheat, dehulled barley or Nutri-
dense maize is being used. The results of the present
study, therefore, support the observation made by Bwibo &
Neumann” on the need for protein supplementation of
diets where sorghum is the major source of energy and pro-
tein. The potential for using Nutridense maize for human
nutrition has not been explored, but the results of the present
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experiment support those of other experiments, indicating
that Nutridense maize contributes more digestible AA than
yellow dent maize™ .

Based on the cut-off value for DIAAS from the Report of an
FAO Expert Consultation”, only dehulled oats are considered
a good protein source for human consumption because their
DIAAS is 77. However, cereal grains and grain co-products
for human consumption are usually cooked or processed
before being consumed. It is possible that processing may
change protein digestibility, but further work is needed to
estimate the effects of food preparation or processing on
protein quality.

In conclusion, the SID of most AA in rice was greater than in
all the other cereal grains, but the concentration of SID AA was
greater in dehulled oats than in the other cereal grains. The
SID of AA and the concentration of indispensable SID AA in
yellow maize, rye and sorghum were lowest among the
values obtained for the cereal grains. The results of the exper-
iment indicate that to meet dietary digestible AA requirements,
diets based on yellow dent maize, rye and sorghum require
more AA supplementation than those based on rice, dehulled
oats, dehulled barley, Nutridense maize and wheat.
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