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ABSTRACT

Grain hardness affects sorghum and maize processing properties especially for dry milling. A
variety of simple grain quality parameters were assessed on seventeen sorghum, and thirty-five white
maize hybrid cultivars grown in six and four locations, respectively, in South Africa. The purpose was
to determine tests that can be used to distinguish hardness in commercial sorghum and maize. The
grains were characterized by test weight (TW), thousand kernel weight, decortication using the
Tangential Abrasive Dehulling Device (TADD) and kernel size. Maize was also characterized for
susceptibility to breakage, stress cracking and Near Infrared Transmittance (NIT) Milling Index.
Principal component analysis showed that in non-tannin and tannin sorghums TADD hardness and test
weight were closely correlated (p <0.001). In maize, TADD hardness was closely correlated with NIT
Milling Index and TW. Hence, TADD hardness and NIT Milling Index or TADD hardness and TW
would be suitable for maize hardness evaluation. A combination of TADD hardness, TW, TKW and
kernel size > 3.35 mm can be used together to select sorghum grain for hardness. It thus appears that
TADD hardness is an excellent way of estimating both sorghum and maize hardness that can be applied

for routine batch analysis and cultivar evaluation.



INTRODUCTION

In sorghum and maize, grain hardness is the most important parameter for assessing dry milling
quality (Munck 1995). In dry milling, a high yield of pure endosperm grits is desirable. Harder grain
should give higher milling yield than softer grain (Taylor and Duodu 2009). In turn, grain hardness
influences product quality such as porridge stickiness and texture (Bello et al 1995; Rooney et al 1986;
Taylor et al 1997). Therefore, simple tests are applied by breeders, millers and traders to estimate

hardness and milling properties.

Several tests are used to estimate sorghum and maize grain hardness. These include bulk
density tests such as test weight (AACC International 2010), percentage of floaters and density by gas
displacement (Paulsen et al 2003). With sorghum, grain decortication using a Tangential Abrasive
Dehulling Device (TADD) is commonly used to estimate grain hardness and milling quality (Reichert
et al 1986) in terms of time required to remove a certain percentage of the grain (Taylor and Duodu
2009). With maize, endosperm texture can be visually assessed using a light box to determine the
relative proportion of corneous to floury endosperm, which is related to grain hardness (Rooney and
Miller 1982; Taylor 2003). Alternatively, digital image analysis can used to measure maize kernel
translucency (Erasmus and Taylor 2004; Louis-Alexandre et al 1991). Near infrared transmittance and
reflectance spectroscopy have also been used to estimate grain hardness (Robutti 1995; Wehling et al

1996) but these methods require calibration against data of standard chemical and physical tests.

Sorghum and maize grain hardness testing methods and their relevance to end use quality are
described in detail by Taylor and Duodu (2009). Table I lists simple methods recommended and
commonly used for routine analysis in Southern Africa for sorghum (Gomez et al 1997) and maize

(SAGL 2005) grain quality evaluation, their advantages, disadvantages and applicability. As can be



seen, several grain quality tests are applied for routine grain batch screening and cultivar selection.

However, importantly the relationships amongst these test methods are not well understood.

Hence, the objective of the work was to determine the relationships between these simple grain
quality tests and their value in commercial sorghum and maize hybrid grain quality selection, with

respect to assessing grain hardness.

MATERIALS AND METHODS

Grain Samples

Seventeen sorghum and 35 maize cultivars grown in South Africa representing commercial
hybrids were evaluated. They were cultivated during the 2008/2009 growing season. Maize cultivars,
all of the white dent type were grown in four localities in the inland summer rainfall region of South
Africa (Bethlehem, Klerksdorp, Petit and Potchefstroom). Thirteen red non-tannin and four tannin
sorghum hybrids were grown in six localities namely; Klipdrift, Kafferskraal, Goedgedacht, Dover,
Platrand, and Parys. To aid interpretation, data from the non-tannin sorghums were evaluated

separately those from condensed tannin sorghums.

All samples (5 kg) were thoroughly threshed and cleaned to remove broken and foreign

material. The sorghum and maize grain samples were stored at 4°C until analysis.

