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The impacts of hammer-mill screen size and grain particle size on the
performance of broiler chickens offered diets based on two red sorghum varieties
P. H. Sellea, H. H. Truonga,b, A. Khoddami c, A. F. Mossa, T. H. Robertsc and S. Y. Liua

aPoultry Research Foundation, Faculty of Veterinary Science, The University of Sydney, Camden, Australia; bPoultry CRC, University of New
England, Armidale, Australia; cDepartment of Plant and Food Sciences, Faculty of Agriculture and Environment, The University of Sydney,
Sydney, Australia

ABSTRACT
1. The two red grain sorghums were extensively characterised. Kafirin, polyphenolic compounds,
free, conjugated and bound phenolic acids, phytate concentrations and starch pasting profiles were
determined.
2. The experiment consisted of a 2 × 4 factorial array of dietary treatments comprising two red
sorghum varieties (Tiger and Block I) ground through 4 hammer-mill screen sizes (2.0, 3.2, 4.8
6.0 mm) prior to incorporation into nutritionally equivalent diets. Eight steam-pelleted dietary
treatments were each offered to 7 replicates (6 male Ross 308 birds per cage) from 7 to 28 d
post-hatch.
3. Effects of dietary treatments on growth performance, relative gizzard and pancreas weights,
nutrient utilisation, apparent starch and protein (N) digestibility coefficients and disappearance
rates from 4 small intestinal segments were determined.
4. The 2.0-mm hammer-mill screen generated an average geometric mean particle size of 794 μm
and the 6.0-mm screen a mean particle size of 1405 μm. However, hammer-mill screen size did not
influence weight gain or FCR. The 6.0-mm screen size generated significantly higher starch and
protein (N) digestibility coefficients in the distal jejunum and distal ileum than the 2.0-mm hammer-
mill screen.
5. Tiger sorghum was superior to Block I sorghum, as significant advantages were observed for feed
conversion ratios (3.25%), AME (0.37 MJ), ME:GE ratios (4.15%), AMEn (0.53 MJ), distal ileal starch
digestibility coefficients (2.46%) and protein (N) digestibility coefficients in the distal jejunum
(4.66%), proximal ileum (1.96%) and distal ileum (2.16%). The inferior Block I sorghum contained
more kafirin (67.1 versus 51.3 g/kg), phytate (9.79 versus 8.40 g/kg), total phenolic compounds (4.68
versus 4.12 mg GAE/g), flavan-4-ols (7.98 versus 5.04 ABS/ml/g), total phenolic acids (554 versus
402 μg/g) and total ferulic acid (375 versus 281 μg/g) in comparison to Tiger sorghum.
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Introduction

This study was part of a project designed to investigate the
digestibility and utilisation of sorghum starch by broiler chick-
ens. Reported digestibilities of sorghum starch in broiler
chickens are inferior to those of maize (Truong et al.,
2015a). The effects of grain particle size on broiler growth
performance in steam-pelleted diets are less pronounced than
in mash diets (Amerah et al., 2007). However, Liu et al. (2013)
suggested that particle size reductions of grain sorghum may
enhance nutrient digestion, energy utilisation and growth
performance in broiler chickens. This suggestion was based
on a series of three separate, but very similar, feeding studies
(Selle et al., 2012, 2013, 2014) in which identical diets were
offered to broiler chickens that were based on the same white
sorghum (Liberty) variety. This sorghum was ground through
different hammer-mill screen sizes of 2.0, 3.2 and 6.0 mm in
the three studies prior to being incorporated into complete
steam-pelleted diets. Collectively, the outcomes indicated a
quadratic relationship between hammer-mill screen size and
feed conversion ratios (FCR) and for this particular grain
sorghum a hammer-mill screen size in the order of 3.75 mm
was optimal for FCR.

In practice, sorghums with red pericarps are far more
common than white sorghums. Therefore, the primary
objective of the present study was to confirm the effects of
particle size on growth performance and nutrient utilisation
and to determine optimal hammer-mill screen sizes for two
red sorghum varieties, namely “Block I” and “Tiger”. The
secondary objective was to compare the performance of
broiler chickens offered diets based on these two sorghum
varieties as they had been extensively characterised. The
relevant data include concentrations of kafirin, polyphenols,
phenolic acids, phytate and RVA starch pasting profiles of
the two sorghum varieties.

Materials and methods

Block I sorghum was harvested in the Murrumbidgee
Irrigation Area (NSW, Australia) in 2012 and Tiger was
harvested in the same region the following year. Both sor-
ghums were ground through 2.0-, 3.2-, 4.8- and 6.0-mm
hammer-mill screen sizes prior to incorporation into nutri-
tionally equivalent, steam-pelleted diets. It was anticipated
that the optimal screen size would lie within this range.

