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ABSTRACT

Background and Aim: Feed constitutes 60%—70% of total poultry production costs, and optimizing feed processing is criti-
cal for improving efficiency. This study evaluated the effect of varying hammer mill speeds (HMSs) during corn grinding on
growth performance, pellet quality, gizzard morphology, and expression of growth-related genes (growth hormone [GH],
GH receptor [GHR], insulin-like growth factors 1 and 2 [IGF1, IGF2]) in broiler chickens.

Materials and Methods: A total of 1,500 one-day-old Ross 308 broiler chicks were randomly divided into three
groups: HMS100 (control, 100% HMS), HMS75 (75% HMS), and HMS50 (50% HMS), each with five replicates of 100
birds. Birds were fed isocaloric, isonitrogenous pelleted diets for 28 days. Performance metrics, pellet durability and
hardness, gizzard morphology, and intestinal length were assessed. Gene expression analysis in gizzard tissue was
conducted using quantita-tive reverse transcription polymerase chain reaction for GH, GHR, IGF1, and IGF2.

Results: Broilers in the HMS75 and HMS50 groups exhibited significantly lower feed intake (by 4.03% and 3.99%) and higher
body weight (BW) (by 5.29% and 3.53%) compared to HMS100 (p < 0.05). HMS75 significantly improved feed conversion
ratio by 6.81% and BW gain by 5.04% (p < 0.05). Pellet durability and hardness were enhanced in both HMS75 and HMS50
groups (p < 0.05). Gizzard width and muscle thickness were significantly increased at reduced mill speeds, especially in
HMS50. Intestinal length was longest in HMS75 (1.96 m). Gene expression analysis revealed a 113% increase in GH expres-
sion in HMS75 and a 303% upregulation of IGF2 in HMS50 compared to HMS100 (p < 0.05).

Conclusion: Reducing HMS to 75% optimized broiler growth performance, pellet quality, and intestinal development, while
50% speed promoted IGF2-mediated gizzard hypertrophy. Hammer mill modulation provides a practical strategy to balance
feed efficiency and targeted tissue growth in broilers.

Keywords: broiler chickens, feed conversion efficiency, gizzard morphology, growth performance, hammer mill speed,
insulin-like growth factor 2 expression, pellet durability.

INTRODCTION Reducing particle size during grain processing
enhances enzyme—digesta interactions, feed consump-
tion, and nutrientabsorption, while alsoimproving pellet
quality, mixing uniformity, and minimizing post-mixing

Feed expenses constitute approximately 60%—
70% of the total cost in poultry production, making
feed efficiency a central concern for profitability. To

address this challenge, producers must adopt cost-ef- segregation [4-7]. Corn, a primary energy source in poul-
fective nutritional strategies and optimize feed process- try diets, significantly influences pellet quality through its
ing techniques [1]. Among these, particle size stands particle size. Notably, corn grinding accounts for nearly
out as a critical factor influencing the nutritive value 70% of the total energy consumed in feed milling oper-
of poultry diets [2]. Although numerous studies have ations [8]. In the United States, corn is typically ground
demonstrated the impact of particle size on animal to ~800 um regardless of the broiler rearing stage [9].
performance, optimizing feed efficiency remains a per- Coarsely ground particles have been shown to
sistent challenge [3]. improve pellet durability, stimulate reverse peristalsis,
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and extend digesta retention time in the gastrointes-
tinal tract, thereby enhancing nutrient digestibility in
broilers [2, 10-12]. These coarse particles also support
digestive tract development and improve feed con-
version efficiency by prolonging nutrient exposure to
enzymatic digestion [13, 14]. However, while coarser
particles promote cohesion during pelleting, they may
simultaneously reduce pellet durability and increase the
proportion of fines. This underscores the need to bal-
ance particle size to achieve optimal pellet quality [15].

On the other hand, finely ground corn improves
pellet durability by increasing compaction during pel-
leting [16]. Hammer mills are favored over roller mills
in poultry feed processing due to their lower mainte-
nance demands and higher efficiency [3, 17]. Research
by Yousefian Astaneh et al. [18] showed that enlarging
the hammer mill screen size could reduce corn grinding
energy consumption by up to 35%. Furthermore, the
integration of variable-frequency drives (VFDs) allows
for precise control of tip speed and air flow, thereby
enabling more accurate control of particle size distribu-
tion [3].

Recent advances in feed manufacturing have been
paralleled by genetic selection in broilers, enhancing
the expression of molecular growth factors, such as
growth hormone (GH) and insulin-like growth factors
1 and 2 (IGF1, IGF2), which are essential for muscle
development and performance [19]. Selective breeding
has notably improved feed efficiency through elevated
GH levels, underscoring the synergistic relationship
between nutrition and growth potential [19]. IGF1 and
IGF2 are especially important for broiler growth, as
they regulate key cellular processes involved in mus-
cle and gizzard development [20]. Moreover, dietary
particle size has been shown to significantly influence
gizzard morphology, which is tightly linked to growth
performance. Notably, IGF2 also plays a role in glucose
metabolism by activating its receptor in skeletal mus-
cle tissue [20].

