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ABSTRACT Resistant starch has been reported to act
as a protective agent against pathogenic organisms in
the gut and to encourage the proliferation of beneficial
organisms. This study examined the efficacy of acety-
lated high amylose maize starch (SA) and butyralated
high-amylose maize starch (SB) in reducing the sever-
ity of necrotic enteritis (NE) in broilers under experi-
mental challenge. A total of 720 one-day-old male Ross
308 chicks were assigned to 48 floor pens with a 2 ×
4 factorial arrangement of treatments. Factors were a)
challenge: no or yes; and b) feed additive: control, an-
tibiotics (AB), SA, or SB. Birds were challenged with
Eimeria and C. perfringens according to a previously
reported protocol. On d 24 and 35, challenged birds had
lower (P < 0.001) livability (LV), weight gain (WG),
and feed intake (FI) compared to unchallenged birds.
Challenged birds fed SA and SB had higher FI and

WG at d 24 and 35 (P < 0.05) compared to birds fed
the control diet, while being significantly lower than
those fed AB. Unchallenged birds fed SA or SB had
higher FI at d 24 and 35 compared to those fed the
control diet (P < 0.05). Birds fed SB had increased
(P < 0.001) jejunal villus height/crypt depth (VH:CD)
ratios at d 15, increased ileal (P < 0.001) and caecal
(P < 0.001) butyrate levels at d 15 and 24, and de-
creased (P < 0.01) caecal pH at d 15. Birds fed SA
had increased (P < 0.001) ileal acetate content at d
24 and decreased (P < 0.01) caecal pH at d 15. These
results demonstrated that dietary acylated starch im-
proved WG in birds challenged with necrotic enteritis.
Depending on the acid used, starch acylation also offers
a degree of specificity in short chain fatty acid (SCFA)
delivery to the lower intestinal tract which improves gut
health.
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INTRODUCTION

Necrotic enteritis (NE) is an economically important
bacterial disease in poultry (Timbermont et al., 2011).
The causative agent of NE is Clostridium perfringens,
which is a Gram-positive, anaerobic bacterium that
can be found in poultry litter, excreta, soil, dust, and
in the intestinal contents of healthy birds (Williams,
2005). Necrotic enteritis is characterized by necrosis
and inflammation of the small intestine with a signifi-
cant decline in bird performance and, in clinical cases,
a massive increase in flock mortality (Van der Sluis,
2000). Traditionally, NE has been controlled by antibac-
terial feed additives such as virginiamcin, lincomycin,
bacitracin, tylosin, penicillin, and avoparcin (Williams,
2005). Dietary antimicrobials can not only control NE
outbreaks, but can also improve poultry growth and
feed conversion efficiency (Kim et al., 2011). However,
public concern over the use of in-feed antibiotics and the
emergence of antibiotic-resistant microorganisms has
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led to the ban of the use of dietary antimicrobials in
many countries. Thus new methods for controlling NE
must be investigated.

Resistant starch is the fraction of ingested starch
which is not digested by digestive enzymes in the small
intestine and therefore escapes into the large bowel
(Asp and Björck, 1992). Resistant starch can be a pro-
tective agent against many pathogenic organisms in the
gut through the production of short chain fatty acids
(SCFA) (Topping and Clifton, 2001). Indeed, SCFA
have an important role in maintaining the physiologi-
cal function of the large bowel (Annison et al., 2003).
Although the concentration of SCFA may be manipu-
lated in the gut by provision of appropriate substrates
in the diet, it is not easy to selectively increase certain
types of SCFA in a substantial manner. Thus, acylating
carbohydrates such as starch, with specific SCFA may
offer a degree of specificity in SCFA delivery. Acetylated
starches are resistant to small intestine digestion and
esterified acids released by bacterial enzymes are avail-
able for utilization and absorption by gut microbes and
colonocytes (Abell et al., 2011). The studies on acylated
starch have been performed on test animals for human
health and nutrition purposes. Thus, the present study
was designed to investigate the efficacy of acetylated
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high amylose maize starch (SA) and butyralated high-
amylose maize starch (SB) in ameliorating the sever-
ity of necrotic enteritis in broilers under experimental
disease challenge.

MATERIAL AND METHODS

The experiment was approved by the Animal Ethics
Committee of the University of New England (Approval
No: AEC13–064).