Quiality Tests

Test weight (TW) was determined by the Approved Method 55-10.01 (AACC International
2010) and expressed as kilograms per hectoliter. Sorghum kernel size was done by sieving grain

through 4.00 mm, 3.35 mm, 3.15 mm and 2.36 mm opening round hole sieves according to Gomez et al
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(1997). Maize kernels were sieved through an 8 mm opening round hole sieve. Maize and sorghum
hardness were determined using a Tangential Abrasive Dehulling Device (TADD) (Reichert et al 1986)
by decorticating grain for 5 min and measure in terms of the percentage kernel removed. Maize stress
cracks (SC) were observed using an illuminated light box and the severity of stress cracking expressed
as the stress crack index (SCI) according to Paulsen et al (2003). One thousand kernel (TKW) was
determined by weighing 1000 kernels of a representative sample and recording the weight in grams.
Breakage susceptibility was determined by running a 100 g sample of whole maize kernels in a Stein
Breakage (SB) tester (Fred Stein Laboratories, Atchison, KS) for 4 min and weighing the broken
kernels passing through a 6.35 mm round hole opening sieve. Maize Milling Index was measured using
near infrared transmittance (NIT), (Infratec 1241, Grain Analyzer, Foss Tecator, Eden Prairie, MN).
The NIT calibration was developed against a pilot three break roller milling process. The NIT Milling
Index was first developed by roller milling whole grain maize samples through three rollers with gaps
widths of 0.30, 0.38, and 0.08 mm. The Milling Index was calculated from relative proportions of meal
and bran and used to develop a calibration for a whole grain NIT instrument (Van Loggerenberg and

Pretorius 2004). Hardness of whole kernels was analyzed at 860 nm

Statistical analyses

All grain samples were analyzed three times. Data were analyzed by multifactor analysis of
variance and means compared by Fisher’s Least Significant Differences. Pearson’s correlation and
principal component analysis (PCA) were performed to determine the relationship among sorghum and
maize hardness testing techniques. Calculations were performed using Statgraphics Centurion XV

(StatPoint, Herndon, VA).



RESULTS AND DISCUSSION

Table Il shows the means and ranges of the non-tannin and condensed tannin sorghum cultivars
for TKW, TW, kernel size and TADD decortication. The F-values of these parameters were highly
significant (p < 0.001) for all sorghums. These data imply that the cultivars varied significantly in the
parameters measured. Cultivar and location both had significant effects (p < 0.001) and there was

cultivar x locality interaction with respect to all the parameters.

The mean TKWs of the non-tannin and condensed tannin sorghums were similar and ranged
from 21.7 to 29.0 g and 23.4 to 27.8 g, respectively. Most kernels were distributed in the range >3.35 <
4.00 mm and according to Beta et al (2001) can be classified as of intermediate size. In non-tannin
sorghum the coefficient of variation was very low for TW (4.2%), but much higher for TADD
decortication (19.9%) and kernel size distribution (4.5% to 115.4%). Similarly, in condensed tannin
sorghum, the coefficient of variation was lowest for TW (1.2%) and higher for TADD decortication
(18.0%) and kernel size distribution (18.6% to 90.9%). The high %CVs for kernel size and TADD
decortication suggest that these parameters could be used to resolve differences in quality between
batches of commercial sorghum. The range of TADD kernel removal was from 29.4 to 40.6% and 35.9
to 45.2% for non-tannin and condensed tannin sorghums, respectively. Condensed tannin sorghums are
generally softer than non-tannin sorghums (Mwasaru et al 1988), although the TADD data in this study

did not indicate substantial differences in hardness between the two.

Table 111 shows that there were highly significant correlations between TADD hardness (inverse
percentage kernel removed) and TW (r = 0.673, p < 0.001) and TADD hardness and TKW (r =0.757, p
< 0.001) for the non-tannin sorghums. TADD hardness of non-tannin sorghums was also highly

significantly correlated with large kernel size > 4.00 mm (r = 0.817, p < 0.001), and kernels > 3.35 <



4.00 mm (r = 0.560; p < 0.001). However, TADD was not correlated with TKW nor with TW for
condensed tannin sorghums. This could be partly attributed to the few condensed tannin samples
analyzed; hence, limiting variation compared to non-tannin sorghums. The significant (p < 0.001)
correlations between, TW, TADD, TKW, and kernels retained on 3.35 mm round hole sieve implies

that these parameters could be associated with grain hardness in non-tannin sorghum cultivars.