While numerous studies have investigated the
effects of feed particle size on broiler growth perfor-
mance, digestive tract development, and pellet dura-
bility, most have focused primarily on the influence
of screen size or feed form (mash vs. pellet) without
directly examining hammer mill speed (HMS) modu-
lation as a processing parameter. Moreover, previous
research has predominantly evaluated performance and
morphological outcomes without integrating molecular
insights, particularly gene expression linked to growth
regulation. To date, no comprehensive studies have
simultaneously assessed the impact of HMS on growth
performance, pellet characteristics, gizzard morphom-
etry, and gene expression in broilers. Notably, the rela-
tionship between corn particle size, modulated through
mill speed, and the expression of key growth-regulat-
ing genes such as GH, GH receptor (GHR), IGF1, and
IGF2 in gizzard tissue remains largely unexplored. This
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represents a critical gap in our understanding, espe-
cially given the role of the GH-IGF axis in coordinating
muscular development, nutrient utilization, and organ
adaptation in broilers.

This study aimed to evaluate the impact of HMS
reduction during corn grinding on broiler chicken
growth performance, feed conversion efficiency, pellet
durability, and gastrointestinal morphology, with a spe-
cial focus on the expression of growth-related genes in
the gizzard. By investigating three distinct HMSs (100%,
75%, and 50%), the study sought to identify the optimal
processing condition that balances physical feed quality
with physiological and molecular outcomes. Specifically,
the study explored whether reduced milling speeds,
leading to coarser particle sizes, could enhance gizzard
development and stimulate the expression of GH, GHR,
IGF1, and IGF2, thereby improving digestive efficiency
and growth performance. This integrative approach
bridges feed technology and molecular biology, offering
a novel perspective on how feed processing variables
can modulate gene-level responses in broilers.

MATERIALS AND METHODS

Ethical approval

All animal procedures were conducted in accor-
dance with institutional guidelines for animal care and
use. Ethical approval was granted by the Deanship
of Scientific Research, University of Jordan (Approval
No. 2246/37).

Study period and location

The study was conducted for 28 days (between 22
January and 23 February 2023) in a climate-controlled
poultry research facility located in Al Taffeh, Az Zarqa
Governorate, northeast of Amman, Jordan.

Experimental design

A total of 1,500 one-day-old straight-run Ross 308
broiler chicks were procured from a commercial hatch-
ery (Altahoneh, Al-Zarqa, Jordan). Chicks were randomly
allocated in a completely randomized design into three
dietary treatment groups as follows:
e HMS100 (Control): 100% HMS (123,419 x g)
e HMS75: 75% HMS (69,424 x g)
HMS50: 50% HMS (30,855 x g) Each treatment
included five replicates of 100 birds (n = 500 birds/
treatment group).

Bird management and housing

Birds were raised under standard husbandry prac-
tices in a fully enclosed, environmentally controlled
facility. Room temperature was initially maintained
at ~32°C and gradually decreased to ~24°C by day 28,
following Ross 308 management guidelines (Aviagen,
Huntsville, Alabama, USA). Birds were reared in floor
pens (1.0 m x 5.0 m) lined with wood shavings, with ad
libitum access to feed and water. Feed trays were used
during the first 5 days, after which cylindrical feeders
were introduced for the remainder of the study.
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Diet formulation and nutrient analysis

All treatment groups received isocaloric and iso-
nitrogenous pelleted diets formulated using Bestmix
3.33 software (Bestmix, Maldegem, Belgium), to meet
Ross 308 nutritional requirements for the grower and
finisher phases. Before formulation, corn was ground
using a 4-mm sieve at the specified HMSs. Proximate
analysis was performed according to the Association of
Official Analytical Chemists (AOAC) official methods: dry
matter, ash (AOAC 942.05), and crude protein (AOAC
954.01). Table 1 details ingredient composition and
nutrient values.

Hammer mill and pelleting parameters

Corn grinding was performed using an SFSP132 x
50C/A hammer mill (Famsun, Yanghou, China) equipped
with a 1,320-mm rotor diameter, 500-mm width, and
64 hammers, operating through a Yaskawa (Fukuoka,
Japan) A1000 132 kW VFD. Milling speeds were adjusted
to 1,486 rpm (100%), 1,114 rpm (75%), and 743 rpm
(50%) by varying the frequency between 50 Hz, 37.5 Hz,
and 25 Hz, respectively. Tip speeds were 492 m/s
(100%), 369 m/s (75%), and 246 m/s (50%). Milling sam-
ples were collected over a 1-h operation.

Pelleting was carried out using a MUZL610 x 170
pellet mill (Famsun) with a 4.0 x 52 mm die hole. Pellet
production capacity was monitored using a Siemens
(Munich, Germany) digital controller. Conditioner tem-
perature was maintained at 80°C + 2°C, and mill opera-
tion was regulated to 90% of motor load (220 £ 3 amps).