Animal Husbandry

A total of 720 one-day-old male Ross 308 chicks were
placed in 48 floor pens in the University of New England
Animal House Complex, Armidale, NSW, Australia. All
the birds were vaccinated against Marek’s disease and
infectious bronchitis. The birds were randomly assigned
to 8 treatments with 6 replicate pens per treatment and
15 birds in each pen. Pens (wire mesh partitioned at
120 × 75 cm) were divided into 2 partitions to prevent
control birds from infection of NE in the same environ-
mentally controlled facility. The room temperature was
set at 33 to 34◦C initially and gradually decreased by
3◦C per week until 22 to 24◦C was reached by the third
week. Fluorescent light was provided for 23 hours be-
tween d 0 to 7 (40 lux), then 18 hours from d 7 to 30
(10 lux), and 23 hours from d 30 to 35 (10 lux). Each
pen was equipped with a separate tube feeder and nip-
ple drinkers with water and feed provided ad libitum.
During the trial period, starter diets were fed during d
0 to 10, grower diets between d 10 to 24, and finisher
diets between d 24 to 35. The primary determinants
of performance, i.e., cumulative pen weight, feed intake
(FI), livability (LV) and feed conversion ratio (FCR)
were measured at d 10, 24, and 35.

Dietary Treatment

Four diets were formulated with wheat, soybean
meal, meat and bone meal, and canola meal according
to Ross 308 nutrient specifications (Table 1). The di-
ets were thoroughly mixed and pelleted at 65◦C. Treat-
ments were arranged in a 2 × 4 factorial arrangement,
i.e., challenge: no or yes; feed additives: control (no
additive), control diet supplemented with antibiotics
(AB) 0.5 g/kg salinomycin and 0.33 g/kg zinc bac-
itracin in starter, grower, and finisher diets, control
diet supplemented with 50 g/kg SA in starter, grower,
and finisher diets, and control diet supplemented with
50 g/kg SB in starter, grower and, finisher diets. The
Concept 5 feed formulation program (Creative For-
mulation Concepts, LLC, Annapolis, MD) was used
to formulate diets. Starch additives were added over
the top. Custom-formulated broiler premixes as well
as salinomycin (Sacox 120) were purchased from BEC
Feed Solutions P/L, (Brisbane, QLD, Australia) and

Table 1. Ingredient and nutrient composition of
the basal starter, grower, and finisher diets.

Ingredient (g/kg) Starter Grower Finisher

Wheat Aus 3100˙10.5 564 615 665
SBM Arg 2400–45.2 302 215 134
Meat meal 30 50 70
Canola solvent 30 50 70
Canola Oil 37 45.4 45.8
Limestone 11.90 7.56 4.56
Salt 1.68 1.35 0.98
Sodium bicarbonate 2 2 2
Dicalcuim phosphate 10.85 4.27 -
L-lysine HCL 2.28 2.73 2.20
D,L-methionine 3.72 3.05 2.21
L-threonine 2.02 1.69 1.27
Choline chloride 70% 0.69 0.50 0.68
Vitamin premix1 0.50 0.50 0.50
Trace mineral premix2 0.75 0.75 0.75

Nutrient composition
ME, kcal/kg 2975 3100 3150
Protein 236 221.1 208
Digestible lysine 12 11 9.4
Digestible methionine 6.68 5.83 4.86
Digestible MC 9.4 8.4 7.3
Digestible tryptophan 2.72 2.34 2.01
Digestible threonine 8.30 7.30 6.30
Digestible arginine 13.10 11.40 9.90
Digestible isoleucine 8.63 7.56 6.60
Digestible valine 9.67 8.64 7.74
Calcium, 10.50 9.00 8.50
Non-phytate P 5.00 4.50 4.45
Sodium 1.80 1.80 1.80
Choline, mg/kg 1600 1500 1400
Linoleic acid 15.70 17.37 17.35

Analyzed total starch% in the diets
Control 34.3 35.6 36.7
Antibiotics 34.6 36.2 36.5
Acylated starch A 36.7 38.2 39.8
Acylated starch B 36.8 38.5 39.7

1Vitamin concentrate supplied per kilogram of diet:
retinol, 12,000 IU; cholecalciferol, 5,000 IU; tocopheryl
acetate, 75 mg, menadione, 3 mg; thiamine, 3 mg; ri-
boflavin, 8 mg; niacin, 55 mg; pantothenate, 13 mg;
pyridoxine, 5 mg; folate, 2 mg; cyanocobalamin, 16 μg;
biotin, 200 μg; cereal-based carrier, 149 mg; mineral oil,
2.5 mg.

