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ABSTRACT Broiler live performance may be influ-
enced bypostharvest corn drying temperature, and results
could depend on particle size after grinding. The supple-
mentation with an exogenous amylase may improve per-
formance parameters, but responses to enzymes are also
affected by particle size. Two parallel experiments were
conducted to evaluate the effects of hard-kernel corn dried
at 2 temperatures (35�C and 120�C), ground at 2 particle
sizes (coarse or fine), and 3 supplementation levels (0, 133,
and 266 g ton-1) of an exogenous amylase on live perfor-
mance, gastrointestinal organ development, energy utili-
zation, and nutrient digestibility. Twelve dietary
treatments resulting from a 2 ! 2 ! 3 factorial arrange-
ment of drying temperature, particle size, and amylase
supplementation were evaluated in both experiments. A
total of 1,920 day-oldmale chickswere randomly allocated
to 96 floor pens, while 480 chickswere distributed among 4
battery brooder units. Ileal and fecal samples were
collected to determine energy utilization and nutrient di-
gestibility using titaniumdioxide as inertmarker.At 42D,
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organs were collected, and relative weight or length was
determined. Data were analyzed using a three-way
ANOVA in a randomized complete block design.
Feeding fine corn-based diets showed improvements on
live performance for both studies. At 40D, supplementing
266 g ton-1 of amylase improved feed conversion ratio
(P, 0.05) by1point compared to chickens that consumed
nonsupplemented diets and feed with amylase at 133 g
ton-1. Broilers fed coarse corn–based diets had heavier
gizzard (P , 0.001) and liver (P , 0.05) than chickens
that consumed fine corn-based diets. In addition, starch
digestibility was improved by amylase (P, 0.05) at 133 g
ton-1 and by feeding coarse corn-based diets (P 5 0.06).
For chicks raised in cages (16 D), AMEn was increased
(P , 0.01) by amylase supplementation regardless of its
inclusion level. In conclusion, drying temperature and
particle size interactions influenced broiler live perfor-
mance, gastrointestinal organ development, nutrient di-
gestibility, and energy utilization, and these parameters
were improved by supplementing amylase.
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INTRODUCTION

In the United States and most parts the world, the
biggest portion of poultry diets is comprised of carbohy-
drates, with corn being the main cereal grain used in
the feed industry (Moran, 1982; Ai and Jane, 2016;
Agristats, 2018; IGC, 2018). Corn is dried on the field
or usually dried either by constant flow or batch drying
after harvesting, so it could be included in poultry feeds.
It has been reported that temperatures while drying could
reachmore than 100�Cmainly to reduce energy consump-
tion in grain dryers (Larbier et al., 1971; Barrier-Guillot
et al., 1993; Li et al., 2014; Odjo et al., 2015). However,
either using high temperatures and long time exposure
to heat regardless the temperature while drying could
result in the production of undigestible complexes that
will impair the digestibility of nutrients thus depressing
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broiler live performance (Larbier et al., 1971; Iji et al.,
2003; Cowieson, 2005; Malumba et al., 2008; Huart
et al., 2018).

On the other hand, grain particle size is an important
factor as it could influence several aspects of broiler
gastrointestinal physiology (Celi et al., 2017). These
include nutrient utilization (Benedetti et al., 2011;
Kheravii et al., 2018), growth performance (Nir and
Hillel, 1995; Amerah et al., 2007; Zang et al., 2009;
Xu et al., 2015), feed passage rate (Hetland et al.,
2002; Svihus et al., 2002), digestive tract development
(Zang et al., 2009; Pacheco et al., 2014), and microbiota
profile (Amerah et al., 2009). Traditionally in poultry
diets, fine particles have been associated with a larger
relative surface area, possibly resulting in greater di-
gestibility due to interactions with digestive enzymes
in the gastrointestinal tract (GIT) (Hetland et al.,
2002; Amerah et al., 2007). This improvement in the di-
gestibility may be by promoting enzymatic digestion
and absorption (Duke, 1992; Amerah et al., 2007). In
contrast, coarse particles are known to enhance GIT
motility, stimulate gizzard function, and reduce path-
ogen population in the lower intestine, resulting in bet-
ter overall digestive efficiency (Pacheco et al., 2013; Xu
et al., 2015).

Modern fast-growing meat chickens require adequate
amounts of energy to supply through the diet alongside
with protein, particularly essential amino acids (Dozier
et al., 2008; Kidd and Tillman, 2016). Most of the en-
ergy needed for fast growth of broilers comes from
starch, which is quantitatively the major nutrient in
broiler diets. The endosperm of corn is almost entirely
composed of reserve carbohydrate, principally starch,
which is present in about 65% DM basis (Jiang et al.,
2007; Zaefarian et al., 2015). Alpha-amylase is the
main enzyme responsible for starch digestion in mam-
mals (Osman, 1982; Gray, 1992; Bach Knudsen et al.,
2006). Although there is some alpha-amylase activity
present in the saliva of humans and pigs, in poultry,
salivary amylase has limited activity (Denbow, 2015;
Vieira and Stefanello, 2017); therefore, pancreatic a-
amylase is the only enzyme that chickens could use to
degrade starch (Moran, 1982; Wiseman, 2006).
Amylase has been reported to be the most abundant
enzyme in the pancreas of chicks and young turkeys,
nevertheless its activity specially during the first few
days of life after hatch can be limited (Krogdhal and
Sell, 1989; Pubols, 1991). Chickens are considered well
able to digest diets containing high starch levels. More-
over, physiological differences according to age have
influenced the performance of broilers chickens when
comparing the starter and finisher dietary phases.
Thus, as corn is included at higher levels in the finisher
diets for broilers, the ratio of nonstarch polysaccharides
and starch increases when compared to the starter feed
(Svihus, 2014). In addition, modern broiler chickens
have greater feed intake which may produce a physio-
logical limitation to starch digestion as the feed passage
rate could be increased, consequently reducing and
limiting nutrient digestion and absorption (Croom
et al., 1999; Sklan and Noy, 2003). Previous studies
confirmed the effectiveness of exogenous amylase to
improve nutrient digestibility and live performance in
broiler chickens while feeding corn-based diets (Gracia
et al., 2003). However, other researchers did not detect
these beneficial effects (Stefanello et al., 2015). Factors
such as particle size may explain the lack of consistency
in results while supplementing amylase. In addition,
corn may fragment different during milling depending
on its postharvest drying temperature, resulting in
different particle size distribution as it has been pro-
posed in an early study (Kaczmarek et al., 2014). The
possible interaction effects among postharvest drying
temperature, particle size, and exogenous amylase in-
clusion have been poorly investigated. Therefore, the
aim of the present studies was to evaluate the effects
of corn-drying temperature, particle size, and amylase
supplementation on broiler live performance, gastroin-
testinal organ development, nutrient digestibility, and
energy utilization in broiler chickens.
MATERIALS AND METHODS

All procedures involving broiler chicken used in the
present experiment were approved by the North Car-
olina State University Institutional Animal Care and
Use Committee.
Chicken Husbandry

A total of 2,400 Cobb-500 day-old male Cobb 500
slow-feathering chicks were hatched, feather-sexed, and
separated for 2 parallel experiments.
Experiment 1

On the day of hatching, a total of 1,920 chicks were
randomly placed in 96 floor pens (2 m2) in groups of 20
birds per pen. Chicks were randomly assigned to 12
treatments with 8 replicates for each treatment. Each
pen was equipped with one tubular feeder and one belt
drinker. Supplemental feeders and drinkers were placed
for the first 7 D of the study. Average temperature was
33�C at placement, which was reduced gradually until
20.6�C at 21 D and kept until 42 D to provide chicken
environmental comfort. Used litter was reused as
bedding in the pens, and broilers were exposed to contin-
uous light on a 23L:1D (30 lux light intensity) program
during the first 3 D of age. Day length was then gradu-
ally reduced to 17L:7D (10 lux) up to 28 D of age.
From 28 D until the end of the experiment at 42 D,
the light program was maintained at 17L:7D with an in-
tensity of 5 lux.
Experiment 2

A total of 480 day-old chicks were distributed among 4
Petersime battery brooder units, 96 cages, with 5 chicks



Table 1. Moisture content of corn before and after drying treatments1.