The two sorghum varieties were very extensively char-
acterised as is evident in Tables 1 and 2. This included

CONTACT P. H. Selle peter.selle@sydney.edu.au Faculty of Veterinary Science, Poultry Research Foundation, 425 Werombi Road, Camden, NSW 2570,
Australia

BRITISH POULTRY SCIENCE
2019, VOL. 60, NO. 3, 209–218
https://doi.org/10.1080/00071668.2016.1257777

© 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://orcid.org/0000-0002-1774-0000
http://www.tandfonline.com


quantification of kafirin, phytate, total phenolic com-
pounds, various polyphenols, free, conjugated and bound
phenolic acids, RVA starch pasting profiles and particle size
index (PSI) grain textures (Symes, 1965). The analysis
method to quantify kafirin was adapted from procedures
developed by Wallace et al. (1990) and Hamaker et al.
(1995) and has been described in Truong et al. (2015b).
The complex analytical methods to quantify a range of
phenolic compounds have been described in detail in
Khoddami et al. (2013, 2015). The Clorox bleach test
(Waniska et al., 1992) did not detect a pigmented testa in
both grain sorghums which indicates that they did not
contain condensed tannin. Phytate (IP6) and phytate-P con-
centrations were determined by a HPLC procedure and
total phosphorus (P) and other minerals were determined
by inductively coupled plasma mass spectrometry
(ICP-MS).

The starch pasting profiles were determined using a
Rapid-Visco-Analyser as outlined by Hernandez et al.
(2008). A 28-g mixture of sorghum (or diet) and water
(15:85 w/w) was prepared and held at 50°C temperature
for 1 min and then heated from 50°C to 95°C. After holding
the hot paste at 95°C for 2.5 min, the slurry was again
cooled to 50°C, and then held at that temperature for
2 min with a total time interval of 13 min.

The geometric mean particle size of both sorghums fol-
lowing hammer-milling were determined as shown in
Table 3. The mean particle size ranged from 794 μm with
the 2.0-mm screen to 1405 μm with the 6.0-mm hammer-
mill screen.

On the basis of the Table 1 data, two nutritionally
equivalent diets containing 620 g/kg of either Tiger or
Block I sorghums were formulated on the basis of digestible
amino acid concentrations with energy densities of
12.95 MJ/kg (Table 4). The diets contained 20.0 g/kg
Celite® as an acid-insoluble-ash (AIA) inert dietary marker.
Diets were steam pelleted at a conditioning temperature of
84°C and crumbled after both sorghum grains were ground

Table 1. NIR AusScan results, concentrations of protein, amino acids, kafirin, minerals and phytate, grain texture and RVA starch pasting profiles of Block I and
Tiger sorghum varieties.

Item Block I Tiger Item Block I Tiger

NIR AusScan
AME (MJ/kg as-fed) 13.9 14.6 Kafirin (g/kg) 67.1 51.3
NIR Protein (g/kg) 142 102 Minerals (mg/kg)
Total starch (g/kg) 756 830 Calcium (Ca) 186 115
Crude fibre 37 25 Phosphorus (P) 3644 3037
Acid detergent fibre 102 76 Copper (Cu) 5.76 3.61
Neutral detergent fibre 140 93 Iron (Fe) 46.3 33.4
Total soluble NSP < 0.1 < 0.1 Potassium (K) 3748 3371
Total insoluble NSP 30 30 Magnesium (Mg) 1710 1418
Insoluble arabinoxylans 36 36 Manganese (Mn) 28.4 20.6
Hydration capacity (%) 9.9 9.9 Sodium (Na) 5.27 45.65
Amino acid profile Strontium (Sr) 2.38 0.89
Crude protein 137.1 99.9 Zinc (Zn) 30.6 15.1
Arginine 4.5 3.4
Histidine 2.9 2.2 Phytate (g/kg) 9.79 8.40
Isoleucine 5.1 3.8 Phytate-P (g/kg) 2.76 2.37
Leucine 17.7 13.0 Total P (g/kg) 3.64 3.04
Lysine 2.7 2.2 Proportion (%) 75.8 78.0
Methionine 2.0 1.4 Grain texture
Phenylalanine 6.8 5.1 Symes PSI (%) 11 9
Threonine 4.2 3.2
Valine 6.6 5.0 RVA starch pasting profile
Alanine 12.0 8.8 Peak (cP) 2392 4771
Aspartic acid 8.5 6.4 Holding 2091 2904
Glutamic acid 28.3 20.6 Breakdown 300 1867
Glycine 4.0 3.1 Final 4592 5746
Proline 11.2 7.9 Setback 2501 2846
Serine 6.1 4.5 Peak time (minutes) 5.63 5.13
Tyrosine 2.3 1.9 Pasting temperature (°C) 79.9 75.1

Table 2. Concentrations of total phenolic compounds, polyphenols, free, conjugated, bound and total phenolic acids and ferulic acid in Block I and Tiger
sorghum.

Polyphenols Block I Tiger Phenolic acids (μg/g) Block I Tiger

Total phenolics (m GAE/g) 4.68 4.12 Free phenolic acids 35.0 28.9
Total flavonoids (μg/g) 927.6 1036.6 Free ferulic acid 2.1 1.9
Anthocyanin (ABS/ml/g) 6.53 10.86 Conjugated phenolic acids 119.8 83.9
Flavan-4-ols (ABS/ml/g) 7.98 5.04 Conjugated ferulic acid 38.4 33.2
Luteolinidin (μg/g) 16.07 7.83 Bound phenolic acids 399.1 288.9
Apigeninidin (μg/g) 14.75 7.25 Bound ferulic acid 334.8 246.3
5-Methoxy luteolinidin (μg/g) 7.69 6.40 Total phenolic acids 553.8 401.8
7-Methoxy apigeninidin (μg/g) 25.29 11.58 Total ferulic acid 375.3 281.2

Table 3. Geometric mean particle sizes of two sorghum varieties, Tiger and
Block I, following grinding through four hammer-mill screen sizes.