2Trace mineral concentrate supplied per kilogram of
diet: Cu (sulfate), 16 mg; Fe (sulfate), 40 mg; I (iodide),
1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and oxide),
120 mg; Zn (sulfate and oxide), 100 mg; cereal-based
carrier, 128 mg; mineral oil, 3.75 mg.

zinc bacitracin (Albac 150) was purchased from Ridley
AgriProducts (Tamworth, NSW, Australia). The acy-
lated starch products were purchased from the CSIRO
Division of Animal, Food and Health Sciences, Ade-
laide, South Australia. The degree of substitution of
acetate in SA and butyrate in SB was 0.20 and 0.23
respectively.

Necrotic Enteritis Challenge

The NE challenge was performed based on pre-
vious reports with modifications (Wu et al., 2014;
Rodgers et al., 2015). The Eimeria acervulina (batch
E1–3/11–064), E. brunetti (“Roybru”, batch E2–3/11–
072) and E. maxima (batch E9–6/11–072) were all
vaccine strains obtained from Bioproperties Pty. Ltd.
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(Glenorie, NSW, Australia). Clostridium perfringens
type A strain EHE-NE18 obtained from CSIRO Live-
stock Industries (Geelong, Australia) was incubated
overnight at 39̊aC in 100 mL of sterile thioglycollate
broth (USP alternative; Oxoid) followed by subsequent
overnight incubations of 1 mL of the previous culture
in 100 mL of cooked meat medium (Oxoid), and then
in 700 mL of thioglycollate broth (USP alternative; Ox-
oid) containing starch (10 g/L) and pancreatic digest of
casein (5 g/L) to obtain the challenge inoculum. On d 9,
challenged birds were inoculated with 5,000 sporulated
oocysts each of E. maxima and E. acervulina and 2,500
sporulated oocysts of E. brunetti in 1 mL of 1% (w/v)
sterile saline. Non-challenged birds received 1 mL of
1% (w/v) sterile saline. On d 14, birds were inoculated
twice at an interval of 5 h with 2 mL of C. perfringens
(EHE-NE18, CSIRO) suspension (3.8×108 CFU/mL).

Sample Collection

On d 15 and 24, three birds and two birds, respec-
tively, were randomly selected from each pen, weighed,
and euthanised by cervical dislocation. Digesta samples
from the ileum and caeca were collected and stored in
50 mL plastic containers and frozen directly at −20◦C
for SCFA analysis. Around 1 g of content was used to
measure the pH. Approximately 1 g of cecal digest was
collected in a 2mL Eppendorf tube, snap-frozen in liq-
uid nitrogen, and stored at −20◦C for bacteria quan-
tification. Approximately 1 cm of the jejunum from one
bird in each pen was collected for morphometric analy-
sis. The tissue was opened and flushed clean with phos-
phate buffered saline (pH 7.4) and fixed in 10% buffered
formalin for 24 hours. Formalin was subsequently re-
placed by 70% ethanol for long-term storage. On d 15,
intestinal tissues (duodenum, jejunum, and ileum) were
scored for NE lesions according to Prescott et al. (1978)
and Broussard et al. (1986).

Measurements and Analysis

Ileal and Cecal pH. The ileal and cecal pH values
were measured at d 15 and 24. Approximately 1 g of
contents was diluted in 9 mL of distilled water. The
suspension was mixed with a stirrer and the pH was
determined by the EcoScan 5/6 pH meter (Eutech In-
strument Pty Ltd., Singapore).

Analysis of Short Chain Fatty Acids. The analyt-
ical method described by Jensen et al. (1995) was used
for the SCFA analysis.

Analysis of Starch. The total starch content of the
feed samples was determined using the Megazyme total
starch assay.

Histology. Fixed samples were dehydrated, cleared
and embedded in paraffin wax for subsequent his-
tological analysis. Consecutive longitudinal sections
(7μm) were placed individually onto Superfrost R© slides

(Thermo Scientific, Rockville, MD) and stained with
hematoxylin and eosin. Villus height and crypt depth
were measured by the video pro 32 program and the
images captured with a color video camera (Sony R©
SSC-DC93P). The height of 10 villi and the depth
of 10 crypts were measured from each replicate. The
means was obtained from these values and the villus
height/crypt depth ratio (VH:VD) was determined.