Drying temperature (�C) No drying 35�C 120�C SEM P value

Before drying
Moisture2, % 21.95 6 0.21
Density2, lb/bu 54.60 6 0.42
Vitreousness3, % 62.87 6 0.47

After drying
Moisture2, % 14.45a 11.20b 0.13 ,0.001
Density2, lb/bu 58.43 59.13 0.37 0.231
Vitreousness3, % 62.68 63.01 0.12 0.084

Before mixing and after grinding
Moisture4, % 13.16a 12.22b 0.04 ,0.001

Means in a row not sharing a common superscript lowercase letter are significantly different
(P , 0.05) by Student t test.

1Analyzed values are means of 5 samples taking from each batch of corn dried, 10 per
treatment, 30 min after cooling off from the dryer.

2Dickey-John Co. (Model GAC 2100b, Raleigh, NC). Analysis conducted on whole grain.
3NIRS (DS2500, FOSS, Denmark).
4Method 934.01 of AOAC International (2006), 10 wk after storage and 1 wk before grinding

and mixing feed.
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per cage of 0.47 m2, equipped with trough-type feeders
and waterers. Feed and water were available for ad
libitum consumption. Chicks were then randomly
assigned to 12 treatments with 8 replicates for each
treatment. The average temperature at placement was
33.0�C and gradually reduced to 26�C at 13 D according
to thermal comfort of the chickens. The lighting program
consisted of continuous 23 h light and 1 h of darkness
(30 lux light intensity) throughout the whole experi-
mental period of 16 D.
Grain Production, Drying, and Grinding
Management

Seeds from a corn hybrid (DEKALB 65-20) with hard
kernel (vitreousness value of 62.87%; Table 1) were ob-
tained from a commercial supplier. Agricultural prac-
tices such as seed disinfection, herbicide application,
and fertilization were performed to optimize on-field
productivity. After 135 D of plantation, corn cobs
were harvested and degrained mechanically when on-
field grain moisture content was 21.95% and density
54.60 lb/bu (Table 1). Thereafter, harvested volume
was split into 2 batches and transported to a GSI
single-fan, natural gas, open flame, forced-air dryer
(GSI, Competitor Series Dryers, model competitor
112; Newton, IL) with a capacity of 325 bushels (8.3
tons) approximately, and batch drying method was
applied. The first batch was dried at 35�C and the
next batch at 120�C. Temperature was monitored using
4 digital probe thermometers inserted in different loca-
tions of the dryer. The 2 batches of corn were dried sepa-
rately until their moisture content was reduced for
storage (Table 1). To reach this humidity in the grain,
the drying process at 35�C took 9 h and 5 h at 120�C,
respectively. Thereafter, the dried material was bagged
in bulk bags and transported to a covered house. Grain
moisture was determined using a Dickey-John grain
moisture meter (Dickey-John Co. model GAC 2100b;
Raleigh, NC), and vitreousness content by NIRS
(DS2500, FOSS, Hillerod, Denmark). For grinding
purposes, the coarse-corn (CC) and fine-corn (FC)
were obtained using a hammermill (Model 1522; Ros-
kamp Champion, Waterloo, IA) equipped with 2 #12
screens. Grinding speeds of 3,600; 3,400; and
3,400 rpm for starter, grower, and finisher, respectively,
were used for the FC, whereas 1,400 rpm was used for
dietary phases based on CC. These speeds were consid-
ered targeting particle size geometric mean (dgw) be-
tween 800-900 mm for the CC and 400-500 mm for the
FC.
Diets and Experimental Design

The experimental design consisted of a 2 ! 2 ! 3
factorial arrangement in a randomized complete block
design to determine the live performance, organ develop-
ment, and nutrient digestibility of broiler chickens
throughout both parallel studies. Corn was dried at
35�C or 120�C, grinded to obtain 2 particle sizes (varying
in w400 mm, dgw), and labelled as either CC or fine FC.
When corn was used in broiler diets, 3 dietary inclusion
levels of an exogenous amylase (0, 133, and 266 g ton-1)
were considered to obtain a total of 12 dietary treat-
ments with 8 replications each for the 2 studies.

Dietary treatments (Table 2) were formulated and
manufactured to meet or exceed the recommended
Cobb 500 nutritional requirements (Cobb Vantress,
2018). The basal diet contained all other ingredients
but corn and amylase, to reduce variation in ingredient
and nutrient composition among batches. Each one of
the 4 corn types (combination of drying at 35�C or
120�C, and CC or FC) were then assigned to the 3
enzyme levels (0, 133, and 266 g ton-1) for further mixing
with the basal diet at the same percentage of inclusion
resulting in 12 treatments for each dietary phase
(Table 2). After mixing, all diets were conditioned at
85�C for 30 s in a single pass conditioner (model
C18LL4/F6; California Pellet Mill, Crawfordsville, IN)
and then pelleted using a 30 HP CPM pellet mill (model
PM1112-2; California Pellet Mill, Crawfordsville, IN)
equipped with a 4.4 ! 35.2-mm die with 548 cm2 of



Table 2. Ingredient and nutrient composition (calculated and analyzed) of starter, grower, and finisher basal diets for Cobb-500
male broilers1.

Ingredient Starter (1–14 D) Grower (15–28 D) Finisher (29–42 D)

————————————————%————————————————
Corn2 50.88 59.79 63.28
Soybean meal, 46% 34.50 29.75 25.97
Corn DDGS 5.75 2.00 2.00
Poultry fat 4.25 4.66 5.17
Limestone fine 1.42 1.14 1.05
Dicalcium phosphate, 18.5% 1.05 0.96 0.66
DL-Methionine, 99% 0.35 0.30 0.27
Titanium dioxide3 0.30 - 0.30
Sand or amylase4 0.0266 0.0266 0.0266
Salt (NaCl) 0.30 0.33 0.28
L-Lysine-HCl, 78.8% 0.29 0.23 0.22
Sodium bicarbonate 0.21 0.15 0.18
Mineral premix5 0.20 0.20 0.20
Choline chloride, 60% 0.18 0.18 0.18
L-Threonine, 98% 0.15 0.10 0.08
Vitamin premix6 0.10 0.10 0.10
Coccidiostat7 0.05 0.05 -
Phytase8 0.02 0.02 0.02
Total 100.00 100.00 100.00
Calculated nutrient composition

Calcium, % 0.96 0.88 0.78
Nonphytate phosphorous, % 0.48 0.44 0.39
Digestible lysine, % 1.28 1.09 0.99
Digestible total sulfur amino acids, % 0.95 0.84 0.78
Digestible threonine, % 0.86 0.73 0.66
Digestible tryptophan, % 0.24 0.21 0.19
Digestible valine, % 0.98 0.83 0.76
Digestible arginine, % 1.35 1.20 1.09
Sodium, % 0.20 0.19 0.18
Potassium, % 0.94 0.84 0.78
Chloride, % 0.28 0.29 0.26
Dietary electrolyte balance, mEq/100 g 267 233 221

Analyzed nutrient content9 35�C 120�C 35�C 120�C 35�C 120�C
DM, % 88.04 88.40 86.86 87.23 87.99 88.46
Crude protein, % 22.69 23.16 21.38 20.99 18.79 19.17
Total lysine, % 1.30 1.36 1.18 1.19 1.10 1.10
Total sulfur amino acids, % 1.02 1.04 0.91 0.88 0.83 0.85
Total threonine, % 0.96 0.98 0.86 0.84 0.75 0.77
Total valine, % 1.03 1.06 1.00 0.97 0.85 0.86
Total arginine, % 1.47 1.49 1.42 1.37 1.20 1.21

Abbreviation: DDGS, distillers dried grains with solubles.
1Starter diet was used for both experiments conducted in parallel.
2Corn was added and mixed in the same inclusion level for all dietary treatments according to its phase. All other ingredients were mixed in a

basal diet devoid of corn.
3Insoluble marker (Titanium dioxide, Venator, Hombitan AFDC101, CAS 13463-67-7, Duisburg, Germany).
4Either sand or amylase (Ronozyme HiStarch CT, batch ID: AU360086), 133g ton-1 were included according to each dietary treatment to

supply 80 kilo-Novo alpha amylase units (KNU). Depending on treatments, the inclusion of amylase and sand were 266 g ton-1 of sand; 133 g ton-1
sand 1133 g ton-1 amylase; and 266 g ton-1 of amylase.