Performance parameters

Performance metrics included feed intake (Fl),
body weight (BW), body weight gain (BWG), feed con-
version ratio (FCR), and mortality. FI was recorded daily,
whereas BW was measured weekly using 10 randomly
selected birds per replicate. FCR was calculated as:

FCR = Total FI (g)/Total BWG (g)

Mortality-adjusted FCR and FlI were determined
by incorporating the weights of deceased birds into the
total pen gain.

Pellet quality assessment
Pellet durability index (PDI) was determined using
Ensminger’s method [21]:

PDI (%) = (Weight after tumbling/Weight before
tumbling) x 100

Pellet hardness was measured using a Hercules M
durometer (Amandus KAHL GmbH & Co. KG, Reinbeck,
Germany) on 10 pellets per sample. A load was applied
to measure indentation force in kilogram-force (kgf).
For each feed treatment, 20 samples were analyzed for
PDI and hardness [22].

Gizzard and intestinal morphometry
On day 28, eight birds per replicate (n = 40/
treatment group) were selected for morphometric

2544

Table 1: Ingredient composition and calculated nutrient
values of the starter (1-11 days), grower (12—-22 days),
and finisher (23-28 days) diets.

Ingredient Starter grower finisher
(1-11  (12-22  (23-28
days) days) days)

(%)

Corn 57.71 59.80 65.20

Soybean meal (48%) 37.47 35.34 29.84

Soybean oil 1.80 2.60 2.70

Monocalcium phosphate 0.90 0.60 0.60

Limestone 0.14 0.11 0.11

DL-Methionine 0.41 0.325 0.325

L-Lysine 0.375 0.275 0.275

L-Arginine 0.125 0.035 0.035

L-Threonine 0.175 0.10 0.10

L-Valine 0.125 0.045 0.045

L-isoleucine 0.035 0.035 0.035

Sodium chloride 0.19 0.20 0.20

Choline chloride (72%) 0.05 0.04 0.04

Vitamin premix* 0.10 0.10 0.10

Trace mineral premix? 0.10 0.10 0.10

Ronozyme hiphos?® 0.01 0.01 0.01

Rovabio advaned P* 0.005 0.005 0.005

Ronozyme ProAct® 0.015 0.015 0.015

Antioxidant 0.010 0.010 0.010

Calculated nutrient composition

ME, kcal/kg feed 3030 3110 3180
Crude protein (%) 22.50 21.50 19.40
Ether extract (%) 4.00 4.70 4.87
Ash (%) 5.66 5.00 4.70
Digestible lysine (%) 1.38 1.27 1.13
Digestible methionine (%) 0.74 0.64 0.62
Methionine+Cysteine (%) 1.05 0.95 0.90
Digestible threonine (%) 0.89 0.80 0.87
Digestible arginine (%) 1.48 1.34 1.18
Digestible valine (%) 1.05 0.96 0.87
Ca (%) 1.00 0.82 0.80
Nonphytate phosphorus (%) 0.50 0.43 0.42
Na (%) 0.17 0.17 0.17
K (%) 1.30 1.30 1.22
Cl (%) 0.20 0.22 0.22
Linoleic acid (%) 2.60 3.06 3.21

Vitamin premix per kilogram of diet: Vitamin A, 13,000 IU; Vitamin D3,
4000 IU; Vitamin E, 100 mg; Vitamin B1, 3 mg; Vitamin B2, 9 mg; Vitamin
B6, 6 mg; Vitamin B12, 0.4 mg; folic acid, 2 mg; biotin, 0.25 mg. *Trace
mineral premix provided per kilogram of diet: 50 mg of iron carbonate,
100 mg of manganese oxide, 12 mg of copper sulfate, 100 mg of zinc,
1.6 mg of calcium iodide, 3 mg of sodium selenite, and 0.4 mg of cobalt
sulfate. *Ronozyme hiphos: contains a minimum of 20,000 units of
Phytase per gram. “Rovabio advanced P: contained per gram a minimum
of 22,000 units B-xylanase; 2000 units B-glucanase. >Ronozyme
ProAct=It contains a minimum of 75,000 units per gram of protease,
ME=Metabolizable energy

assessment. Birds were fasted for 8 h, electrically
stunned, exsanguinated, scalded (60°C for 45 s),
defeathered, and manually eviscerated. The proventric-
ulus, gizzards, and small intestines were excised.
Measurements included:

e Gizzard and proventriculus weights (digital scale,
BAT1, 1 g precision)

Gizzard length and width
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e Thickness of upper, middle, and lower muscle layers
(digital caliper)

e Intestinal length (measuring tape).

Methods followed established anatomical proto-
cols [23-26].