Quantification of Cecal Bacteria. Cecal digesta
DNA was extracted by using the ISOLATE II Plant
DNA Kit (Bioline, Alexandria, NSW, Australia) follow-
ing the manufacturer’s instructions with slight modifi-
cations. Briefly, 300 mg glass beads (0.1 mm; Biospec
Products, Bartlesville, OK) and around 200 mg frozen
digesta were placed into 2 mL Eppendorf tubes followed
by the addition of 450 μL lysis buffer. The samples were
shaken on a Mixer Mill MM 300 (Retsch GmbH & Co,
Haan, Germany) at a frequency of 30/s for 5 minutes,
and heated at 95◦C for 5 minutes. The cells were lysed
after adding 200 μL and then 100 μL of Extraction
Buffer (2M NaCl, 20mM EDTA, 100mM Tris/HCl, 2%
CTAB, 2% polyvinylpyrrolidone, pH 8.0) with vortex-
mixing following each addition. Following centrifuga-
tion at 4,600 × g 600 μL sample was incubated at 65◦C
following the addition of 10 μL RNase to remove RNA.
A total of 450 μL Binding Buffer was used to capture
DNA, 400 μL Wash Buffer PAW1 and 700 μL PAW2 to
remove impurity, and 50 μL Elution Buffer to dissolve
DNA.

The quantitative real-time PCR assay of domain
bacteria, Enterobacteriaceae, lactobacilli and Clostrid-
ium perfringens was performed following the method
of Wise and Siragusa (2006). The extracted DNA
from cecal digesta was diluted 20 times in sterilized
water; TaqMan universal PCR master mix (Applied
Biosystems, Foster City, CA) was used to quantify C.
perfringens and SensiMix

TM
SYBR R© No-ROX Kit was

used to quantify total bacteria, Enterobacteriaceae, and
lactobacilli. Species-specific 16 rRNA primers/probe
were used for the C. perfringens (primers: CG-
CATAACGTTGAAAGATGG and CCTTGGTAG-
GCCGTTACCC, and TaqMan probe: 5′-FAM-
TCATCATTCAACCAAAGGAGCAATCC-TAMRA-
3′), the Enterobacteriaceae (F: CATTGACGT-
TACCCGCAGAAGAAGC and R: CTCTAC-
GAGACTCAAGCTTGC), the lactobacil-
lus spp. (F: CACCGCTACACATGGAG and
R:AGCAGTAGGGAATCTTCCA), and domain
bacteria (F: CGGYCCAGACTCCTACGGG and R:
TTACCGCGGCTGCTGGCAC). PCR was performed
in a Rotorgene 6500 real-time PCR machine and
the quantification conducted by the Rotorgene 6000
series software 1.7 (Corbett, Sydney, Australia). A
threshold cycle average from the replicate samples
was used for data analysis. Serial dilutions of lin-
earized plasmid DNA (pCR R©4-TOPO Vector, Life
Technologies, Carlsbad) inserted with respective
bacterial amplicons were used to construct a standard
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Table 2. Performance of birds fed different diets from d 0 to 10.

Main Effects Initial weight Feed intake Weight gain FCR
g/bird g/bird g/bird

Challenge
No 45 287 261 1.101
Yes 45 287 264 1.085

Additive1

Control 45 282 257 1.097
AB 44 286 264 1.085
SA 45 290 267 1.088
SB 45 289 262 1.101

SEM 0.118 1.269 1.518 0.007

P-value

Challenge 0.876 0.86 0.237 0.060
Additive 0.549 0.119 0.109 0.438
Challenge × Additive 0.766 0.913 0.503 0.396

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated
starch acetate SB = acylated starch butyrate.

Table 3. Performance of birds fed different diets from d 0 to 24.

Treatment means1 Feed intake Weight gain FCR Livability%
g/bird g/bird

No challenge control 1806b 1424a 1.268 99a

No challenge AB 1749b,c 1396a 1.253 97a

No challenge SA 1919a 1487a 1.292 96a

No challenge SB 1959a 1484a 1.322 99a

Challenge control 1475d 1096c 1.346 79b

Challenge AB 1811b 1428a 1.269 99a

Challenge SA 1664c 1216b 1.369 81b

Challenge SB 1681c 1227b 1.370 83b

SEM 24.18 21.99 0.008 1.48

Main Effects

Challenge
No 1858a 1448a 1.284b 98a

Yes 1658b 1242b 1.338a 86b

Additive
Control 1640b 1260b 1.307b 89b

AB 1780a 1412a 1.261c 98a

SA 1792a 1352a 1.330a,b 88b

SB 1820a 1355a 1.346a 91b

P-value

Challenge 0.001 0.001 0.001 0.001
Additive 0.001 0.001 0.001 0.128
Challenge × Additive 0.001 0.001 0.057 0.001

a–dMeans sharing the same superscripts are not significantly different from
each other at P < 0.05.