Sorghum
variety

Hammer-mill screen
size (mm)

Geometric mean
particle size (μm)

Standard
deviation

Tiger 2.0 783 2.19
3.2 1055 2.13
4.8 1354 2.17
6.0 1402 2.12

Block I 2.0 805 2.10
3.2 1173 2.02
4.8 1370 2.08
6.0 1408 2.19
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through 4 hammer-mill screen sizes. Feather-sexed, male
broiler chicks (Ross 308) were housed in an environmen-
tally controlled facility and were initially offered a proprie-
tary starter ration. Birds had unlimited access to feed and
water under a “23-h on-1-h off” lighting regimen. The birds
were individually identified (wing bands) and weighed at d
7 and distributed amongst cages so that mean body weights
in each cage and their variations were nearly identical. The
8 dietary treatments were offered to 7 replicates (6 birds per
replicate cage), or a total of 336 birds, from 7 to 28 d post-
hatch. Body weights were determined on d 7 and 28 and
feed intakes recorded over the entire period to calculate
FCR with adjustments made from the weight of any dead
or culled birds, which were monitored on a daily basis.
Total excreta were collected from 23 to 26 d post-hatch
from each cage to determine parameters of nutrient utilisa-
tion, which included apparent metabolisable energy (AME),
metabolisable energy to gross energy ratios (ME:GE), nitro-
gen (N) retention and N-corrected AME (AMEn). On d 28,
the birds were killed (intravenous injection of Na pentobar-
bitone) and digesta samples were collected in their entirety
from 4 segments of the small intestine to determine nutrient
(starch and crude protein) digestibility coefficients and
nutrient disappearance rates (g/bird/d). The 4 small intest-
inal segments included the proximal jejunum, distal jeju-
num, proximal ileum and distal ileum.

The total excreta collection method over a 72-h period
was used to determine AME on a dry matter basis, ME:GE
ratios, N retention and AMEn. Total excreta were quantita-
tively collected from each cage and feed intakes recorded for
the 72-h collection period. Excreta were dried in a forced-
air oven at 80°C for 24 h and the GE of excreta and diets
were determined using an adiabatic bomb calorimeter. The
AME values of the diets on a dry matter basis were calcu-
lated from the following equation:

AMEdiet MJ=kg DMð Þ ¼ feed intake� GEdietð Þ
� excreta output� GEexcretað Þfeed intake

ME:GE Ratios were calculated by dividing AME by the GE
of the appropriate diets. N contents of diets and excreta
were determined using a nitrogen determinator (Leco
Corporation, St Joseph, MI) and N retentions calculated
from the following equation:

N retention %ð Þ ¼ feed intake�Ndietð Þ
� excreta output�Nexcretað Þ � 100 feed intake� Ndietð Þ

N-corrected AME (AMEn MJ/kg DM) values were calcu-
lated by correcting N retention to zero using the factor of
36.54 kJ/g N retained in the body (Hill and Anderson,
1958).

Acid insoluble ash (Celite) was included in diets at 2% as
an inert marker to determine starch and N digestibility. The
small intestines were removed from killed birds and sam-
ples of digesta were gently expressed from the proximal
jejunum, distal jejunum, proximal ileum and distal ileum
in their entirety and pooled for each cage. Proximal jejunal
samples were taken from the end of the duodenal loop to
the midpoint with Meckel’s diverticulum and distal jejunal
samples from the midpoint to the diverticulum. Proximal
ileal samples were taken from Meckel’s diverticulum to the
midpoint with the ileocaecal junction and distal ileal sam-
ples were taken from below this midpoint. The digesta
samples were freeze-dried to determine apparent digestibil-
ities of starch and crude protein (N) using acid insoluble
ash (AIA) as the inert dietary marker. Starch concentrations
in diets and digesta were determined by a procedure based
on dimethyl sulphoxide, α-amylase and amyloglucosidase as
described by Mahasukhonthachat et al. (2010). N concen-
trations were determined as already stated and AIA con-
centrations were determined by the method of Siriwan et al.
(1993). The apparent digestibility coefficients for starch and
protein (N) at up to 4 small intestinal sites were calculated
from the following equation:

Apparent digestibility coefficient ¼ nutrient=AIAð Þdiet
� nutrient=AIAð Þdigesta nutrient=AIAð Þdiet

Starch and protein (N) disappearance rates (g/bird/d) were
deduced from feed intakes over the final phase of the feed-
ing period from the following equation:

Nutrient disappearance rateðg=bird=dÞ
¼ feed intakeðg=birdÞ � dietary nutrientðg=kgÞ
� nutrient digestibilityðapparent digestibility coefficientÞ

Table 4. Dietary composition and nutrient specifications of sorghum-based
diets based on Tiger and block I varieties.