5Trace minerals provided per kg of premix: manganese (Mn SO4), 60 g; zinc (ZnSO4), 60 g; iron (FeSO4), 40 g; copper (CuSO4), 5 g; iodine
(Ca(IO3)2), 1.25 g.

6Vitamins provided per kg of premix: vitamin A, 13,227,513 IU; vitamin D3, 3,968,253 IU; vitamin E, 66,137 IU; vitamin B12, 39.6 mg;
riboflavin, 13,227 mg; niacin, 110,229 mg; d-pantothenic acid, 22,045 mg; menadione, 3,968 mg; folic acid, 2,204 mg; vitamin B6, 7,936 mg;
thiamine, 3,968 mg; biotin, 253.5 mg.

7Coban 90 (Monensin), Elanco Animal Health, Greenfield, IN, at 500 g ton-1 in the starter and grower diets.
8Ronozyme HiPhos GT, 200 g ton-1 to supply 1,000 FYT (Novozymes) delivering 0.14% of available P, and 0.10% of calcium.
9Analyzed values in each column are means of 12 samples per feeding phase. 2 samples per each experimental diet were analyzed in duplicate.

Evonik Industries, Evonik Degussa GmbH, Hanau-Wolfgang, Germany.
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Table 3. Particle size geometric mean (dgw) and standard deviation (Sgw) for dietary feeds1.

Particle size

dgw
2 Sgw

3 PDI4

Starter Grower Finisher Starter Grower Finisher Starter Grower

—————mm————— ——————————%———————————
Coarse 898a 838a 778a 3.10 3.27a 3.37a 59.17b 57.25
Fine 338b 452b 472b 3.10 3.03b 3.10b 63.58a 59.41
SEM 8.42 3.80 1.93 0.02 0.01 0.01 1.23 1.78
Source of variation ——————————————————%——————————————————
Particle size ,0.001 ,0.001 ,0.001 0.961 ,0.001 ,0.001 0.017 0.402

1Analyzed values are means of 3 samples using a sieve shaker (Model RX-29, W.S. Tyler Industrial Group, Mentor,
OH) following ASAE S319.3 and Holmen methods (ASABE, 2007).

2Geometric mean diameter by mass.
3Geometric standard deviation.
4Pellet durability index via the Holmen method.
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working surface area at a production rate of 980 kg/h.
The steam pressure was 207 kPa. The pellet mill die
was warmed with 455 kg of feed before pelleting with
the experimental feeds. After pelleting, pellets were
cooled in a counter flow cooler (Model VK09X09 KL;
Geelen Counterflow, Inc, Orlando, FL) and then crum-
bled (Model 624S; Roskamp Champion, Waterloo, IA)
for the starter diets only, while grower and finisher diets
were offered to chickens in pellet form. The final experi-
mental feeds were produced from the lowest to the high-
est dietary inclusion level of exogenous amylase.
The inclusion levels for the enzymes used in the studies

described herein were 200 g ton-1 phytase of Ronozyme
HiPhos GT to supply 1,000 phytase units (FYT) and
either 133 or 266 g ton-1 of alpha amylase RonozymeHiS-
tarch CT to supply 80 and 160 kilo-Novo alpha amylase
units (KNU), respectively. Phytase enzyme was included
in the basal diet and mixed with the rest of ingredients,
whereas amylase was included depending on the specifica-
tion for each dietary treatment. The supplemental en-
zymes used in the present experiment are commercially
available (Novozymes A/S, Bagsvaerd, Denmark). For
the digestibility evaluation, all experimental diets con-
tained 0.3% titanium dioxide as an inert marker.
Particle Size Analysis and Pellet Durability
Test

The distribution of particles was determined by ASAE
S319.3 method (ASABE, 2007). A split 100-g sample
was placed in a sieve shaker (Model RX-29; W.S. Tyler
Industrial Group, Mentor, OH) for 10 min accompanied
by 0.5 g of silicone dioxide dispersion agent and sieve ag-
itators. Particle size results are presented in Table 3, and
values are expressed as the particle size geometric mean
(dgw). Results confirmed the targeted differences be-
tween coarse and fine diets. In addition, pellet samples
from starter and grower diets were subjected to pellet
durability testing via the Holmen method (Model
NHP100; TekPro, North Walsham, United Kingdom)
for 30 s (ASAE 2003b).
Experimental Procedure

Experiment 1 Chickens and feeders were weighed at 1,
14, 28, and 40 D of age to obtain BW and feed leftovers.
BWgain, feed intake and FCRwere calculated thereafter,
and at 40 D, individual BW of broilers were obtained to
determine flock uniformity (CV%). In addition, at 42 D,
2 chickens from each pen were selected and sampled. Pro-
ventriculus, gizzard, and liver were removed, and empty
organs were weighed. Meanwhile, the length of the small
intestine and ceca was measured. Results were expressed
as either relative weight or length to their corresponding
individual BW. Moreover, ileal digesta from these
chickens were collected for subsequently nutrient digest-
ibility analysis and energy utilization.
Experiment 2 Chicks and feederswereweighed to obtain
BW and feed leftovers at 14 D, and BW gain, feed intake,
and FCR were calculated. At 14 D, excreta samples were
collected on waxed paper in 2 shifts, being immediately
mixed and pooled by cage and stored in a freezer at
215�C. Ileal digesta contents were obtained from all
chicks at 16 D after performing cervical dislocation, and
digesta samples were collected from approximately
10 cm after the Meckel’s diverticulum to approximately
5 cm before the ileocecal junction. Ileal digesta contents
were flushed with deionized water into plastic containers,
pooled by cage, and immediately stored in a freezer at
215�C. Excreta and ileal digesta samples were lyophilized
using FreeZone 6 (Labconco Corp., Kansas City, MO),
and subsequently samples were ground to be able to pass
through a 0.5-mm screen in a grinder.
Chemical Analysis and Calculations

Dietary treatments (12 Finisher feeds for Exp. 1, and
12 Starter feeds for Exp. 2), excreta (Exp. 2), and ileal
digesta (Exp. 1 and 2) samples were analyzed for DM,
CP, and titanium dioxide content. Fecal samples were
further analyzed for gross energy (GE), and ileal digesta
samples for starch. All dietary treatments (12 for finisher
and starter respectively) were also analyzed for total
starch. In addition, amylose content within the starch,



Table 4. Declared and analyzed activities of amylase in the
experimental diets1.