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated
starch acetate SB = acylated starch butyrate.

curve. The concentrations of the plasmid DNA were
measured using NanoDrop ND-8000 (Thermo Fisher
Scientific, Waltham) prior to the serial dilutions. The
number of target DNA copies was calculated from
the mass of DNA taking into account the size of the
amplicon insert in the plasmid.

Statistical Analysis. The SAS statistical package
(PROC GLM) was used to determine significance
and interactions of main effects (SAS, SAS Institute,
Cary, North Carolina, 2013). When interactions were
observed (P < 0.05), Duncan’s multiple range test
was used to detect the differences between individual

treatment means. The SAS statistical package (PROC
NPAR1WAY WILCOXON) was used to determine sta-
tistical significance of LV, lesion scores, and quantifica-
tion of C. perfringens.

RESULTS

Broiler Performance

Performance of the birds was not affected by feed ad-
ditives prior to necrotic enteritis challenge. Challenge
resulted in decreased performance as shown in Tables 2
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Table 4. Performance of birds fed different diets from d 0 to 35.

Treatment means1 Feed intake Weight gain FCR Livability%
g/bird g/bird

No challenge control 3751b 2663a 1.409 99a

No challenge AB 3796b 2694a 1.409 96a

No challenge SA 4010a 2749a 1.459 94a

No challenge SB 4063a 2782a 1.461 97a

Challenge control 3165d 2201c 1.438 78b

Challenge AB 3713b,c 2647a 1.403 96a

Challenge SA 3532c 2406b 1.468 81b

Challenge SB 3523c 2427b 1.453 82b

SEM 44.91 31.72 0.007 1.44

Main Effects

Challenge
No 3905a 2722a 1.435 96a

Yes 3483b 2420b 1.441 84b

Additive
Control 3458b 2432b 1.423b 88b

AB 3754a 2670a 1.406b 96a

SA 3771a 2578a 1.463a 88b

SB 3793a 2605a 1.457a 89b

P-value

Challenge 0.001 0.001 0.529 0.001
Additive 0.001 0.001 0.001 0.238
Challenge × Additive 0.002 0.001 0.481 0.001

a–dMeans sharing the same superscripts are not significantly different from
each other at P < 0.05.

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acy-
lated starch acetate SB = acylated starch butyrate.

and 4. From d 0 to 10, i.e., one d after challenge with
Eimeria, there were no differences in performance be-
tween the challenged and unchallenged birds (Table 2)
or between any of the additive treatments. No challenge
× feed additive interactions observed during this period
(P > 0.05).

From d 0 to 24, the effect of the challenge was clearly
visible in controls (Table 3). Significant challenge × ad-
ditive interactions (P < 0.001) were observed for FI,
WG, and LV and there was a tendency (P < 0.057)
for an FCR interaction. The WG, FI, and LV of the
challenged control birds were 77%, 82%, and 80% of
unchallenged birds (P < 0.001), respectively. Birds fed
SB had poorer FCR than those fed control or AB diets
(P < 0.001). Unchallenged birds showed no difference
in WG and LV as a result of feed additive inclusion
(P > 0.05) while FI of birds fed SA and SB was higher
(P < 0.05) than those fed control or AB diets. Under
challenge conditions, the birds fed SA and SB had in-
creased WG and FI compared to birds fed the control
diet (P < 0.05) but were lower than birds fed the AB
diet (P < 0.05). Challenged birds fed AB the diet had
higher LV than control, SA or SB fed birds. Weight
gain, FI, FCR, and LV of challenged birds fed the AB
diet were not different from unchallenged birds fed con-
trol or AB diets (P > 0.05).

From d 0 to 35, challenge × feed additive interactions
were observed for WG, FI, and LV (P < 0.01) but not
FCR (P = 0.48). In unchallenged birds, SA and SB fed
birds had higher FI but not different WG than control
or AB fed birds, while in the challenged group, AB,

SA, and SB fed birds all had higher FI and WG when
compared to control fed birds. There was no effect of
challenge on FCR (P > 0.05) but FCR was higher in SA
and SB fed birds as compared to AB or controls across
the challenge (P > 0.001). Birds fed AB diets had sig-
nificantly higher LV than those fed the control, SA, or
SB diets under challenge but feed additives treatments
were all the same without challenge (P < 0.001).