Gene expression analysis by quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR)
Sample collection and RNA extraction

Gizzard muscle samples from each region
(upper, middle, lower) were pooled from 8 birds per
replicate (n = 40/treatment) and preserved in Trizol.
Homogenization was performed using 1.8-mm ceramic
beads in Omni tubes with the Omni Bead Ruptor 4 (Omni
International, USA). RNA was extracted using the auto-
mated nucleic acid extraction system to isolate nucleic
acid (XT PGS) kit on the Miracle Automated Extraction
System (iNtRON Biotechnology, South Korea), and
purity was verified using a NABI spectrophotometer
(MicroDigital, Korea) [27].

Complementary DNA (cDNA) synthesis and quantitative
polymerase chain reaction protocol

cDNA synthesis was conducted using PrimeScript
Reverse Transcriptase Master Mix (Takara, Japan). Gene
expression was quantified using TB Green Premix Ex Taq
Il (Takara) on a Quant Gene 9600 (BIOER Technology,
Hangzhou, China). Reaction volume: 20 uL (2 uL cDNA,
10 uL mix, 1 plL primers, 6 uL nuclease-free water) [28].

Thermal cycling conditions

Initial denaturation: 95°C for 30 s
40 cycles: 95°C for 15 s, 60°C for 30 s
Melting curve: 60°C-95°C in 0.3°C increments.

Normalization and validation

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the reference gene. Primer spec-
ificity was verified using melting curve analysis and
National Center for Biotechnology Information-The
Basic Local Alignment Search Tool. Amplification effi-
ciencies were: GAPDH (100.25%), IGF1 (102.49%), and
IGF2 (103.91%).

Primer design

Primers were adopted from published sources: GH
and GHR from Engberg et al. [29]; IGF1 and IGF2 from
Saxena et al. [30]. Table 2 summarizes primer sequences,
annealing temperatures, and amplicon sizes. Primer
specificity and efficiency were validated using standard
curves generated from serial cDNA dilutions.

Statistical analysis

Data were analyzed using Statistical Analysis
System (SAS) software (version 9.4; SAS Institute,
Cary, NC, USA) [31] with the PROC MIXED procedure.
Shapiro—Wilk and Levene’s tests were used to assess
normality and homogeneity of variance. One-way anal-
ysis of variance followed by Tukey’s post hoc test was
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applied for mean comparisons (p < 0.05). The general
linear model used was:

Yij = L+ Ti + €

Where:
e Y; = observation of the j" replicate in the it
treatment

e u=overall mean
e T = fixed effect of treatment
e ¢g;=random error assumed to follow N(0O, 6°).

RESULTS

Growth performance

Cumulative performance outcomes across the
28-day trial are presented in Table 3. FI was signifi-
cantly higher in the HMS100 (control) group compared
to HMS75 and HMS50, with reductions of 4.03% and
3.99%, respectively (p < 0.05). At day 28, birds in the
HMS75 and HMS50 groups had significantly higher BW
than those in the HMS100 group by 5.29% (90 g) and
3.53% (60 g), respectively (p < 0.05).

FCR was significantly improved in the HMS75
group, showing a 6.81% enhancement over HMS100
(p < 0.05). However, FCR values did not differ signifi-
cantly between HMS75 and HMS50. BWG was also sig-
nificantly greater in HMS75 compared to both HMS100
and HMS50 (p < 0.05). Mortality rates did not signifi-
cantly differ among the three treatment groups.

Pellet quality

Pellet characteristics are summarized in Table 4.
Both the PDI and hardness increased significantly with
decreasing HMSs. The HMS75 and HMS50 groups
showed PDI values of 93.90% and 94.26%, representing
1.0% and 1.4% improvements over HMS100 (p < 0.05),
respectively.

Pellet hardness followed a similar trend, increas-
ing by 31.8% in HMS75 (2.90 kgf) and 36.4% in HMS50
(3.00 kgf), compared to HMS100 (2.20 kgf) (p < 0.05).

Gizzard and intestinal morphology

Morphometric data are detailed in Table 5. Gizzard
width was significantly greater in the HMS75 group
(75.08 mm), showing increases of 5.61% and 6.57%
over HMS100 (71.09 mm) and HMS50 (70.45 mm),
respectively (p < 0.05). The middle gizzard muscle layer
was significantly thicker in HMS50 (12.87 mm) than
in HMS75 (11.37 mm) and HMS100 (9.86 mm), with
increases of 13.19% and 30.53%, respectively (p < 0.05).

Similarly, the lower gizzard muscle region was
significantly thicker in HMS50 (1.23 mm), increasing
by 98.39% over HMS100 (0.62 mm) and 64.00% over
HMS75 (0.75 mm) (p < 0.05). Intestinal length was lon-
gest in the HMS75 group (1.96 m), 13.95% greater than
HMS50 (1.72 m) (p < 0.05). No significant differences
were observed in gizzard or proventriculus weights, giz-
zard length, or upper muscle layer thickness across the
groups.
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Table 2: Primer sequences used in real-time qPCR analysis.