Dietary treatments

Amylase, KNU/kg

Declared Analyzed2

Starter without amylase 0 0
Starter with amylase 80 91
Starter with 2X amylase 160 162
Grower without amylase 0 0
Grower with amylase 80 85
Grower with 2X amylase 160 167
Finisher without amylase 0 0
Finisher with amylase 80 87
Finisher with 2X amylase 160 166

Abbreviation: KNU, kilo-Novo alpha-amylase units per kg of feed.
1Enzyme activity of Ronozyme HiStarch CT is expressed as the

quantity of product added in the feed.
2Analyzed values are means of 8 samples.
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in vitro starch gelatinization, and protein solubility ana-
lyses were performed in corn dried either at 35�C or
120�C. DM was determined according to method
934.01 of AOAC International (2006); CP (N ! 6.25)
was determined by combustion method (LECO,
AOAC International, 2010; method 968.06). The GE
analysis was conducted using an oxygen bomb calorim-
eter (IKA C5003; IKA Labortechnik), and AME was
corrected to 0N retention (AMEn) using a factor of
8.22 kcal/g (Hill and Anderson, 1958). Total starch,
amylose content, and in vitro starch gelatinization ana-
lyses were performed using the Megazyme Total Starch
HK, K-AMYL, and K-SDAM assay procedures following
manufacturer’s recommendations (Megazyme Inc., Chi-
cago, IL). Protein solubility was determined by NIRS
(DS2500; FOSS, Denmark). Amylase activity in pelleted
feed was determined by the assay of alpha-amylase using
red-starch S-RSTAR 03/06 (Megazyme, Bray, Wicklow,
Ireland). Titanium dioxide concentrations were
measured in triplicate for dietary feeds and duplicates
for fecal and ileal digesta samples on a UV spectropho-
tometer following the method described by Myers
et al., 2004. Apparent ileal digestibility, total tract utili-
zation, and AMEn were calculated using the following
equations (Kong and Adeola, 2014):

Digestibility ð%Þ5 ½12 ðMi =MoÞ! ðEo =EiÞ� !100
AMEnðkcal = kgÞ5GEi 2 ½GEo ! ðMi =MoÞ�2 8:22 ! fNi 2 ½No ! Mi =Mo�g
where Mi represents the concentration of titanium dioxide
for each dietary treatment in g/kg DM; Mo represents the
concentration of titanium dioxide in the excreta and ileal
digesta in g/kg DM output; Ei represents the concentration
of DM, CP, energy, or starch on each dietary treatment in
mg/kg of DM; and Eo represents the concentration of DM,
CP, starch, and energy in the excreta and ileal digesta, in
mg/kg DM. The GEi is GE (kcal/kg) for each dietary treat-
ment; GEo is the GE (kcal/kg) in the excreta; Ni represents
nitrogen concentration in the diet; and No represents nitro-
gen concentration in the excreta in g/kg DM. All analyses
were conducted in 5 samples for feed and 3 samples for ileal
and excreta samples.
Statistical Analysis

The experimental design was a randomized complete
block design with a factorial arrangement of corn dried
at 2 temperatures, grinded to obtain 2 particle sizes,
and 3 amylase supplementation levels (2 ! 2 ! 3) for
a total of 12 dietary treatments. In Exp. 1 and Exp. 2,
each treatment had 8 replicates distributed equally
either in 96 floor pens (Exp. 1) or 96 cages (Exp. 2). In
addition, location of the floor pen inside the broiler house
and location of cage in the batteries were considered
blocks and random effects. Data for both experiments
were analyzed separately and submitted to a three-way
ANOVA in a mixed model using JMP 14 (SAS Institute.
Inc., Cary, NC, 2016). Means were separated by the LS
means procedure using Tukey’s or Student t tests at a
significance level of alpha 5 0.05.
RESULTS

The difference in corn humidity between kernels dried
at 35�C and 120�C was 0.94% (P , 0.001) before
grinding the corn to mix it in each experimental diet
(Table 1). The average analyzed DM, CP, and total
amino acid contents of diets based either on corn dried
at 35�C or 120�C were similar (P. 0.10) within all 3 di-
etary phases (Table 2). The maximum difference be-
tween these diets was less than 0.5% for DM and CP
and in general 0.02% points in total amino acids. These
results indicated that initial differences in corn moisture
after applying drying temperatures did not affect
nutrient concentration of experimental diets. Enzyme
recovery analysis showed that the contents were in
agreement with the expected values for each inclusion
level (Table 4). Enzyme concentration of Ronozyme
HiStarch CT in the feeds was similar to the activity
targeted.
Live Performance

Experiment 1 Results of growth performance are pre-
sented in Tables 5–7. At 14 D (Table 5), interaction
effects (P , 0.05) were detected between drying tem-
perature and particle size and drying temperature with
amylase supplementation on BW gain and BW.
Chickens fed FC-based diets and corn dried at 35�C
gained up to 16 g more than broilers of other treat-
ments, consequently they were the heaviest group.
Moreover, amylase supplementation improved BW gain



Table 5. Effect of corn drying temperature (T), particle size (P), and enzyme supplementation on live
performance of Cobb 500 male broilers at 14 D raised in floor pens (Experiment 1).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

BW BWG Feed intake FCR3

0 D 14 D 0–14 D 0–14 D 0–14 D

——————(g)—————— –(g:g)–
35 45.7 508 463 580 1.255
120 45.6 506 460 580 1.252
SEM 0.05 2 2 3 0.007

Coarse 45.7 502 456 582 1.267
Fine 45.7 512 467 578 1.239
SEM 0.05 2 2 3 0.007

0 45.7 506 460 581 1.261
133 45.7 508 462 577 1.243
266 45.7 508 462 583 1.257
SEM 0.05 2 2 5 0.009

35 Coarse 45.7 500b 455b 578 1.268
Fine 45.8 516a 471a 583 1.242

120 Coarse 45.7 504b 458b 587 1.266
Fine 45.6 508b 462b 574 1.237
SEM 0.06 3 3 5 0.010

35 0 45.7 501b 456b 577 1.263
133 45.8 512a 466a 578 1.243
266 45.7 512a 466a 587 1.258

120 0 45.6 510a,b 464a,b 585 1.258
133 45.7 504a,b 458a,b 577 1.242
266 45.6 503a,b 458a,b 580 1.255
SEM 0.07 3 3 7 0.012

Coarse 0 45.6 499 453 578 1.271
133 45.7 503 457 586 1.270
266 45.7 505 459 583 1.261

Fine 0 45.7 513 467 584 1.250
133 45.7 513 468 568 1.216
266 45.7 510 465 583 1.252
SEM 0.07 3 3 7 0.012

Source of variation ——————————P values————————
Drying T (�C) 0.126 0.318 0.335 0.994 0.757
Particle size (P) 0.827 ,0.001 ,0.001 0.486 0.007
Enzyme 0.389 0.722 0.728 0.717 0.321
T (�C) ! Particle size 0.067 0.033 0.037 0.100 0.890
T (�C) ! Enzyme 0.983 0.016 0.016 0.567 0.989
Particle size ! Enzyme 0.910 0.420 0.433 0.226 0.184
T (�C)!PSize!Enzyme 0.053 0.953 0.938 0.886 0.823

Means in a column not sharing a common superscript lowercase letter are significantly different (P , 0.05) by
Student t or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 20 male broiler chickens per pen.
1Particle size: coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units (KNU).
3Adjusted feed conversion ratio (FCR) with body weight of mortality for this period.
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and BW up to 10 g for chickens that consumed the diets
containing corn dried at 35�C only. No interaction ef-
fects were observed (P . 0.05) for FCR at this age.
However, feeding with FC-based diets improved the
FCR (P, 0.01) by 3 points (1.239 vs. 1.267 g:g). On the
other hand, FCR was not affected (P . 0.05) by either
drying temperature or amylase supplementation at this
age. At 28 D of age (Table 6), interaction effects were
observed between drying temperature and particle size
and between particle size with enzyme inclusion on BW
gain (P , 0.01) and BW (P , 0.01). Broilers fed FC-
based diets and corn dried at 35�C had the greatest
BW gain and were the heaviest up to 46 g. In addition,
feeding with CC-based and nonsupplemented diets
resulted in lighter chickens. Interaction effects between
particle size and amylase supplementation were
observed on FCR (P , 0.01). At CC particle size level,
the supplementation with amylase improved the FCR
compared to chickens fed nonsupplemented diets.
Moreover, broilers that consumed corn dried at 120�C
had better (1.398 vs. 1.414 g:g) FCR than the ones that
ate feeds containing corn dried at 35�C. Exploration of
the data at 40 D of age (Table 7) showed no interaction
effects (P . 0.05) among treatments. However, feeding
with FC-based diets increased BWG (P , 0.05) and
BW (P , 0.05) up to 37 g and enhanced (P , 0.01)
FCR by w1 point. In addition, supplementing 266 g
ton-1 of amylase improved (P, 0.05) FCR by 1.1 point
compared to supplementing 133 g ton-1 or no
supplementation.