Necrotic Enteritis Lesion Scores

Necrotic enteritis lesion scores are shown in Table 5.
On d 15, The NE challenge was effective in inducing
gross NE lesions in the intestinal tissues, whereas birds
in the unchallenged groups had no detectable lesions,
as expected. All challenged birds except those given
antibiotics showed a higher intestinal NE lesion score
compared to unchallenged birds (P < 0.001). Intestinal
NE lesion scores of challenged birds fed antibiotics were
significantly lower than those of the control, SA and SB
groups (P < 0.001).

Ileal and Cecal pH

Ileal and cecal digesta pH were lower (P < 0.01) in
challenged than unchallenged birds on d 15 (Table 5).
Birds fed SA and SB had decreased ileal digesta pH
compared to AB (P < 0.05) at d 15. Cecal digesta pH
was lower in AB, SA, and SB fed birds relative to con-
trol on d 15 (P < 0.01). On d 24, challenge × additive
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Table 5. Necrotic enteritis lesion scores and ileal and cecal pH.

Treatment means1 D15 D15 D24

NE Lesion score Ileal pH Cecal pH Ileal pH Cecal pH

No challenge control 0.00b 6.99 7.09 6.06b 6.47a,b,c

No challenge AB 0.00b 7.05 6.78 6.04b 6.69a,b

No challenge SA 0.00b 6.81 6.75 6.13b 6.10c

No challenge SB 0.00b 6.68 6.86 5.83b 6.34b,c

Challenge control 2.04a 6.58 6.85 6.39b 6.88a

Challenge AB 0.00b 6.81 6.79 7.46a 6.52a,b,c

Challenge SA 2.96a 6.57 6.52 6.01b 6.83a,b

Challenge SB 2.21a 6.58 6.61 6.55b 6.97a

SEM 0.201 0.040 0.037 0.104 0.067

Main Effects

Challenge
No 0.00b 6.89a 6.87a 6.01b 6.40b

Yes 1.80a 6.64b 6.70b 6.60a 6.81a

Additive
Control 1.02a 6.803a,b 6.99a 6.23b 6.67
AB 0.00b 6.929a 6.78b 6.75a 6.61
SA 1.48a 6.703b 6.66b 6.06b 6.43
SB 1.10a 6.676b 6.76b 6.19b 6.63

P-value

Challenge 0.001 0.001 0.01 0.001 0.001
Additive 0.047 0.01 0.01 0.03 0.48
Challenge × Additive 0.001 0.454 0.362 0.02 0.05

a–cMeans sharing the same superscripts are not significantly different from each other
at P < 0.05.

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch
acetate SB = acylated starch butyrate.

interactions were observed for ileal (P < 0.05) and ce-
cal (P < 0.05) digesta pH. The highest ileal digesta pH
was recorded for challenged birds fed AB. Unchallenged
birds fed SA had lower cecal pH than those fed AB.

Ileal and Cecal SCFAs

Ileal digesta SCFA were measured at d 15 and 24 in
birds fed the additive diets (Table 6). On d 15, ileal
formate (P < 0.05), propionate (P < 0.001) and bu-
tyrate (P < 0.001) concentrations were all increased
by the challenge. Feed additives had a significant ef-
fect on ileal SCFA contents. Birds fed SB had increased
ileal butyrate when compared to those fed SA, AB, or
control (P < 0.001), and ileal lactate compared to AB
(P < 0.01). Dietary SA and control birds had more ileal
acetate compared to SB and AB fed birds. There was
a significant challenge × additive interaction for bu-
tyrate (P < 0.001) concentration. Unchallenged birds
fed SB had the highest ileal butyrate content compared
to other treatments (P < 0.05). Challenged birds fed
AB showed decreased ileum butyrate (P < 0.05) com-
pared to challenged birds fed control, SA, and SB diets.
No differences were detected in ileal butyrate between
challenged and unchallenged birds fed SB (P > 0.05).

On d 24, challenged birds had higher ileal levels of
formate (P < 0.02) and butyrate (P < 0.01) than un-
challenged birds. Birds fed SA and SB had increased
ileal acetate and butyrate levels (P < 0.001), respec-
tively. Challenge × additive interactions were observed

for butyrate (P < 0.01) and lactate (P < 0.01) concen-
trations. Unchallenged and challenged birds fed SB had
the highest ileal butyrate content compared to others
treatments (P < 0.05). Lactate concentration of birds
fed the control and SA was higher than those fed AB
under challenge conditions (P < 0.05).