Item (g/kg) Tiger Block I

Sorghum 620.0 620.0
Soybean meal 226.4 224.6
Canola meal 75.0 75.0
Sunflower oil 25.0 28.0
Dicalcium phosphate 17.2 16.5
Limestone 6.2 7.4
Lysine HCl 3.1 2.5
Methionine 2.5 2.3
Threonine 1.0 0.7
Arginine 1.0 0.5
Sodium chloride 0.8 1.0
Vitamin-mineral premixa 2.0 2.0
Sodium bicarbonate 4.8 4.5
Celite 15.0 15.0
Nutrient specifications
ME (MJ/kg) 12.95 12.95
Protein 190.9 216.6
Starch 387.8 378.4
Fat 51.2 54.2
Calcium 7.5 7.5
Total phosphorus 6.6 7.5
Available phosphorus 3.8 3.8
Lysineb 10.8 10.8
Methionineb 5.5 5.4
Threonineb 6.9 7.0
Isoleucineb 7.3 7.4
Tryptophanb 2.0 2.0
Cystineb 2.5 2.6
Valineb 8.3 8.3
Arginineb 11.7 11.7
Histidineb 4.2 4.2
Leucineb 15.1 15.3
Phenylalanineb 7.9 8.1
Sodium 1.8 1.8
Potassium 7.5 7.5
Chloride 2.2 2.2

aVitamin-trace mineral premix supplied per tonne of feed; [million interna-
tional units, MIU] retinol 12, cholecalciferol 5, [g] tocopherol 50, menadione
3, thiamine 3, riboflavin 9, pyridoxine 5, cobalamin 0.025, niacin 50, pan-
tothenate 18, folate 2, biotin 0.2, copper 20, iron 40 manganese 110, cobalt
0.25, iodine 1, molybdenum 2, zinc 90, selenium 0.3.

bDigestible amino acids.
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Ratios of starch to protein disappearance rates in the
intestinal segments were calculated as this effectively cancels
the potential confounding influence of feed intake.

Experimental data were analysed using the IBM® SPSS®
Statistics 20 program (IBM Corporation. Somers, NY). The
experimental units were cage means and statistical proce-
dures included univariate analyses of variance using the
general linear models procedure, Pearson correlations and
single and multiple linear regressions and quadratic regres-
sions. A probability level of less than 5% was considered to
be statistically significant. The feeding studies complied
with specific guidelines approved by the Animal Ethics
Committee of Sydney University.

Results

The effects of sorghum variety and hammer-mill screen size
on 7 to 28 d post-hatch growth performance of broilers are
shown in Table 5; there was a mortality/cull rate of 6.25%
but it was unrelated to treatment. Hammer-mill screen sizes
did not significantly influence growth performance; how-
ever, the interaction between sorghum variety and hammer-
mill screen size closely approached significance (P = 0.056)
for weight gain. This was because weight gains for Block I
sorghum remained relatively constant in diets with different
particle sizes; whereas, weight gains with Tiger sorghum-
based diets appeared to increase with larger hammer-mill
screen sizes. When Tiger sorghum was ground through a
6.0-mm hammer-mill screen (particle size: 1402 μm) as
opposed to a 2.0-mm screen (particle size: 783 μm), there
was a 4.81% increase in weight gain (1592 versus 1519 g/
bird; P < 0.02) which was significant on the basis of a pair-
wise comparison. Indeed, when Tiger sorghum-based diets
are considered in isolation, there were significant positive
correlations between hammer-mill screen sizes (r = 0.971;
P = 0.029), as shown in Figure 1, and mean particles sizes
(r = 0.951; P = 0.049) with weight gains.

The effects of dietary treatments on relative gizzard and
pancreas weights and gizzard pH are shown in Table 6.
There were no significant treatment effects on pancreas
weights and gizzard pH. However, Block I sorghum

supported 7.4% heavier gizzard weights (20.86 versus
19.43 g/kg; P < 0.001) than Tiger sorghum-based diets.
Sorghum-based diets ground through a 2.0-mm hammer-
mill screen generated significantly 4.94% lighter gizzards
(19.43 versus 20.44 g/kg; P < 0.025) than the average of
the three larger screens.

The nutrient utilisation data arising from this experi-
ment are shown in Table 7. Tiger sorghum was superior
to Block I sorghum-based diets by 0.37 MJ in AME (12.89
versus 12.52 MJ/kg; P < 0.01), by 0.53 MJ in N-corrected
AME (12.02 versus 11.49 MJ/kg; P < 0.001) and by 4.15% in
ME:GE ratios (0.753 versus 0.723; P < 0.001). Hammer-mill
screen sizes did not influence any nutrient utilisation para-
meters and N retention was not influenced by treatments.

The effects of grain sorghum variety and hammer-mill
screen sizes on starch digestibility at 4 small intestinal sites
are shown in Table 8. Tiger sorghum-based diets supported
numerically higher starch digestibilities in the three anterior
small intestinal segments including a 3.97% increase in the
proximal jejunum. However, the 2.46% advantage (0.918
versus 0.896; P < 0.005) of Tiger over Block I sorghum-
based diets was significant in the distal ileum. Overall, larger
hammer-mill screen sizes appear to be associated with
enhanced starch digestibility. The effect of hammer-mill

Table 5. Effects of grain sorghum variety and hammer-mill screen sizes on growth performance of broilers from 7 to 28 days post-hatch.

Treatment Growth performance parameter

Sorghum variety Screen size (mm) Weight gain (g/bird) Feed intake (g/bird) FCR (g/g) Mortality rates (%)

Tiger 2.0 1519 2334 1.535 7.14
3.2 1527 2440 1.600 9.52
4.8 1579 2461 1.560 11.91
6.0 1592 2385 1.500 4.76

Block I 2.0 1560 2452 1.575 2.38
3.2 1567 2562 1.634 2.38
4.8 1519 2426 1.597 7.14
6.0 1567 2499 1.597 4.76

SEM 21.452 53.273 0.0338 4.1810
Main effect: sorghum variety
Tiger 1554 2405a 1.548a 8.33
Block I 1553 2485b 1.600b 4.17
Screen size
2.0 1539 2393 1.555 4.76
3.2 1547 2501 1.617 5.95
4.8 1549 2443 1.579 9.53
6.0 1580 2442 1.547 4.76
Significance (P =)
Sorghum variety (SV) 0.948 0.040 0.029 0.165
Screen size (SS) 0.260 0.263 0.150 0.630
Interaction SS x SV 0.056 0.386 0.744 0.856

ab Means within columns not sharing common suffixes are significantly different (P < 0.05).