Table 6. Effect of corn drying temperature (T), particle size (P), and enzyme supplementation on live
performance of Cobb 500 male broilers at 28 D raised in floor pens (Experiment 1).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

BW BWG Feed intake FCR3

28 D 0–28 D 0–28 D 0–28 D

——————(g)—————— -(g:g)-
35 1,826 1,781 2,517 1.414
120 1,824 1,778 2,498 1.398
SEM 5 5 8 0.003

Coarse 1,810 1,765 2,497 1.410
Fine 1,840 1,794 2,518 1.402
SEM 5 5 8 0.003

0 1,812b 1,767b 2,494 1.409
133 1,837a 1,791a 2,522 1.401
266 1,826a,b 1,780a,b 2,506 1.408
SEM 6 6 10 0.004

35 Coarse 1,803c 1,758c 2,502 1.421
Fine 1,849a 1,804a 2,531 1.407

120 Coarse 1,818b,c 1,772b,c 2,492 1.398
Fine 1,830b 1,785b 2,504 1.397
SEM 7 7 12 0.004

35 0 1,809 1,763 2,507 1.421
133 1,840 1,794 2,532 1.411
266 1,830 1,785 2,511 1.410

120 0 1,816 1,770 2,482 1.397
133 1,835 1,789 2,511 1.390
266 1,822 1,776 2,502 1.406
SEM 8 8 15 0.006

Coarse 0 1,784c 1,739c 2,476 1.425a

133 1,824b 1,778b 2,500 1.398b,c

266 1,823b 1,778b 2,516 1.406b,c

Fine 0 1,841a,b 1,795a,b 2,513 1.393c

133 1,850a 1,805a 2,543 1.403b,c

266 1,828a,b 1,783a,b 2,497 1.410a,b

SEM 8 8 15 0.006

Source of variation ————————P values———————
Drying T (�C) 0.714 0.733 0.136 0.001
Particle size (P) ,0.001 ,0.001 0.097 0.104
Enzyme 0.006 0.006 0.194 0.315
T (�C) ! Particle size 0.008 0.009 0.503 0.168
T (�C) ! Enzyme 0.584 0.586 0.854 0.193
Particle size ! Enzyme 0.005 0.005 0.075 0.003
T (�C)!PSize!Enzyme 0.100 0.095 0.495 0.778

Means in a column not sharing a common superscript lowercase letter are significantly different (P , 0.05) by
Student t or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 20 male broiler chickens per pen.
1Particle size: coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units (KNU).
3Adjusted feed conversion ratio (FCR) with body weight of mortality for this period.
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Experiment 2 Results of the study conducted in cages
(Table 8) showed interaction effects between drying
temperature and amylase supplementation on FCR
(P , 0.01) and particle size and amylase supplemen-
tation on feed intake (P , 0.05). In feeds based on corn
dried at 35�C, the supplementation with amylase
improved FCR by 3 and 6 points for 133 and 266 g
ton-1, respectively, when compared to chickens fed
nonupplemented diets. Diets with CC amylase supple-
mentation at 266 g ton-1 reduced feed intake compared
to nonsupplemented diets and those with 133 g of
amylase/ton. However, no differences on feed intake
due to enzyme supplementation were observed on FC
diets. Although no interaction effects (P . 0.05) were
found on BW and BW gain, chickens that consumed
FC-based diets gained more weight (P , 0.01), were
heavier (P , 0.01), and had better FCR (P , 0.01)
than chickens fed CC-based treatments.
Organ Development

Organ development results (Table 9) showed interac-
tion effects between particle size and amylase supple-
mentation for gizzard relative weight (P 5 0.07) and
ceca relative length (P , 0.001). Broilers fed with CC-
based diets had greater gizzard development than
chickens fed FC-based diets while comparing at the
same amylase supplementation level. In addition, sup-
plementing with 266 g ton-1 of exogenous amylase
resulted in longer ceca for broilers that consumed FC-
based diets, whereas an opposite response was observed
for chickens fed CC-based diets. Furthermore, an



Table 7.Effect of corn drying temperature (T), particle size (P), and enzyme supplementation on live
performance of Cobb 500 male broilers at 40 D of age in floor pens (Experiment 1).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

BW BWG Feed intake FCR3 CV

40 D 0–40 D 0–40 D 0–40 D 40 D

——————(g)—————— -(g:g)- -(%)-
35 3,312 3,266 5,071 1.536 6.56
120 3,309 3,264 5,074 1.530 6.34
SEM 13 13 29 0.003 0.17

Coarse 3,292 3,246 5,061 1.537 6.42
Fine 3,329 3,283 5,084 1.528 6.47
SEM 13 13 29 0.003 0.17

0 3,291 3,245 5,027 1.535a 6.59
133 3,307 3,261 5,086 1.537a 6.17
266 3,334 3,288 5,105 1.526b 6.58
SEM 15 15 35 0.003 0.22

35 Coarse 3,291 3,245 5,078 1.540 6.63
Fine 3,332 3,287 5,064 1.531 6.49

120 Coarse 3,293 3,247 5,044 1.535 6.21
Fine 3,326 3,280 5,105 1.525 6.46
SEM 17 17 40 0.004 0.26

35 0 3,294 3,248 5,060 1.542 6.66
133 3,305 3,259 5,073 1.541 6.58
266 3,337 3,291 5,081 1.524 6.43

120 0 3,288 3,243 4,994 1.529 6.53
133 3,309 3,264 5,100 1.533 5.76
266 3,331 3,285 5,130 1.528 6.73
SEM 20 20 48 0.004 0.32

Coarse 0 3,252 3,207 5,017 1.543 6.99
133 3,291 3,245 5,053 1.539 5.78
266 3,333 3,287 5,114 1.529 6.48

Fine 0 3,330 3,284 5,036 1.527 6.19
133 3,323 3,277 5,119 1.535 6.55
266 3,335 3,289 5,097 1.523 6.68
SEM 20 20 48 0.004 0.32

Source of variation ——————————P values—————————
Drying T (�C) 0.874 0.888 0.930 0.088 0.426
Particle size (P) 0.020 0.020 0.557 0.008 0.835
Enzyme 0.091 0.090 0.211 0.029 0.367
T (�C) ! Particle size 0.799 0.801 0.339 0.815 0.472
T (�C) ! Enzyme 0.951 0.951 0.412 0.108 0.259
Particle size ! Enzyme 0.134 0.136 0.707 0.264 0.068
T (�C)!PSize!Enzyme 0.462 0.462 0.786 0.077 0.173

Means in a column not sharing a common superscript lowercase letter are significantly different (P, 0.05) by
Student t or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 20 male broiler chickens per pen.
1Particle size: coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units