Cecal digesta SCFA are shown in Table 7. On d 15,
lactate in cecal contents of challenged birds was higher
than in unchallenged birds (P < 0.039). There were
no differences among additives for acetate, propionate,
and lactate (P > 0.05). There were significant chal-
lenge × additive interactions for cecal acetate (P <
0.02) and butyrate (P < 0.003) concentrations. No dif-
ferences were detected in cecal acetate of challenged
birds, while unchallenged birds fed antibiotics had lower
acetate than birds fed SA. Unchallenged birds fed SB
had the highest cecal butyrate content out of all other
treatments (P < 0.05).

On d 24, unchallenged birds had higher (P < 0.01)
cecal acetate and butyrate than challenged birds. Birds
fed SB had higher cecal butyrate content compared to
those fed control, AB, or SA diets (P < 0.001). Control
fed birds had higher cecal propionate compared to birds
fed SA or SB (P < 0.05).

Gut Morphology

The morphology of jejunal samples was studied
after NE challenge and the data are presented in
Table 8. At d 15, challenged birds had higher muscle
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Table 6. Concentration of various short chain fatty acids (μmol/g) in ileal content of broiler chickens.

Treatment means1 D 15 D 24

Formic Acetic Propionic Butyric Lactic Formic Acetic Propionic Butyric Lactic

No challenge control 0.08 6.02a 0.00b 0.04c 5.90a,b 0.10 1.75b 0.03 0.02c 65.43a,b

No challenge AB 0.12 4.69a,b 0.00b 0.00c 2.65b 0.26 2.17b 0.02 0.03c 68.26a,b

No challenge SA 0.03 7.06a 0.01b 0.01c 5.07a,b 0.03 4.62a 0.02 0.01c 32.15b,c

No challenge SB 0.51 1.71b,c 0.00b 3.55a 7.90a,b 0.51 2.07b 0.02 2.49b 43.12a,b,c

Challenge control 0.68 5.90a 0.23a 2.19b 6.857a,b 0.73 2.24b 0.02 0.63c 57.28a,b

Challenge AB 0.14 0.71c 0.02b 0.01c 3.56b 0.61 1.65b 0.05 0.05c 23.00c

Challenge SA 0.63 6.56a 0.29a 1.93b 6.67a,b 0.84 8.20a 0.02 0.02c 72.69a

Challenge SB 0.55 3.69a,b,c 0.32a 2.87a,b 9.96a 1.80 2.54b 0.03 4.47a 47.94a,b,c

SEM 0.071 0.514 0.029 0.230 0.629 0.164 0.422 0.003 0.247 4.088

Main Effects

Challenge
No 0.20b 4.97 0.01b 0.90b 5.38 0.23b 3.46 0.02 0.64b 53.70
Yes 0.50a 4.24 0.21a 1.70a 6.76 0.99a 3.72 0.03 1.29a 50.23

Additive
Control 0.38 5.95a 0.12 1.12b 6.38a,b 0.42 1.97b 0.02 0.33b 61.36
AB 0.13 2.52b 0.01 0.01c 3.10b 0.44 1.91b 0.03 0.04b 43.58
SA 0.36 6.81a 0.15 0.97b 5.87a,b 0.43 7.91a 0.02 0.01b 56.81
SB 0.53 2.70b 0.16 3.24a 8.93a 1.15 2.32b 0.02 3.48a 45.53

P-value

Challenge 0.03 0.412 0.001 0.001 0.245 0.019 0.521 0.410 0.01 0.648
Additive 0.198 0.001 0.09 0.001 0.01 0.28 0.001 0.545 0.001 0.248
Challenge × Additive 0.250 0.127 0.106 0.001 0.982 0.760 0.696 0.167 0.01 0.01

a–cMeans sharing the same superscripts are not significantly different from each other at P < 0.05.
1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch acetate SB = acylated starch butyrate.

Table 7. Concentration of various short chain fatty acids (μmol/g) in caecal content of broiler
chickens.