Gene Sequence

Anneal. temp*  Amplicon size (bp)  NCBI reference sequence

Gallus gallus (GH)
Gallus gallus (GHR) F: AACACAGATACCCAACAGCC
R: AGAAGTCAGTGTTTGTCAGGG
F: CACCTAAATCTGCACGCT

R: CTTGTGGATGGCATGATCT

F: TCTTCCCGTAACCACGTCCC

R: ATTGCTGAGGCAGTCATGCG

Gallus gallus IGF1 expression

Gallus gallus IGF2 levels

*F: 5" CACCACAGCTAGAGACCCACATC 3’
*R: 5" CCCACCGGCTCAAACTGC 3'

63 201 NM_205518.2
63 291 NM_204524.2
63 146 NM_204628.2
63 131 NM_001004414.4

*Annealing temperature. GH = Growth hormone, GHR = Growth hormone receptor, IGF = Insulin-like growth factor 1, IGF2 = Insulin-like growth factor 2,
bp = Base pairs, NCBI = National Center for Biotechnology Information, gPCR = Quantitative polymerase chain reaction, *F: forward, *R: Reverse

Table 3: Effect of particle size on cumulative feed intake, body weight, feed conversion ratio, body weight gain, and

mortality rate.

Performance parameters Age Treatments?
(Weeks) HMS100 HMS75 HMS50 SEM? p-value
FI® (g/bird) 1 160.40 155.20 158.20 2.64 NS
2 540.60 539.60 544.20 7.99 NS
3 1251.60 1264.80 1267.60 21.12 NS
4 2263.40° 2172.2° 2173.2° 37.00 0.05
BW* (g) 1 200 200 210 0.0022 NS
2 540 550 550 0.0062 NS
3 1100 1150 1150 0.0193 NS
4 1700° 17902 1760° 0.0175 0.01
FCR® (g: g) 1 0.79 0.76 0.77 0.0174 NS
2 1.01 0.98 0.99 0.0187 NS
3 1.13 1.10 1.11 0.0245 NS
4 1.32° 1.23¢° 1.27® 0.0280 0.04
BWG® (g) 1 160 160 160 0.0022 NS
2 490 500 500 0.0075 NS
3 900 940 940 0.0206 NS
4 1190° 1250° 1200° 0.0213 0.01
Mortality (%) 1 0.05 0.03 0.03 0.0088 NS
2 0.07 0.06 0.07 0.0090 NS
3 0.09 0.09 0.09 0.0125 NS
4 0.10 0.11 0.09 0.0160 NS

2PMeans within rows with varying superscripts differ significantly (p < 0.05). 'Dietary treatments: HMS100 = Hammer mill speed (100%),
HMS75 = Hammer mill speed (75%), and HMS50 = Hammer mill speed (50%). The sieve size was 4 mm for all treatments, 2SEM = Standard error of the
mean, FI° = Feed intake, BW* = Body weight, FCR® = Feed conversion ratio, BWG® = Body weight gain, NS = Non-significant

Table 4: Pellet durability index and hardness.

Pellet quality tests Treatments®

HMS100 HMS75 HMS50 SEM? p-value

PDI3
Hardness

92.97° 93.90° 94.26° 1.35 0.004
2.20° 2.90* 3.000 0.49 0.001

#®Means within rows with varying superscripts differ significantly

(p < 0.05). 'Dietary treatments: HMS100 = Hammer mill speed (100%),
HMS75 = Hammer mill speed (75%), and HMS50 = Hammer mill speed
(50%). The sieve size was 4 mm for all treatments, 2SEM = Standard error
of the mean, PDI® = Pellet durability index

Gene expression profiles

Gene expression results are shown in Table 6.
Birds in the HMS50 group exhibited significantly ele-
vated levels of chicken GH (CGH) and IGF2 in gizzard
tissue compared to HMS100 and HMS75 (p < 0.05).
CGH levels increased by 113% (2.77 vs. 1.30), and IGF2
expression rose by 303% (6.94 vs. 1.72) relative to the
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control. These changes correspond to the enhanced giz-
zard muscularity observed in HMS50.

No statistically significant differences were
observed in the expression of GHR or IGF1 among the
three groups.

DISCUSSION

Growth performance and FI

The present findings showed a reduction in FI
accompanied by an improvement in FCR. The reduced
Fl, along with improved growth, may be attributed
to enhanced nutrient use in broilers receiving diets
processed at 75% and 50% HMSs. Chewning et al. [6]
reported higher intake with coarse mash diets, imply-
ing that pellet hardness (Table 4) may transiently sup-
press consumption until birds adapt to the physical
feed structure. Variations in FI may also be explained
by changes in the physical characteristics of the feed
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Table 5: Mean gizzard and proventriculus weights, gizzard
length and width, gizzard muscle thickness, and intestine
length.