Principal component analysis was performed to further explain the relationships among the
parameters. In non-tannin sorghum, the first two components together explained almost 83% of the
variability in the data (Fig 1). Principal component (PC) 1 accounted for 56% of the total variation.
Large kernel size (> 3.35 mm < 4.00 mm) was associated with TKW, but small kernel size (> 2.36 mm
< 3.15 mm) was inversely related to TKW. TADD (% kernel removed) was inversely related to TW.
These findings are similar to those of Kirleis and Crosby (1982) who showed that sorghum pearling
index, as measured by a Strong-Scott barley pearler, was correlated with kernel density. In condensed
tannin sorghums, like non-tannin sorghums, TADD (% kernel removed) was inversely related to TW
(PC 2). Thus, for both non-tannin and condensed tannin sorghums, TADD hardness and TW were

correlated.

Quality factors of maize had a narrow range for TW but wider for KS, TKW, TADD, and also
for NIT Milling Index (Table 1V). Locality generally affected the grain quality parameters more than
cultivar or cultivar x locality interactions. The TWs of maize cultivars had a narrower range (77.0 to
79.9 kg/hl) than those reported for cultivars grown elsewhere (Duarte et al 2005; Lee et al 2007;
Johnson et al 2010). South Africa has selected for hard white maize for many years, hence the
closeness of the values. TKW was, however, within the range reported by Duarte et al (2005), Lee et al
(2007) and Johnson et al (2010). TADD hardness was remarkably similar for maize (33.8% =* 6.6%)

and sorghum (35.1% + 7.0%). The high %CVs for TKW (12.3%) and TADD decortication (19.5%)
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suggest that these parameters could be used to resolve differences in quality between batches of

commercial maize.

Stress cracking and breakage susceptibility in maize were characterized by high standard
deviations and coefficients of variation (Table V). Importantly, however, SB, SC and SCI values were
very low compared to recommendations by Peplinski et al (1989) of an upper limit of 25% stress
cracks and an average of 140 for SCI being preferred (Paulsen et al 2003). The low values indicated
that cracking was not a major problem in these maize samples. This was probably because the maize
was field dried. Artificial drying greatly increases cracking (Taylor and Duodu 2009). Among yellow
dent maize hybrids, Pomeranz et al (1986) found that breakage susceptibility was 0.5 to 43.8%

compared to 1.75 to 2.96% obtained in this study for white dent maize hybrids.

Table V shows the relationships among the maize quality parameters. TADD (inverse % kernel
removed) was highly significantly correlated with NIT Milling Index (r = 0.659, p < 0.001), indicating
that TADD hardness is related to dry milling grits yield. Despite the narrow range in TW, the
parameter was also highly significantly correlated (p < 0.001) with NIT Milling Index (r = 0.540) and
with TADD hardness (r = 0.636). High test weights in maize have been associated with a high ratio of
hard to soft endosperm, and high milling energies and resistance time to grinding using the Stenvert
hardness test (Li et al 1996). These findings are in agreement with those of this present study, as shown

by the relationships between TW, NIT Milling Index and TADD hardness.

Kernel size was not correlated with TADD or NIT Milling index. This is in contrast to sorghum
where kernels > 3.35 mm were correlated with TADD hardness (Table II). The r values of TKW with
TW (r = 0.415), NIT milling index (r = 0.328) and TADD hardness (r = 0.435) were very low and not

significant (p>0.05), showing that only a small proportion of variation (10 to 19%) was accounted for



by these relationships. As would be expected, SC and SCI in maize were highly correlated (r = 0.873, p

< 0.001), although as stated, the level of stress cracking was very low.

With regard to the PCA data for maize, the first two principal components explained almost
65% of the total variation (Fig 3). PC 1 was influenced by TW and TKW and by SB. The second
principal component (PC 2) was characterized strongly by TADD and NIT Milling Index, with TADD
(% kernel removed) being inversely related to NIT Milling Index. Maize hardness was therefore clearly

associated with PC2.