Figure 1. Linear relationship (r = 0.971; P = 0.029) between hammer-mill
screen-size and weight gain of broiler chickens offered Tiger sorghum-based
diets.
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screen sizes was significant (P < 0.01) in the distal jejunum
and distal ileum. In the distal jejunum there was a signifi-
cant difference between 2.0 and 6.0 mm screen sizes of
8.85% (0.849 versus 0.780); similarly, in the distal ileum
there was a significant difference of 4.04% (0.926 versus
0.890).

The effects of dietary treatments on starch disappearance
rates (g/bird/d) at 4 small intestinal sites are shown in
Table 9. Birds offered diets based on Tiger sorghum had
14.7% higher starch disappearance rates (33.51 versus
29.21 g/bird/d; P < 0.001) than their Block I counterparts
at the proximal jejunum. Tiger sorghum-based diets held a
similar advantage of 15.9% (37.44 versus 33.29 g/bird/d;
P < 0.001) at the distal jejunum. However, hammer-mill
screen sizes had a significant effect (P < 0.005) at this site
where the 6.0-mm screen supported higher starch disap-
pearance rates than the three smaller screens by up to 13.7%

(38.07 versus an average of 33.47 g/bird/d). There were
significant treatment interactions between sorghum variety
and hammer-mill screen size in the proximal (P < 0.03) and
distal ileum (P < 0.025). Overall, increasing hammer-mill
screen sizes supported more rapid starch disappearance
rates; however, significant increases were only observed
with the 6.0-mm screen with Block I sorghum-based diets.
In contrast, with Tiger sorghum-based diets, significant
increases were observed with the 3.2-mm screen at the
proximal ileum and with the 4.8-mm screen at the distal
ileum.

The effects of sorghum variety and hammer-mill screen
sizes on apparent protein (N) digestibility at 4 small intestinal
sites are shown in Table 10 where there were not any signifi-
cant treatment interactions. Tiger sorghum-based diets sup-
ported higher N digestibilities in the distal jejunum by 4.66%
(0.786 versus 0.751; P < 0.015), in the proximal ileum by 1.96%

Table 6. Effects of grain sorghum variety and hammer-mill screen sizes on relative gizzard and pancreas weights and gizzard pH in broilers at 28 days post-
hatch.

Treatment

Sorghum variety Screen size (mm) Gizzard weight (g/kg) Pancreas Weight (g/kg) Gizzard pH

Tiger 2.0 18.14 2.43 3.27
3.2 20.03 2.52 2.79
4.8 19.77 2.51 2.94
6.0 19.79 2.47 2.81

Block I 2.0 20.37 2.58 2.90
3.2 20.85 2.55 2.95
4.8 21.08 2.47 2.91
6.0 21.12 2.48 2.99

SEM 0.4443 0.0978 0.4577
Main effect: sorghum variety
Tiger 19.43a 2.48 2.95
Block I 20.86b 2.52 2.94
Screen size
2.0 19.25a 2.50 3.08
3.2 20.44b 2.53 2.87
4.8 20.43b 2.49 2.93
6.0 20.46b 2.47 2.90
Significance (P =)
Sorghum variety (SV) < 0.001 0.569 0.881
Screen size (SS) 0.021 0.943 0.473
Interaction SS x SV 0.465 0.796 0.210

ab Means within columns not sharing common suffixes are significantly different (P < 0.05).

Table 7. Effects of grain sorghum variety and hammer-mill screen sizes on nutrient utilisation of broilers.

Treatment Nutrient utilisation parameter

Sorghum variety Screen size (mm) AME (MJ/kg DM) ME:GE (MJ/kg) N retention (%) AMEn (MJ/kg DM)

Tiger 2.0 12.65 0.737 63.88 11.82
3.2 12.78 0.749 65.99 11.91
4.8 13.17 0.770 67.40 12.24
6.0 12.97 0.757 65.70 12.10

Block I 2.0 12.46 0.719 63.98 11.48
3.2 12.47 0.722 66.47 11.36
4.8 12.44 0.716 63.89 11.44
6.0 12.72 0.734 65.39 11.69

SEM 0.1852 0.0120 1.4985 0.1526
Main effect: sorghum variety
Tiger 12.89b 0.753b 65.74 12.02b
Block I 12.52a 0.723a 64.93 11.49a
Screen size
2.0 12.56 0.728 63.93 11.65
3.2 12.63 0.735 66.23 11.64
4.8 12.81 0.743 65.65 11.84
6.0 12.85 .0745 65.54 11.90
Significance (P =)
Sorghum variety (SV) 0.007 < 0.001 0.449 < 0.001
Screen size (SS) 0.350 0.370 0.464 0.229
Interaction SS x SV 0.438 0.360 0.524 0.449

ab Means within columns not sharing common suffixes are significantly different (P < 0.05)
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(0.781 versus 0.766; P < 0.04) and by 2.16% (0.804 versus
0.787; P < 0.01) in the distal ileum. The 6.0-mm screen
supported a significantly higher N digestibility by 4.23%
(0.788 versus 0.756) than the 2.0-mm screen in the proximal
ileum and by 3.32% (0.809 versus 0.783) in the distal ileum.