Intestinal parameter Treatments!
HMS100 HMS75 HMS50 SEM? p-value

Gizzard weight (g) 2241 24.69 2453 2.64 NS
Proventriculus weight (g) 7.191 7.87 7.97 1.01 NS
Length of the gizzard 46.391 45.10 47.69 4.21 NS
(mm)
Gizzard Width (mm) 71.09* 75.08* 70.45° 3.16 0.01
Gizzard muscle
thickness (mm)

Upper region 1.51 1.57 1.52 0.32 NS

Middle region 9.86¢ 11.37° 12.87° 1.66 0.001

Lower region 0.62° 0.75° 1.23* 0.44 0.01
Length of the small 1.88* 1.96° 1.72° 0.21 0.05

intestine (m)

abcMeans within rows with varying superscripts differ significantly

(p < 0.05). 'Dietary treatments: HMS100 = Hammer mill speed (100%),
HMS75 = Hammer mill speed (75%), HMS50 = Hammer mill speed
(50%). The sieve size was 4 mm for all treatments. 2SEM = Standard error
of the mean, NS = Non-significant

Table 6: qRT-PCR results for GHR, CGH, IGF1, and IGF2.

Variables Treatments!

HMS100 HMS75 HMS50 SEM? p-value
GHR? 1.16 1.60 1.56 0.58 NS
CGH* 1.30° 2.77° 6.24° 64.23 0.02
IGF1° 1.18 1.06 1.06 0.047 NS
IGF2° 1.72° 2.20° 6.94° 83.14 0.04

» bMeans within rows with varying superscripts differ significantly

(p < 0.05). 'Dietary treatments: HMS100 = Hammer mill speed (100%),
HMS75 = Hammer mill speed (75%), HMS50 = Hammer mill speed
(50%), and sieve size of 4 mm for all treatments. 2SEM = Standard error
of the mean, GHR® = Growth hormone receptor, CGH* = Chicken growth
hormone, IGF1° = Insulin-like growth factor 1, IGF2° = Insulin-like growth
factor 2, NS = Non-significant

that led to reduced consumption but improved nutri-
ent absorption. The enhanced FCR reflects the adaptive
capacity of broilers to efficiently convert feed into body
mass, underscoring the significance of feed processing
parameters in optimizing growth performance [32, 33].

These results contrast with previous reports
by Ebbing et al. [7], Pacheco et al. [10], and Iskakov
et al. [15], indicating that larger particle size increases
Fl but reduces feed efficiency and that the physical form
of the feed complicates the interpretation of the effects
of particle size on nutrient utilization. The increased BW
by 4.0% and 6.8% improved FCR compared to full-speed
milling (p < 0.05; Table 3), observed in the HMS75%
group, can be attributed to the feed particle sizes
produced at this speed, which appear to be best for
nutrient absorption. Consistent with our results, Zhao
et al. [34] found that coarse particle sizes facilitated
higher digestibility rates and improved overall feed utili-
zation efficiency in broilers.

Moreover, these findings are consistent with
those reported by Amerah et al. [35], who suggested
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that appropriate feed particle size fosters improved
nutrient availability, which is pivotal for bolstering poul-
try growth performance. Thus, the increased BWG can
be directly linked to the enhanced digestion efficiency
of the optimal feed particle size at HMS75. Previous
studies by Svihus et al. [12] and Zhao et al. [34] have
concluded that an appropriate particle size enhances
nutrient bioavailability, leading to better growth perfor-
mance. Furthermore, Amerah et al. [35] corroborated
the ability of lower milling speeds to improve nutrient
availability, emphasizing that optimally sized feed parti-
cles can significantly improve overall growth.

Pellet quality and durability

The PDI and hardness are key indicators of feed
quality and provide critical insight into the physical
characteristics of pellets. Although the experimental
diets produced larger particle-size pellets, both PDI and
hardness values remained within the acceptable range
outlined in the commercial strain guidelines of Ross
308. Improved pellet durability is essential for reducing
feed wastage, maintaining pellet integrity, and enhanc-
ing production efficiency. Pacheco et al. [10] reported
that PDI tends to decrease with increasing particle size,
although improved feed formulation can mitigate this
effect and enhance pellet durability.

In contrast, our results showed that larger corn
particles from reduced milling speeds yielded higher
PDI and hardness than the control group. This increased
pellet hardness may have contributed to the lower FI
observed inthe HMS75 and HMS50 groups (Table 3) [33].
Rueda et al. [33] similarly observed higher PDI values
in diets containing larger than finer corn particle sizes.
Singh et al. [36] also reported a positive linear relation-
ship between whole corn inclusion levels (0%—60%) and
pellet durability in broiler diets.

Greater pellet hardness enhances physical pellet
integrity and promotes gizzard development, thereby
improving the digestive tract’s mechanical feed pro-
cessing [36]. These findings suggest that achieving a
balance between grinding for nutrient digestibility and
maintaining adequate pellet quality is essential for
optimal broiler feed utilization. Lower HMSs resulted
in larger feed particle sizes, revealing a direct relation-
ship between reduced milling speed, decreased Fl, and
increased weight gain in broilers [33].