(KNU).
3Adjusted feed conversion ratio (FCR) with body weight of mortality for this period.
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interaction effect was detected between drying tempera-
ture and amylase supplementation on gizzard relative
weight (P , 0.05). Broilers fed nonsupplemented diets
and based on corn dried at 35�C had heavier gizzards
than chickens fed diets with corn dried at the same tem-
perature and supplemented with 266 g ton-1 of amylase.
Likewise, these chickens had greater gizzard develop-
ment than broilers fed diets containing corn dried at
120�C and no amylase supplementation or 133 g ton-1
of amylase supplementation. No interaction effects
(P . 0.05) were detected for intestine relative length,
nor relative weight of proventriculus, and liver. Curi-
ously, supplementing with 266 g ton-1 of exogenous
amylase resulted in longer (P , 0.01) intestines than
in the nonsupplemented group. Moreover, particle size
affected the relative weight of proventriculus
(P , 0.01) and liver (P , 0.01). While feeding with
FC-based diets, heavier proventriculus (0.27 vs. 0.25%)
and lighter liver (2.29 vs. 2.40%) were found than
when feeding CC-based diets.
Nutrient Digestibility

Experiment 1 An interaction effect between particle
size and amylase inclusion (P , 0.05) was detected for
CP apparent ileal digestibility while feeding the finisher
feed at 42 D of age (Table 10). Among broilers that
consumed CC-based diets, the supplementation with
133 g ton-1 of amylase resulted in 16% greater di-
gestibility than 0 or 266 g ton-1 inclusion of the enzyme.
The addition of 133 g ton-1 of amylase increased
(P , 0.05) starch digestibility by 2.26% compared to no
amylase supplementation, whereas including 266 g ton-1
resulted in an intermediate response. In addition, feeding



Table 8. Effect of corn drying temperature (T), particle size (P), and enzyme supplementation on live
performance of Cobb 500 male broilers at 14 D raised in battery cages (Experiment 2).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

BW BW BWG Feed intake FCR3

0 D 0–14 D 0–14 D 0–14 D 0–14 D

——————(g)—————— -(g:g)-
35 43.3 465 422 497 1.174
120 43.3 462 419 490 1.168
SEM 0.9 4 4 3 0.005

Coarse 43.2 458 415 493 1.188
Fine 43.3 470 426 493 1.154
SEM 0.9 4 4 3 0.005

0 43.4 463 419 496a 1.189a

133 43.2 465 422 500a 1.176a

266 43.3 463 420 484b 1.148b

SEM 0.9 4 4 3 0.006
35 Coarse 43.3 459 416 498 1.193

Fine 43.4 471 428 496 1.156
120 Coarse 43.2 457 413 489 1.182

Fine 43.3 468 424 491 1.153
SEM 0.9 5 5 4 0.006

35 0 43.5 460 416 500 1.205a

133 43.2 467 424 502 1.176b

266 43.3 469 426 488 1.142d

120 0 43.2 466 423 492 1.173b,c

133 43.2 463 420 499 1.177b

266 43.4 458 414 479 1.154c,d

SEM 0.9 6 6 5 0.008
Coarse 0 43.4 457 414 500a 1.211

133 43.1 463 420 505a 1.194
266 43.3 453 410 475b 1.159

Fine 0 43.3 468 425 492a,b 1.168
133 43.3 467 423 495a,b 1.159
266 43.4 474 430 492a,b 1.137
SEM 0.9 6 6 5 0.008

Source of variation ——————————P values————————
Drying T (�C) 0.448 0.463 0.474 0.129 0.261
Particle size (P) 0.305 0.006 0.006 0.970 ,0.001
Enzyme 0.225 0.912 0.897 0.009 ,0.001
T (�C) ! Particle size 0.687 0.868 0.861 0.679 0.478
T (�C) ! Enzyme 0.131 0.208 0.194 0.863 0.009
Particle size ! Enzyme 0.373 0.254 0.254 0.024 0.336
T (�C)!P Size!Enzyme 0.138 0.547 0.521 0.669 0.877

Means in a column not sharing a common superscript lowercase letter are significantly different (P , 0.05) by
Student t or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 20 male broiler chickens per pen.
1Particle size: coarse corn (800–900 mm), and fine corn (400–500 mm).
2RonozymeHiStarchCT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units (KNU).
3Adjusted feed conversion ratio (FCR) with body weight of mortality for this period.
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CC-based diets improved (P 5 0.061) the starch di-
gestibility by 1.42% compared to chickens that
consumed FC-based diets.
Experiment 2 For chicks raised in cages (Table 11),
interaction effects were detected between drying tem-
perature with amylase supplementation on CP fecal di-
gestibility (P 5 0.065) and starch ileal digestibility
(P5 0.026). The interaction revealed that 266 g ton-1 of
exogenous amylase increased the fecal digestibility of CP
by 4.69% points in broilers fed corn dried at 120�C,
compared to chickens that consumed nonsupplemented
feed. In addition, differences for starch ileal digestibility
were mainly driven by drying temperature. Drying the
corn at 35�C showed greater starch digestibility than
feeding diets with corn dried at 120�C, regardless of the
level of dietary amylase supplementation. Moreover, the
supplementation with amylase improved (P , 0.01) the
AMEn by 5 and 4%, when including this enzyme in the
diets at 133 and 266 g ton-1, respectively.
DISCUSSION

Corn dried at 35�C had higher moisture (14.45%) than
the one dried at 120�C (11.20%), but after storage and
before grinding and mixing, the moisture of both corn
types only differed in 0.94% (Table 1) and nutrient con-
tent of final diets containing both corn kernels practi-
cally the same (Table 2). Maize grains release or
absorb moisture to and from the environment during
storage, and the storage stability is close to 12%
(Angelovic et al., 2018).
In the present study, the interaction effects between

drying temperature with particle size and enzyme sup-
plementation observed at 14 D of age were not detected



Table 9. Effect of corn drying temperature (T), particle size (P), and enzyme supplementation on gastro-
intestinal organ development of Cobb 500 male broilers at 42 D raised in floor pens (Experiment 1).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

Relative length Relative weight

Intestine Ceca Gizzard Proventriculus Liver

——(cm/kg)—— ——————(%)——————
35 59.89 5.87 1.03 0.26 2.38
120 60.35 5.80 1.01 0.26 2.31
SEM 0.42 0.07 0.01 0.04 0.03

Coarse 60.13 5.89 1.08 0.25 2.40
Fine 60.11 5.78 0.97 0.27 2.29
SEM 0.42 0.07 0.01 0.004 0.03

0 59.11b 5.84 1.03 0.26 2.35
133 59.93a,b 5.84 1.02 0.26 2.35
266 61.32a 5.83 1.02 0.26 2.34
SEM 0.51 0.08 0.01 0.01 0.03

35 Coarse 60.20 5.99 1.08 0.25 2.43
Fine 59.59 5.75 0.99 0.27 2.33

120 Coarse 60.07 5.80 1.08 0.26 2.37
Fine 60.63 5.80 0.95 0.27 2.26
SEM 0.59 0.09 0.01 0.01 0.04

35 0 59.52 5.97 1.07a 0.26 2.38
133 59.28 5.74 1.03a,b 0.26 2.34
266 60.88 5.91 1.01b 0.27 2.41

120 0 58.70 5.70 1.00b 0.26 2.32
133 60.59 5.95 1.00b 0.26 2.36
266 61.77 5.75 1.03a,b 0.26 2.26
SEM 0.72 0.12 0.02 0.01 0.05

Coarse 0 59.63 6.16a 1.11a 0.26 2.37
133 59.37 5.85a,b,c 1.05b 0.25 2.41
266 61.40 5.67c,d 1.07a,b 0.26 2.42

Fine 0 58.59 5.51d 0.95c 0.27 2.34
133 60.49 5.83b,c 0.98c 0.27 2.29
266 61.24 5.99a,b 0.97c 0.27 2.25
SEM 0.72 0.12 0.02 0.01 0.05