The effects of dietary treatments on apparent protein (N)
disappearance rates are shown in Table 11, where, again,
there were no significant interactions. Tiger sorghum-based
diets supported more rapid protein disappearance rates (g/
bird/d) in the distal jejunum by 4.53% (18.89 versus 18.07;
P < 0.015), proximal ileum by 1.95% (18.79 versus 18.43;
P < 0.04) and distal ileum by 2.17% (19.33 versus 18.92;
P < 0.01). The 6.0-mm screen supported significantly faster
protein disappearance rates by 4.18% (18.94 versus 18.18)

than the 2.0-mm screen in the proximal ileum and by 3.24%
(19.44 versus 18.83) in the distal ileum.

Finally, the apparent starch:protein (N) disappearance
rate ratios are shown in Table 12. In the proximal jejunum,
the ratio of 2.66 for Tiger sorghum-based diets was sig-
nificantly (P < 0.001) wider than 2.10 for diets based on
Block I. There were significant treatment interactions in
the three posterior small intestinal segments, especially in
both segments of the ileum (P < 0.001). For Tiger sor-
ghum-based diets, the narrowest ratio was observed with
the 2.0-mm screen and the widest with the 4.8-mm screen.
For Block I sorghum-based diets, the narrowest ratio was
observed with the 4.8-mm screen and the widest with the
6.0-mm screen.

Table 9. The effect of grain sorghum variety and hammer-mill screen size on apparent starch disappearance rates (g/bird/day) at four small intestinal sites in
broilers at 28 days post-hatch.

Treatment Small intestinal site

Sorghum variety Screen size (mm) Proximal jejunum Distal jejunum Proximal ileum Distal ileum

Tiger 2.0 30.80 34.74 38.49bc 39.75b
3.2 34.16 38.37 42.07de 42.35bc
4.8 34.28 37.22 42.18e 42.98c
6.0 34.79 39.43 41.42cde 42.79c

Block I 2.0 29.10 32.19 36.17ab 36.52a
3.2 27.99 32.72 36.09ab 36.20a
4.8 27.27 31.52 34.31b 35.02a
6.0 32.47 36.71 39.11bcd 40.29bc

SEM 1.4603 1.1412 1.0788 0.9644
Main effect: sorghum variety
Tiger 33.51b 37.44b 41.04 41.97
Block I 29.21a 33.29a 36.42 37.01
Screen size
2.0 29.95 33.47a 37.33 38.13
3.2 31.07 35.55a 39.08 39.27
4.8 30.77 34.37a 38.24 39.00
6.0 33.63 38.07b 40.27 41.54
Significance (P =)
Sorghum variety (SV) < 0.001 < 0.001 < 0.001 < 0.001
Screen size (SS) 0.083 0.001 0.057 0.007
Interaction SS x SV 0.184 0.325 0.028 0.023

abcde Means within columns not sharing common suffixes are significantly different (P < 0.05).

Table 8. Effects of grain sorghum variety and hammer-mill screen sizes on apparent starch digestibility coefficients at four small intestinal sites in broilers at
28 days post-hatch.

Treatment Small intestinal site

Sorghum variety Screen size (mm) Proximal jejunum Distal jejunum Proximal ileum Distal ileum

Tiger 2.0 0.703 0.793 0.877 0.907
3.2 0.740 0.830 0.910 0.916
4.8 0.735 0.795 0.900 0.917
6.0 0.757 0.860 0.903 0.933

Block I 2.0 0.697 0.768 0.864 0.873
3.2 0.686 0.803 0.886 0.889
4.8 0.700 0.810 0.882 0.901
6.0 0.741 0.838 0.893 0.920

SEM 0.0293 0.0207 0.0120 0.0120
Main effect: sorghum variety
Tiger 0.734 0.819 0.897 0.918b
Block I 0.706 0.805 0.881 0.896a
Screen size
2.0 0.700 0.780a 0.871 0.890a
3.2 0.713 0.817ab 0.898 0.903a
4.8 0.717 0.803a 0.891 0.909ab
6.0 0.749 0.849b 0.898 0.926b
Significance (P =)
Sorghum variety (SV) 0.204 0.287 0.064 0.004
Screen size (SS) 0.416 0.008 0.079 0.009
Interaction SS x SV 0.868 0.662 0.936 0.719

ab Means within columns not sharing common suffixes are significantly different (P < 0.05).
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Discussion

The effects of hammer-mill screen size, and resultant geo-
metric mean sorghum particle size, were not expected as it
was anticipated that there would be quadratic responses and
a hammer-mill screen size of less than 6.0 mm would
generate the best broiler performance. This assumption
was based on three experiments previously completed at
this institution, which involved a white sorghum variety as
mentioned in the Introduction. This was not the case as
hammer-mill screen size did not influence weight gain or
FCR to significant extents. Indeed, with Tiger sorghum-
based diets, increasing hammer-mill screen size was posi-
tively correlated with 7 to 28 d weight gain as illustrated in
Figure 1. Moreover, there was a linear correlation (r =
0.720; P = 0.044) between increasing hammer-mill screen
sizes and distal ileal starch digestibility coefficients.