CONCLUSIONS

Not all simple grain quality parameters are related to each other and that a different set of
quality tests should be applied for sorghum and for maize grain quality evaluation. TADD, TW, TKW
and kernel size > 3.35 mm can be used together to select sorghum grain for hardness. TADD and NIT
Milling Index, or TADD and TW are useful for maize. TADD and TW thus seem suitable for
evaluating both grain types. These methods to measure grain hardness worked well among the ones
tested. However, it is quite possible that others which were not tested would also work. The high CV
for TADD for both sorghum and maize indicates that it is useful to distinguish among commercial

cultivars specifically for grain hardness.
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TABLE |

Simple Methods used in Southern Africa for Sorghum and Maize Grain Quality Evaluation,
their Advantages, Disadvantages and Applicability

Method and Parameter/quality Advantages Disadvantages Applicability
Apparatus indicator measured
Test weight Grain density Inexpensive device, low Affected by grain packing in Applicable to breeding

Test weight per
bushel or kg/hl
apparatus

Thousand kernel
weight
Seed counter and
balance

Abrasive
Decortication
Tangential Abrasive
Dehulling Device
(TADD)

Stress cracks
Light box

Stein Breakage
Susceptibility
Stein Breakage
Tester

Milling Index
Near Infrared
Transmittance
(NIT) spectrometry

Grain size and Grain
density

Ease of grain to be
abraded- indirect
measure of grain
hardness and milling
quality

Proportion of grain
with cracks and
number of cracks

Susceptibility of grain

to break under stress

Grain milling quality

maintenance cost

Rapid, high repeatability and

reproducibility
Non-destructive method

High repeatability and
reproducibility, non-
destructive indirect measure
of grain density

TADD is robust and can be
applied to both maize and
sorghum

High repeatability and
reproducibility

Low maintenance cost
Equipment can be
manufactured locally

Apparatus cheap to set up
Stress cracks may be
quantified using the Stress
Crack Index

Allows quantification of the
potential of grain to break.
Rapid analysis (4 min)

Automated and rapid analysis

once a calibration is
developed

Calibration can be used by
other users.

None destructive method.

measuring apparatus, moisture
content, kernel shape, broken
kernels and foreign material
Not suitable for early generation
breeding

Time consuming if done
manually (without a seed
counter)

The abrasive disk may be worn
out with the time and vary
milling yields although this can
be monitored with the use of a
standard sample of known yield.

Stress crack counting tedious
and time consuming and to a
degree subjective

Unsuitable for sorghum as it is
opaque and does not transmit
light like maize

Apparatus is no longer
manufactured, although other
mills may be used

Requires calibration against
physical or chemical data which,
could be time consuming and
costly

Very sensitive to sample
preparation affecting precision
and accuracy

High initial cost to purchase the
instrument and operating
software

Regular software and service
upgrade required.

Requires a relatively large grain
sample size (approx 500 g)-
limited use in breeding
programs where grain sample

programs and cultivar
evaluation with limited
grain sample size.

Rapid test on dockage for
commercial large and
small- scale milling
plants and grading for
grain marketing

Suitable for breeding
programs with limited
grain sample size. Also
applicable in commercial
grain quality control and
processing, both large
and small-scale

Potential use at
commercial level (both
small and large scale)
The multi-cup sample
holder allows several
samples to be
decorticated
simultaneously within a
short time (5 to 10 min)

Time consuming for
routine analysis, but
suitable for small sample
size

Suitable for commercial
grain evaluation.
Destructive, could have
limited use in breeding
programs where grain
sample size is limiting

Rapid for online
processing at commercial
milling plants and routine
analysis in breeding
programs and cultivar
evaluation

Skilled technical
maintenance required
Use could be limited to
well established
institutions; not
economically appropriate
for small-scale grain
quality control and
processing
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Kernel size
Set of sieves and
sieve shaker

Kernel size

Analysis is relatively cheap.
Non-destructive. Direct
measure of kernel size. Does
not require a large grain
sample size

size is limiting

Can be time-consuming
especially if batches are very
heterogeneous in terms of kernel
size.