The reduced Fl in the HMS75 and HMS50 groups
may also be explained by the higher pellet durability
and hardness, making the feed less palatable [33]. Jha
and Das [32] confirmed that feed texture plays a cru-
cial role in feeding behavior and intake, reinforcing the
importance of optimizing milling conditions to enhance
growth outcomes.

Gizzard development and intestinal morphometry
The gizzard is a highly responsive organ that adjusts

in size and muscularity according to dietary stimulation.

Numerous studies have shown that dietary particle size
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Location: The experiment was conducted in an environmentally controlled house in Al- Taffeh
located in Az Zarga governorate northeast of Amman- Jordan. 22.01.2023-22.02.2023
Period: The trial lasted for 28 days

Hammer mill speed (HMS)
N = 1500 DOC

100 % of Hammer mill
speed (HMS100)
100 DOC* x 5 replicate
N =500

75 % of hammer
mill speed (Hms75)
100 DOC* x 5 replicate
N =500

50 % of hammer
mill speed (HmMs50)
100 DOC* x 5 replicate
N = 500

Figure 1: Flow diagram showing the experimental design of the study. *DOC = One-day-old chicks.

can rapidly influence gizzard development by increasing
its volume, muscularity, or both [12]. Amerah et al. [35]
noted that the wall mass-to-content ratio influences
the shearing efficiency of the gizzard, which depends
on the physical properties of the diet. These findings
imply that moderate milling (75% speed) may optimize
gizzard function better than coarse (50%) or fine (100%)
grinding.

Well-developed gizzards with stronger muscula-
ture are more effective at grinding feed, particularly in
birds that consume pelleted diets [37]. Increased giz-
zard muscle thickness supports greater grinding force,
thereby improving mechanical digestion [12]. When
the gizzard volume disproportionately expands to the
wall mass, its shearing efficiency declines, reducing the
likelihood of particle breakdown during transit [34, 38].

Coarser feed particles extend digesta retention in
the gizzard, thereby promoting muscular stimulation and
enzymatic digestion, ultimately increasing the weight of
the gizzard and related digestive organs [12, 38, 39]. In
addition, coarse feed must be reduced to a critical parti-
cle size before it can exit the gizzard [12]. A similar delay
in digesta transit has been observed in birds fed a whole
wheat diet [40].

The observed link between longer intestinal
length and better nutrient absorption highlights the
need to optimize feed structure for maximal digestive
efficiency [41, 42]. Previous studies by Nir et al. [40]
have reported greater gizzard and ileum weights in birds
fed pelleted diets, supporting our findings of enhanced
gastrointestinal development with coarser feed. Frikha
et al. [41] similarly observed that by day 45, corn-fed
pullets had heavier digestive tracts, enlarged proven-
triculi, and longer intestines.

Taylor and Jones [43] reported increased duode-
nal length in birds fed pelleted diets containing 200 g/kg
whole wheat. Gabriel et al. [44] observed a 16% reduc-
tion in jejunal length in broilers fed with whole wheat,
which is consistent with the pattern of intestinal adap-
tation to feed particle size. These results contrast with
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those of Amerah et al. [35], who noted shorter small
intestines in 21-day-old broilers fed coarser corn. Singh
et al. [36] reported morphological improvements in the
upper intestine of whole wheat-fed broilers, potentially
enhancing nutrient uptake.

Svihus et al. [38] reported that fast digesta tran-
sit reduces absorption time, whereas slower transit
can limit intake capacity. These patterns are consistent
with our findings, where moderate particle size from
75% milling speed led to increased intestinal length and
improved FCR.

Gene expression and growth molecular indicators

To the best of our knowledge, limited data exist on
gene expression in gizzard tissue in relation to feed par-
ticle size and HMS, making this study a novel contribu-
tion to the field. This gap in the literature underscores
the novelty and relevance of our findings. Increased
IGF2 expression plays a vital role in promoting muscle
development and reflects the coordinated GH—IGF sig-
naling activity required for optimal poultry growth [20].

Although IGF1 levels did not differ significantly in
this study, prior research by Al-Hassani et al. [20] indi-
cates that IGF1 has a synergistic role with GH in sup-
porting growth. Karabag et al. [45] demonstrated that
dietary modifications can influence the expression of
IGF1, thereby affecting muscle development and gen-
eral health. The increased BW and gizzard development
in the HMS50 group may be partially attributed to the
elevated IGF2 expression levels.

Al-Hassani et al. [20] confirmed that feed process-
ing affects GH and IGF availability, noting that exces-
sively large particles may impair hormonal activation.
These findings are consistent with our results, suggest-
ing that optimized milling—particularly reduced HMS—
can improve both nutrient profiles and digestive tract
function.