Source of variation ——————————P-values——————————
Drying T (�C) 0.439 0.455 0.145 0.807 0.137
Particle Size 0.966 0.217 ,0.001 0.011 0.018
Enzyme 0.010 0.995 0.704 0.842 0.956
T (�C) ! Particle size 0.326 0.219 0.131 0.479 0.972
T (�C) ! Enzyme 0.293 0.098 0.023 0.936 0.277
Particle size ! Enzyme 0.319 ,0.001 0.070 0.419 0.409
T (�C)!PSize!Enzyme 0.979 0.287 0.611 0.769 0.335

Means in a column not sharing a common superscript lowercase letter are significantly different (P, 0.05) by Student t
or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 20 male broiler chickens per pen.
1Particle size: coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units (KNU).
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at 40 D, and this was consistent with nutrient digestibil-
ity for the study conducted in floor pens. Similarly, a
recent experiment (Huart et al., 2018) found no effects
on growth performance while feeding broilers with diets
composed of corn dried at 54�C, 90�C, and 130�C up to
28 D. However, drying the corn at 130�C resulted in
worst AID and fecal digestibility of starch. In contrast,
Bhuiyan et al. (2010) concluded that offering feeds con-
taining sun-dried corn to broilers increased the starch di-
gestibility, whereas feeding with corn dried at 100�C
resulted in poor FCR (.1.6 g:g) at 21 D. Moreover,
Barrier-Guillot et al. (1993) found that drying grains
at different temperatures did not affect the digestibility
of starch in broilers. In contrast, Kaczmarek et al. (2014)
reported a 4% significant decrease in the AID of starch
and CP in 35 day-old broilers because of consumption
of corn dried at a high temperature (130�C–140�C).
These results are in agreement with our findings at
16 D of age (Exp. 2) where starch digestibility was
reduced by 2.6% because of drying corn at 120�C. It is
possible that drying temperature is more relevant in
younger chickens than in later growth phases, as their
GIT is not mature (Krogdahl and Sell, 1989; Nir et al.,
1993). In addition, the lower values of starch digestion
observed when drying the corn at a high temperature
could be partially explained by the higher amylose con-
tent (26.73 vs. 21.28%) and lower starch gelatinization
(1.34 vs. 3.04%) compared to the corn dried at 35�C
(Table 12). Previous studies reported the negative ef-
fects of these parameters on starch digestibility and
further energy utilization (Malumba et al., 2008;
Pirgozliev et al., 2010; Selle et al., 2010; Zhou et al.,
2010).

The improvements observed on live performance while
feeding FC-based diets at 14 D were consistent in both
studies presented here. Therefore, young broilers may



Table 10. Effect of grain drying temperature (T), particle size (P), and enzyme
supplementation on nutrient digestibility at 42 D for broilers raised in floor pens
(Experiment 1).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

Apparent ileal digestibility

DM CP Starch

—————(%)————
35 75.66 73.14 92.43
120 76.58 72.21 92.60
SEM 0.86 0.92 0.52

Coarse 76.21 71.96 93.17
Fine 76.04 73.39 91.86
SEM 0.86 0.92 0.52

0 74.59b 69.57b 91.57b

133 79.32a 77.16a 93.64a

266 74.46b 71.29b 92.34a,b

SEM 0.97 1.22 0.62
35 Coarse 75.36 73.18 92.79
120 77.06 70.73 93.55
35 Fine 75.97 73.09 92.06
120 76.11 73.69 91.66
SEM 1.07 1.46 0.71

Coarse 0 74.74b,c 68.11c 92.81
133 81.42a 79.41a 94.41
266 72.46c 68.36c 92.29

Fine 0 74.43b,c 71.03b,c 90.32
133 77.22a,b 74.92a,b 92.87
266 76.47b,c 74.22a,b 92.39
SEM 1.24 1.84 0.86

35 Coarse 0 75.11 68.93 92.65
133 81.60 80.50 94.33
266 69.36 70.12 91.39

120 0 74.37 67.28 92.96
133 81.24 78.32 94.50
266 75.55 66.60 93.20

35 Fine 0 73.85 70.40 90.80
133 78.11 75.14 93.46
266 75.97 73.73 91.94

120 0 75.01 71.67 89.85
133 76.34 74.69 92.28
266 76.97 74.71 92.85
SEM 1.66 2.67 1.20

Source of variation ——————P-values—————
Particle size 0.853 0.373 0.061
Drying T (�C) 0.307 0.566 0.795
Enzyme ,0.001 ,0.001 0.049
Particle size ! T (�C) 0.382 0.344 0.397
Particle size ! Enzyme 0.002 0.029 0.319
T (�C) ! Enzyme 0.104 0.946 0.469
Particle size!T (�C)!Enzyme 0.286 0.941 0.990

Means in a column not sharing a common superscript lowercase letter are significantly
different (P , 0.05) by Student t or Tukey’s test.

Values are means6 SEM of 8 pens per treatment combination with 3 male broiler chickens
per pen.

1Coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha

amylase units (KNU).
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not be able to efficiently consume or use larger corn par-
ticles (898 mm dgw) because of an underdeveloped
grinding capacity of the gizzard (Lott et al., 1992;
Kilburn and Edwards, 2001). Other studies have found
similar results on live performance when feeding diets
containing finely ground corn ground (Engberg et al.,
2002; Taylor and Jones, 2004a). In contrast, other re-
searchers (Hamilton and Proudfoot, 1995; Nir and
Hillel, 1995; Svihus et al., 2004) reported that live perfor-
mance is improved when feeding coarse corn, but a little
finer than the one used in our studies, and the kernel
hardness was not reported. In the present study, a
hard corn kernel variety was used. The differences in
feed form, pellet or crumble quality, average particle
size and distribution, and the different ability of young
broilers to use coarse particles could be confounding fac-
tors that may explain the inconsistent results in growth
performance among studies. Moreover, the improve-
ments on live performance due to offering FC-based diets
may be attributed to a possible better pellet quality and
durability as reported in previous studies (Muramatsu
et al., 2013; Vukmirovi�c et al., 2017). As expected, in
the present studies, the pellet durability index was
higher (P , 0.01) in starter diets based on FC than in



Table 11. Effect of grain drying temperature (T), particle size (P), and enzyme supplementation on nutrient
ileal digestibility and energy utilization at 16 D for broilers raised in battery cages (Experiment 2).

Drying T (�C)
Particle
size1

Enzyme2

(g ton-1)

Apparent ileal digestibility Total tract retention

DM CP Starch CP AMEn

—————(%)————— % kcal/kg DM

35 69.53 83.17 94.99 73.51 3,403

120 67.81 82.72 92.60 72.85 3,382

SEM 0.51 0.37 0.19 0.60 25
Coarse 68.11 82.93 93.74 72.64 3,373
Fine 69.23 82.96 93.85 73.72 3,412
SEM 0.51 0.37 0.19 0.59 25

0 69.86 83.44 94.03 71.70 3,294b

133 68.16 82.90 93.57 74.08 3,459a

266 67.98 82.50 93.79 73.76 3,424a

SEM 0.68 0.44 0.24 0.82 32
35 0 71.64 83.83 95.74a 72.80a,b 3,336

133 69.19 83.25 94.66a 75.51a 3,481
266 67.75 82.44 94.55a 72.23a,b 3,392

120 0 68.09 83.04 92.32b 70.60b 3,253
133 67.12 82.55 92.47b 72.66a,b 3,437
266 68.21 82.56 93.03b 75.29a 3,456
SEM 1.04 0.60 0.34 1.26 49

Coarse 0 69.43 83.23 93.94 72.25 3,290
133 66.95 82.44 93.43 72.63 3,425
266 67.95 83.11 93.84 73.04 3,402

Fine 0 70.30 83.65 94.11 71.15 3,299
133 69.37 83.35 93.71 75.53 3,493
266 68.01 81.88 93.74 74.48 3,446
SEM 1.04 0.60 0.34 1.26 49