Due to lengthy analysis
time, it is not applicable
in commercial grain
quality analysis.
Applicable in research
laboratories.
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TABLE Il

Thousand Kernel Weight, Test Weight, Kernel Size Distribution and Kernel Removal by TADD
Decortication of Non-Tannin and Condensed Tannin Sorghum Cultivars Grown in Six Localities

TKW T™W >4.00 >3.35<4.00 >3.15<3.35 >2.36<3.15 TADD
Non-Tannin Sorghum?

Mean 257(1.9) 757(32) 1.0(12) 42.1 (16.3) 25.2(7.2) 26.9(1.2) 35.1(7.0)
Range 21.7-29.0 74.0-77.1 0.4-0.9 23.4-59.5 18.0-31.0 15.0-47.4 29.4-40.6
%CV 7.4 4.2 1154 38.7 28.6 4.5 19.9

F value (C) 14.2%** 18.7*** 48.4%** 250.8*** 121.6*** 421 4%** 41,17+
F value (L) 17.0%** 16.8%** 84.2%** 1064.2*** 634.2%** 1661.6*** 121.4%**
F value (C x L) 2.5%** 5.6%** 13.1%** 59.7*** 48.8*%** 81.0%** 10.0***

Condensed Tannin Sorghum®

Mean 255(3.3) 74.0(0.9) 11(1.0) 42.8 (12.1) 25.8 (4.8) 26.1(9.1) 40.5 (7.3)
Range 234-278 719-742 04-17 29.2-56.3 20.4-31.9 17.6-34.8 35.9-45.2
%CV 12.9 12 90.9 28.3 18.6 349 18.0

F value (C) 13.2%** 94.0%** 63.5%** 1648.6*** 237.1%** 342.7%** 37.9%**
F value (L) 8.6%** 71.0%** 30.3%** 491 g*** 35.4%** 194.2%*=* 59.2%**
F value (C x L) 2.4%** 11.3*** 22 .4%** 94 4*** 18.6*** 21.6%** 13.6***

Overall for Non-Tannin and Condensed Tannin Sorghums

Mean 256 (2.7) 747(15) 1.1(0.9) 423 (14.1) 25.3 (6.5) 26.7 (11.5) 36.4 (6.0)
Range 21.7-29.0 719-77.1  0.4-17 23.4-59.5 18.0-31.9 15.0-47.7 29.4-45.2
%CV 105 0.7 8.6 333 25.7 43.1 16.5

F value (C) 18.7*** 33.8%** 48.1%** 388.2%** 147.0%** 372.0%** 55.1%**
F value (L) 32.6%** 21.7%** 115.7%** 1400.0*** 608.8*** 1642.1*** 161.6***
F value (C x L) 3. 7% 6.3*** 14 5%** 65.5%** 38.5%** 63.8%** 11.9%**

Data in parentheses are standard deviations

Significance at p < 0.001 denoted by ***,.

TW, test weight (kg/hl); TKW, thousand kernel weight (g); TADD (% kernel removed); 4.00 mm, 3.35
mm, 3.15 mm and 2.36 mm; percentage kernels retained on the respective sieve sizes; C, cultivar; L,
locality; C x L, cultivar x locality interactions

% Data of 13 cultivars cultivated in 6 locations (n=78)

® Data of 4 cultivars cultivated in 6 locations (n=24)
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TABLE Il1

Pearson Correlation Coefficients between Test Weight, Thousand Kernel Weight, Kernel Size

Distribution and TADD Kernel Removal of Non-Tannin and Condensed Sorghum Cultivars
Grown in Six Localities

TW TKW >4.00 >3.35<4.00 >3.15<3.35  >2.36<3.15
Non-Tannin Sorghum
TKW 0.242ns
>4.00 0.134ns 0.317ns
>3.35<4.00 0.191ns 0.567*** 0.602***
>3.15<3.35 0.004 ns -0.213ns -0.591%** -0.649***
>2.36<3.15 -0.195ns -0.586*** -0.485%** -0.929*** 0.497ns
TADD -0.673*** -0.757*** -0.817*** -0.560*** -0.197 ns 0.101ns
Condensed Tannin Sorghum
TKW 0.122 ns
>4.00 0.101ns 0.560***
>3.35<4.00 0.212 ns 0.677*** 0.327ns
>3.15<3.35 -0.124 ns -0.561*** -0.093ns -0.812***
>2.36<3.15 -0.160 ns -0.663*** -0.028ns -0.926*** 0.753%**
TADD -0.327ns 0.212 ns -0.064ns -0.354ns -0.098ns -0.423ns

Significance at p < 0.001 denoted by ***, ns- not significant (p > 0.05).