Although not statistically significant, the elevated
GHR expression observed in HMS50 supports the impor-
tance of effective receptor signaling for GH responsive-
ness in broilers [46]. Novotny et al. [46] reported that
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Figure 2: Amplification and melting curves of insulin-like growth factor-1 and insulin-like growth factor-1.

growth receptor expression strongly correlates with
performance outcomes, indicating the capacity of the
organism to respond to growth-promoting hormones.

Zhao et al. [34] emphasized that environmental inputs,
particularly nutrition, play a decisive role in determining
growth rate, body size, and final weight.
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The anabolic effects of GH are largely mediated
throughcirculatingorlocally synthesized IGF1, akeyregu-
lator of myogenesis and muscle mass development [47].
Coarser particles (HMS50) increase gizzard workload,
triggering muscular hypertrophy (Table 5), and mecha-
nosensitive signaling. Stretch-activated receptors (e.g.,
integrins, Piezo channels) in the gizzard wall may stim-
ulate GH release from the pituitary through vagal affer-
ents, explaining the 113% higher CGH levels in HMS75
versus HMS100.

This is consistent with previous studies by
Al-Hassani et al. [20] and Vaccaro et al. [47] showing
that the physical feed structure modulates GH secretion,
independent of nutrient composition. The observed
303% surge in IGF2 expression in HMS50 (Table 6) is
likely attributable to prolonged NR. Coarser particles
slow digestion, enhancing the exposure of intestinal
nutrient sensors to amino acids and glucose, which are
key stimulants of IGF2 [20].

Local production of gizzard smooth muscle
expresses IGF2, which is upregulated by mechanical
stress to support tissue growth [47]. In contrast, IGF1
remained unchanged, suggesting that particle size
selectively activated IGF2’s role in muscle hyperplasia
(vs. IGF1’s metabolic functions) [30]. Gizzard hyper-
trophy in HMS50 (Table 5) may amplify the autocrine
effects of IGF2, creating a feed-forward loop:

Mechanical stress - IGF2 - muscle growth -
increased grinding capacity - further IGF2 upregulation

This explains why HMS75 (moderate particles)
optimized growth performance, whereas HMS50’s
extreme coarseness prioritized gizzard adaptation over
efficiency. HMS75’s balance: moderately coarse parti-
cles (75% speed) maximized nutrient absorption with-
out overstimulating IGF2, avoiding energy diversion to
gizzard hypertrophy. HMS50’s niche: muscle accretion
is prioritized over feed efficiency in late-stage broilers.

CONCLUSION

This study demonstrates that modifying HMS sig-
nificantly influences feed particle size, which in turn
affects broiler performance, pellet quality, gastrointesti-
nal development, and growth-related gene expression.
Specifically, reducing HMS to 75% (HMS75) improved
BW by 4.0%, enhanced FCR by 6.8%, and increased intes-
tinal length and gizzard width, thereby optimizing nutri-
ent digestibility without compromising pellet durability.
In contrast, extremely coarse grinding at 50% speed
(HMS50) triggered greater gizzard muscle development
and significantly upregulated IGF2 (303%) and CGH
(113%) expression, highlighting the physiological adap-
tation to mechanical workload in the digestive tract.

The findings underscore the feasibility of using
moderate milling speeds (75%) as a cost-effective strat-
egy to enhance broiler growth performance, reduce
energy costs in feed manufacturing, and promote gut
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health. These adjustments can be readily implemented
in commercial feed mills without requiring additional
infrastructure, offering an economical means to improve
feed efficiency and production sustainability.

This is the first study to evaluate GH and IGF gene
expression specifically in gizzard tissue in response to
HMS variations. Comprehensive assessment of molec-
ular, morphological, and performance parameters
allows for a multidimensional understanding of dietary
particle size effects. The use of VFD-controlled milling
provides a practical model for industrial feed processing
optimization.

However, the study was conducted over a 28-day
period, which may not fully capture long-term effects
on carcass traits or metabolic health. The mechanistic
pathways of GH-IGF signaling activation were inferred
but not directly validated through histological or recep-
tor binding studies. The research was limited to a single
broiler strain (Ross 308), and results may vary with gen-
otype or environmental conditions.

Future studies should explore longitudinal
effects on muscle fiber characteristics, carcass yield,
and immune competence to assess whole-bird pro-
ductivity. Investigating additional gene markers and
endocrine pathways involved in nutrient sensing and
stress responses could deepen mechanistic insights.
Evaluations across different feed compositions, broiler
strains, and age phases would help generalize these
findings for broader application.

In summary, optimizing HMS emerges as a pivotal
lever in feed processing that can balance economic effi-
ciency with biological performance. A moderate reduc-
tion to 75% of full mill speed offers the most favorable
trade-off between digestive organ stimulation and feed
conversion efficiency, avoiding the excessive gizzard
hypertrophy associated with overly coarse feed. These
findings contribute meaningful insights for poultry
nutritionists, feed technologists, and integrators aim-
ing to enhance production outcomes through precision
feed engineering.
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