The overall distal ileal starch digestibility coefficient of
0.907 in sorghum-based diets recorded in this experiment
is inferior to that of reported values for maize-based diets
(Truong et al., 2015a). Moreover, starch digestibility coef-
ficients significantly increased by 4.04% (0.926 versus
0.890) when hammer-mill screen sizes of 2.0 mm and
6.0 mm are compared in favour of the larger screen size.
The 6.0-mm hammer-mill screen generated similar geo-
metric mean particle sizes of 1402 and 1408 μm for Tiger
and Block I sorghums, respectively, which were less than
expected.

The influence of grain particle size on broiler perfor-
mance has been competently reviewed by Amerah et al.
(2007). In this review, the authors suggested that grain
particle size should range from 1100 to 1300 μm for 7 to
21 d-old broilers and from 1300 to 1500 μm for older birds.
These suggestions are very consistent with the grain particle

Table 10. Effects of grain sorghum variety and hammer-mill screen sizes on apparent protein (N) digestibility coefficients at four small intestinal sites in broilers
at 28 days post-hatch.

Treatment Small intestinal site

Sorghum variety Screen size (mm) Proximal jejunum Distal jejunum Proximal ileum Distal ileum

Tiger 2.0 0.476 0.783 0.771 0.799
3.2 0.550 0.796 0.791 0.811
4.8 0.546 0.763 0.760 0.785
6.0 0.561 0.800 0.804 0.820

Block I 2.0 0.532 0.698 0.742 0.767
3.2 0.490 0.779 0.779 0.796
4.8 0.501 0.762 0.772 0.788
6.0 0.523 0.766 0.772 0.797

SEM 0.0316 0.0169 0.0099 0.0081
Main effect: sorghum variety
Tiger 0.533 0.786b 0.781b 0.804b
Block I 0.512 0.751a 0.766a 0.787a
Screen size
2.0 0.504 0.740 0.756a 0.783a
3.2 0.520 0.788 0.785bc 0.804b
4.8 0.524 0.763 0.766ab 0.787a
6.0 0.542 0.783 0.788c 0.809b
Significance (P =)
Sorghum variety (SV) 0.351 0.012 0.036 0.005
Screen size (SS) 0.714 0.055 0.005 0.005
Interaction SS x SV 0.285 0.136 0.110 0.180

abc Means within columns not sharing common suffixes are significantly different (P < 0.05).

Table 11. Effects of grain sorghum variety and hammer-mill screen sizes on apparent protein (N) disappearance rates (g/bird/day) at four small intestinal sites
in broilers at 28 days post-hatch.

Treatment Small intestinal site

Sorghum variety Screen size (mm) Proximal jejunum Distal jejunum Proximal ileum Distal ileum

Tiger 2.0 11.26 18.83 18.53 19.22
3.2 13.26 19.15 19.03 19.49
4.8 13.27 18.35 18.27 18.88
6.0 13.39 19.23 19.32 19.71

Block I 2.0 14.04 16.78 17.83 18.43
3.2 14.31 18.74 18.74 19.15
4.8 13.61 18.33 18.57 18.94
6.0 14.09 18.43 18.56 19.17

SEM 0.8691 0.4463 0.2375 0.1938
Main effect: sorghum variety
Tiger 12.79 18.89b 18.79b 19.33b
Block I 14.01 18.07a 18.43a 18.92a
Screen size
2.0 12.65 17.80 18.18ab 18.83a
3.2 13.78 18.95 18.89bc 19.32b
4.8 13.44 18.34 18.42ab 18.91a
6.0 13.74 18.83 18.94c 19.44b
Significance (P =)
Sorghum variety (SV) 0.053 0.012 0.036 0.005
Screen size (SS) 0.537 0.055 0.005 0.005
Interaction SS x SV 0.516 0.136 0.110 0.180

abc Means within columns not sharing common suffixes are significantly different (P < 0.05).
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sizes generated by the larger hammer-mill screen sizes in
the present study. Nir et al. (1990) reported that the transi-
tion from “fine” to “coarse” sorghum particle sizes (unspe-
cified) significantly increased weight gain by 4.95% and feed
intake by 5.45%. Moreover, Nir et al. (1994) found that the
performance of 7 to 21 d-old broilers offered maize-, sor-
ghum- and wheat-based diets with a mean grain particle
size of 1130–1230 μm was superior to their counterparts
offered diets with grain particle size of 570–670 μm. These
findings are consistent with the outcomes of the present
feeding study. The transition from sorghum ground
through a 2.0-mm hammer-mill screen to three larger aper-
tures resulted in a significant increase in relative gizzard
weights from 19.25 g/kg to an average of 20.44 g/kg.
However, the difference of 6.29% in relative gizzard weights
(19.25 versus 20.46 g/kg) between the 2.0 and 6.0-mm
hammer-mill screens appears subtle. Nevertheless, when
Tiger sorghum-based diets are considered in isolation,
there are positive correlations between relative gizzard
weights and starch digestibility coefficients (r = 0.413;
P = 0.029) and starch disappearance rates (r = 0.523;
P = 0.004) in the proximal jejunum. The second linear
relationship is illustrated in Figure 2. One possible explana-
tion is that as a result of gastroduodenal refluxes, digesta
containing pancreatic amylase is being recycled back into
the gizzard and starch digestibility was enhanced as a result
of reverse peristalsis (Liu et al., 2015a). It is established that
whole-grain feeding generates heavier relative gizzard
weights as reviewed by Singh et al. (2014) and Liu et al.
(2015a). Heavier relative gizzard weights are presumably
indicative of more functional gizzards but they may not be
a precise assessment. Interestingly, Nir et al. (1994) found
that the transition from fine-to-medium grain particle sizes
in broiler diets significantly increased empty gizzard weights
but gizzard contents were disproportionately increased to a
large extent.