TW, Test weight (kg/hl); TKW, thousand kernel weight; TADD (% kernel removed); 4.00 mm, 3.35
mm, 3.15 mm and 2.36 mm; percentage kernels retained on the respective sieve opening sizes.
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TABLE IV

Test Weight, Breakage Susceptibility, Kernel Size, Stress Cracking, Thousand Kernel Weight
TADD Kernel Removal and NIT Milling Index of Maize Cultivars® Grown in Four Localities

Cultivar TKW T™W KS SB SC SCI TADD NIT

Mean 381 (47) 78.3(2.8) 76.8 (7.2) 2.15(1.33) 3.23(3.98) 8.10(11.50) 33.8(6.6) 86.2(12.4)
Range 335-412  77.0-79.9 61.9-81.6 1.75-2.96 1.00-4.17 2.00-1758  30.0-39.1  69.0-94.8
%CV 12.3 3.6 9.4 61.9 123.2 142.0 19.5 14.4

F value (C) 2.5%** 15* 4.7%** 11ns 1.3ns 1l4ns 4.5%** 11.1%**

F value (L) 53.0***  142.7*** 3.0* 4347 47 3% 30.6%** 209.1%**  281.6%**
Fvalue (CxL) 0.8ns 0.8 ns 1.3* 1.0ns 0.9ns 0.8ns 1.5%* 3.8%**

Data in parentheses are standard deviations

Significance at p < 0.05, 0.01 and 0.001 denoted by *, **, *** respectively, ns- not significant (p >
0.05).

TW, test weight(kg/hl); SB, % breakage susceptibility by Stein Breakage Tester; SC, % stress cracks;

SCiI; stress crack index; TKW; Thousand kernel weight(g); TADD (% kernel removed); KS; % kernel

size > 8 mm; NIT, NIT milling index; C, cultivar; L, locality; C x L, cultivar x locality interactions
Data of 35 maize cultivars cultivated in 4 locations (n=140)
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TABLE V

Pearson Correlation Coefficients between Test Weight, Breakage Susceptibility, Kernel Size,
Stress Cracking, Thousand Kernel Weight, TADD Kernel Removal and NIT Milling Index of
Maize Cultivars Grown in Four Localities

TW SB SC SCI TKW TADD KS
SB 0.085ns
SC 0.126ns 0.285ns
SCI 0.128ns 0.265ns 0.873***
TKW 0.415ns 0.041ns 0.180ns 0.199ns
TADD -0.636*** -0.155ns -0.194ns -0.172ns -0.435ns
KS 0.108ns 0.013ns 0.051ns 0.030ns 0.100ns -0.065ns
NIT 0.540*** 0.112ns 0.151ns 0.145ns 0.328ns -0.659*** 0.067ns

Significance at p < 0.001 denoted by ***, ns- not significant (p > 0.05).

TW, Test weight(kg/hl); SB, % breakage susceptibility by Stein Breakage Tester; SC, % stress cracks;
SCI; Stress crack index; TKW; Thousand kernel weight(g); TADD (% kernel removed); KS; % kernel
size > 8 mm; NIT, NIT milling index.
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Fig. 1. Factor coordinates of the first two principal components (PC) for non-tannin sorghums with
respect to test weight (TW), thousand kernel weight (TKW), kernel size (KS) fractions and Tangential
Abrasive Dehulling Device (TADD) (% kernel removed) properties
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Fig. 2. Factor coordinates of the first two principal components (PC) for condensed tannin sorghums

with respect to test weight (TW), thousand kernel weight (TKW), kernel size (KS) fractions and

Tangential Abrasive Dehulling Device (TADD) (% kernel removed) properties
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Fig. 3. Factor coordinates of the first two principal components (PC) for maize with respect to test
weight (TW), Stein Breakage (SB), stress cracks (SC), stress cracking index (SCI) thousand kernel
weight (TKW), kernel size (KS), Tangential Abrasive Dehulling Device (TADD) (% kernel removed)

and NIT Milling Index properties