35 Coarse 0 71.44 84.47a 95.66 74.87 3,369
133 67.50 82.43a,b,c 94.39 73.32 3,424
266 66.84 82.36a,b,c 94.51 72.02 3,391

Fine 0 71.85 83.20a,b,c 95.83 70.73 3,302
133 70.89 84.06a,b 94.94 77.70 3,539
266 68.65 82.52a,b,c 94.60 72.45 3,393

120 Coarse 0 67.42 81.99b,c 92.23 69.63 3,212
133 66.40 82.45a,b,c 92.46 71.95 3,427
266 69.06 83.87a,b 93.17 74.06 3,413

Fine 0 68.76 84.10a,b 92.40 71.57 3,295
133 67.85 82.65a,b,c 92.48 73.37 3,446
266 67.36 81.25c 92.88 76.52 3,500
SEM 1.52 0.82 0.49 1.86 71

Source of variation ————————P values————————
Drying T (�C) 0.061 0.328 ,0.001 0.554 0.624
Particle size 0.221 0.944 0.689 0.335 0.343
Enzyme 0.185 0.259 0.421 0.176 0.005
T (�C) ! Particle size 0.411 0.771 0.600 0.444 0.585
T (�C) ! Enzyme 0.198 0.679 0.026 0.065 0.329
Particle size ! Enzyme 0.555 0.145 0.857 0.344 0.850
T (�C)!Particle size!Enzyme 0.607 0.022 0.925 0.269 0.475

Means in a column not sharing a common superscript lowercase letter are significantly different (P, 0.05) by Student t
or Tukey’s test.

Values are means 6 SEM of 8 pens per treatment combination with 3 male broiler chickens per pen.
1Coarse corn (800–900 mm), and fine corn (400–500 mm).
2Ronozyme HiStarch CT to supply 80 (133 g ton-1) and 160 (266 g ton-1) kilo-Novo alpha amylase units (KNU).
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starter diets comprised of CC. However, this effect was
not observed (P. 0.05) in the grower diets. The particle
size geometric mean was bigger (P, 0.05) for corn dried
at 120�C than for corn dried at 35�C, which worsened
(P, 0.01) the pellet durability index in the starter feeds.
These results may confirm previous hypothesis that corn
may fragment different during grinding as influenced by
drying temperature and the changes in starch and pro-
tein matrix in corn endosperm (Brown et al., 1979;
Malumba et al., 2008; Kaczmarek et al., 2014).
Organ development results showed that feeding FC

resulted in enlarged proventriculus and lighter gizzard
and liver. In agreement with our findings, previous
studies observed an enlargement of the proventriculus
and poor gizzard development (Amerah et al., 2008;
Zaefarian et al., 2016) being attributed to feeding fine
particles (,600 mm, dgw). In contrast, a linear increase
in gizzard weight has been detected with larger corn par-
ticles (Olver and Jonker, 1997; Dahlke et al. 2003; Zang
et al., 2009; Pacheco et al., 2013, 2014). The gizzard has
been reported to be the key gastric organ required to
reduce coarse particles to smaller sizes for improved
digestive efficiency, and a heavy, well-developed gizzard
was involved in the regulation of gut motility (Duke



Table 12. Effect of grain drying temperature (T) on amylose content within the
starch, in vitro starch gelatinization, and protein solubility in hard kernel corn.

Drying T (�C) Amylose1
In vitro starch
gelatinization2 Protein solubility3

————————(%)————————
35 21.28 3.04 31.16
120 26.73 1.34 30.94
SEM 0.47 0.21 0.85
Source of variation ———————P values———————
Drying T (�C) ,0.001 ,0.001 0.859

Values are means 6 SEM of 5 replicates per treatment.
1Megazyme K-AMYL kit (Megazyme Inc., Chicago, IL).
2Megazyme K-SDAM kit (Megazyme Inc., Chicago, IL).
3NIRS (DS2500, FOSS, Denmark).
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et al., 1977; Ferket and Gernat, 2006; Xu et al., 2015). A
well-developed gizzard also has been associated with a
reduced digesta pH and passage rate (Nir et al., 1994),
enhanced enzymatic digestion efficiency, and improved
energy utilization and nutrient digestibility (Duke,
1992; Amerah et al., 2007). Indeed, in the present study,
a heavier gizzard observed while feeding CC-based diets
was followed by an improvement on starch digestibility
at 40 D of age. A better gizzard development may
have promoted retro-peristalsis function, which led to
a greater starch digestibility. Although feeding FC
improved live performance in the present studies, it
could negatively impact overall gut health and nutrient
utilization (Taylor and Jones; 2004b; Amerah et al.,
2007; Yegani and Korver, 2008; Chewning et al., 2012)
under stressful conditions. Despite the positive effect of
feeding CC on gizzard development and starch digest-
ibility, better live performance responses were observed
by feeding FC throughout all the experimental phases
and in both experiments in floor pens and cages.

Amylase supplementation increased energy utiliza-
tion and nutrient digestibility, which improved live per-
formance throughout the experiment. Likewise, Gracia
et al. (2003) observed significant increase in starch di-
gestibility when a-amylase was supplemented to corn-
soybean meal diets of broilers, indicating that endoge-
nous a-amylase can be limiting for optimal starch diges-
tion. Moreover, Kaczmarek et al. (2014) observed no
beneficial effects of amylase supplementation on starch
digestibility and growth performance as compared to
the control (no enzyme) group. However, amylase
improved AMEn by 100 kcal/kg as compared to a con-
trol diet without enzyme and comprised of corn that
was ground finely (482 mm). There are several factors
affecting starch digestion in poultry. Some of those fac-
tors are feed processing, particle size, starch content in
the feed, presence of fibers, antinutritional factors, and
non–feed-related factors such as bird’s genetics and age
as explained by Zaefarian et al. (2015). Looking at
starch digestion as a simple hydrolysis reaction, another
key factor to add to the previous list would be the time
required for complete hydrolysis. Feed intake level and
particle size of the diet have shown considerable impact
on feed retention time in the digestive tract and hence
on the starch digestibility. Svihus (2011) clearly illus-
trated a declining total tract starch digestibility for
increasing feed consumption of broiler chickens
receiving wheat-based diets. This result was previously
supported by Svihus (2006) where he observed
decreased AME values (due to lower starch digestibil-
ity) for broilers overconsuming pelleted wheat-based
diet. High levels of undigested starch in the excreta
was detected by P�eron et al. (2005) where they provided
finely ground wheat diet to broiler chickens immedi-
ately after food deprivation, again relating reduced
starch digestibility to feed overload and consequently
fast transit of feed through the digestive tract. The
mechanism by which DM, AMEn, and CP were
enhanced by amylase supplementation could be an
improved starch digestibility and the subsequent
sparing effect on endogenous amino acids and energy
associated with a reduction in endogenous amylase
(Ritz et al., 1995; Gracia et al., 2003).
The results of these studies confirmed our hypothesis

that broiler live performance, GIT organ development,
energy utilization, and nutrient digestibility were influ-
enced by interaction effects of grain drying temperature,
particle size, and amylase supplementation. In conclu-
sion, the data presented in these studies suggested that
a high drying temperature depressed ileal starch digest-
ibility especially in younger chickens. Drying tempera-
ture responses were mainly dependent on the
interactions with particle size and amylase supplementa-
tion, and not by drying temperature itself. Feeding
coarse corn did not improve live performance, but it
had important contributions to GIT development, stim-
ulating the functionality of the digestive organs (proven-
triculus, gizzard, intestines, liver), thus allowing for
better starch digestibility. Amylase supplementation at
133 g ton-1 increased nutrient digestibility and energy
utilization. The FCR was improved at the end of the
study (40 D of age) when supplementing at 266 g ton-
1. Consequently, the usage of an exogenous amylase
was effective on improving the live performance of
broilers, but a higher dose was required for this corn
hybrid with hard endosperm. In this way, a better usage
of the starch and energy in this corn was achieved by
including amylase in the diet.
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