Relative gizzard and pancreas weights were positively
correlated (r = 0.278; P = 0.038) in the present study.

However, with Tiger sorghum-based diets, gizzard weights
were correlated with pancreas weights (0.407; P = 0.032),
gizzard pH (r = −0.404; P = 0.033) and mean particle size
(r = 0.472; P = 0.011). These relationships were not signifi-
cant with Block I sorghum-based diets. Relative gizzard
weights, or the “power of the gizzard”, is pivotal to the
practice of whole-grain feeding but even in the context of
standard diets in which the entire grain component has
been ground, the influence of the gizzard and its impact
on gut function and reverse peristalsis appears to hold
importance.

Liu et al. (2015b) suggested that the triad of kafirin, non-
tannin phenolic compounds and phytate in grain sorghum
negatively influence the utilisation of starch/energy in broi-
lers offered sorghum-based diets. The rationale for this
suggestion has been considered in detail elsewhere
(Khoddami et al., 2015; Liu et al., 2015b; Truong et al.,
2015b). Tiger was clearly superior to Block I sorghum in
the present study as significant advantages for feed conver-
sion ratios, energy utilisation, starch and protein (N) digest-
ibility were observed. Therefore, it is noteworthy that Block

Table 12. The effect of grain sorghum variety and hammer-mill screen size on apparent starch:protein (N) disappearance rate ratios at four small intestinal sites
in broilers at 28 days post-hatch.

Treatment Small intestinal site

Sorghum variety Screen size (mm) Proximal jejunum Distal jejunum Proximal ileum Distal ileum

Tiger 2.0 2.76 1.84ab 2.07bcd 2.07ab
3.2 2.58 2.00b 2.21de 2.18 cd
4.8 2.65 2.03b 2.31e 2.28d
6.0 2.63 2.05b 2.14 cd 2.17 cd

Block I 2.0 2.11 1.97b 2.03bc 1.98ab
3.2 1.97 1.75a 1.93ab 1.89a
4.8 2.01 1.72a 1.84a 1.85a
6.0 2.32 2.00b 2.11 cd 2.10bc

SEM 0.0934 0.0756 0.0507 0.0493
Main effect: sorghum variety
Tiger 2.66b 1.98 2.19 2.17
Block I 2.10a 1.86 1.98 1.96
Screen size
2.0 2.43 1.91 2.05 2.03
3.2 2.28 1.88 2.07 2.03
4.8 2.33 1.87 2.08 2.06
6.0 2.48 2.02 2.13 2.14
Significance (P =)
Sorghum variety (SV) < 0.001 0.025 < 0.001 < 0.001
Screen size (SS) 0.133 0.174 0.508 0.107
Interaction SS x SV 0.231 0.021 < 0.001 <0.001

abcde Means within columns not sharing common suffixes are significantly different (P < 0.05).

Figure 2. Linear relationship (r = 0.523; P = 0.004) between relative gizzard
weights and starch disappearance rates at the proximal jejunum in broiler
chickens offered Tiger sorghum-based diets.
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I contained more kafirin, polyphenols, phenolic acids and
phytate than Tiger sorghum. Kafirin is the dominant pro-
tein fraction in grain sorghum (Selle et al., 2010) and kafirin
has often been implicated as having a deleterious effect on
sorghum starch utilisation (Black et al., 2005) However,
kafirin may be increasing as a proportion of sorghum pro-
tein in Australia as an inadvertent consequence of breeding
programs (Selle, 2011). Sorghum contains far more phenolic
compounds that other feed grains (Bravo, 1998) and non-
tannin phenolic compounds may also have deleterious
effects on sorghum starch utilisation (Khoddami et al.,
2015). Sorghum contains at least as much phytate as other
feed grains (Selle et al., 2003) and the anti-nutritive proper-
ties of this phosphorus-containing polyanionic molecule in
poultry have been documented (Selle and Ravindran, 2007).
Finally, it may be instructive that Tiger sorghum had a
lower peak time and pasting temperature and higher RVA
starch viscosities than Block I sorghum. This was particu-
larly evident for peak RVA viscosity, which was higher for
Tiger sorghum by a factor of 1.99 (4771 versus 2392 cP).

In conclusion, Tiger sorghum was superior to Block I
sorghum as a feed grain for poultry as it supported an
improvement of 3.25% in FCR (1.548 versus 1.600) in
broiler chickens. The possibility exists that RVA starch
pasting profiles may be predictive of the quality of sorghum
as a feed grain in chicken-meat production. However, the
effects of hammer-mill screen size, and geometric mean
sorghum particle size of grain sorghum on broiler perfor-
mance were not as expected. The numerically best weight
gains and FCR were associated with a hammer-mill screen
size of 6.0 mm and a geometric mean particle size in the
order of 1400 μm; whereas, it was anticipated that smaller
sizes would have been advantageous.
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