Treatment means1 D 15 D 24

Acetic Propionic Butyric Lactic Acetic Propionic Butyric Lactic

No challenge control 84.68a,b,c 5.29 12.39b,c 0.19 86.08 4.70 24.31c,b 0.31
No challenge AB 74.95b,c 2.91 13.35b,c 0.16 88.77 4.93 23.40c,b 0.10
No challenge SA 102.34a 2.91 16.04b 0.21 97.53 4.15 23.59c,b 0.47
No challenge SB 92.39a,b 3.26 32.17a 0.22 107.41 5.02 36.27a 0.39
Challenge control 47.32d 4.25 7.44c 0.12 73.33 5.96 18.16c,d 0.13
Challenge AB 65.83c,d 3.97 9.45b,c 0.52 73.21 4.53 17.00c,d 0.09
Challenge SA 51.62d 4.15 7.38c 2.17 82.37 4.34 11.75d 0.67
Challenge SB 48.10d 3.98 12.49b,c 1.33 76.54 3.65 31.82a,b 0.13

SEM 3.785 0.215 1.351 0.220 3.362 0.221 1.485 0.069

Main Effects

Challenge
No 88.76a 3.52 18.75a 0.20b 94.11a 4.95 26.89a 0.32
Yes 52.74b 4.10 9.17b 1.10a 75.87b 4.67 19.92b 0.24

Additive
Control 66.00 4.72 9.69b 0.15 80.98 5.83a 21.23b 0.21
AB 71.30 3.39 11.79b 0.32 81.70 4.75a,b 20.84b 0.09
SA 76.98 3.53 11.71b 1.19 91.03 4.24b 17.67b 0.57
SB 74.67 3.59 22.33a 0.78 90.57 4.34b 34.04a 0.26

P-value

Challenge 0.001 0.211 0.001 0.039 0.005 0.504 0.002 0.587
Additive 0.384 0.094 0.001 0.308 0.531 0.036 0.001 0.116
Challenge × Additive 0.02 0.190 0.003 0.347 0.707 0.519 0.629 0.649

a–dMeans sharing the same superscripts are not significantly different from each other at P < 0.05.
1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch acetate SB = acylated

starch butyrate.
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Table 8. Jejunal villus height and crypt depth.

D15 D24

Muscle Villi Crypt Muscle Villi Crypt
Main Effects thickness um height um depth um VH:CD thickness um height um depth um VH:CD

Challenge
No 169b 1602 192b 8.5a 198.85 1744.11 217.82 8.270
Yes 192a 1514 232a 6.7b 212.28 1705.30 240.43 7.345

Additive1

Control 201 1469 223a 6.7c 210.61 1589.61 244.11 6.793b

AB 162 1641 188b 8.8a 207.89 1801.87 205.62 8.958a

SA 189 1575 227a 7.1b,c 197.16 1693.72 233.71 7.586a,b

SB 172 1547 210a,b 7.7b 206.59 1813.64 233.07 7.892a,b

SEM 5.786 30.158 5.415 0.242 6.809 34.499 6.383 0.268

P-value

Challenge 0.034 0.152 0.001 0.001 0.346 0.564 0.07 0.06
Additive 0.06 0.266 0.005 0.001 0.914 0.075 0.156 0.02
Challenge × Additive 0.321 0.871 0.06 0.109 0.473 0.476 0.421 0.224

a–cMeans sharing the same superscripts are not significantly different from each other at P < 0.05.
1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch acetate SB = acylated starch butyrate.

thickness (P < 0.05), crypt depth (P < 0.001),
and lower VH:CD (P < 0.001) than unchal-
lenged birds. Antibiotics decreased crypt depth
(P < 0.01) in comparison to SA and control.
Birds fed AB and SB had increased VH:CD ra-
tios relative to the control group (P < 0.02).
No challenge × additive interactions were observed
(P > 0.05).

On d 24, there were no differences in muscle thick-
ness, villus height, or crypt depth between challenged
and unchallenged birds. However, birds fed AB had
higher (P < 0.05) VH:CD ratio when compared to birds
fed control diet. There were no challenge × additive in-
teractions observed (P > 0.05).

Quantification of Bacteria

After C. perfringens challenge, bacterial groups in ce-
cal content were quantified by quantitative PCR analy-
sis. On d 15 an increase in the numbers of C. perfringens
(P < 0.001), lactobacillus (P < 0.001), and enterobac-
teria (P < 0.019) in the ceca of challenged birds was
observed, while there were no differences in analyzed
bacteria in response to additives (P > 0.05), as shown
in Table 9. A challenge × additive interaction was ob-
served for C. perfringens quantification (P < 0.001). No
significant differences were detected in the count of ce-
cal C. perfringens among unchallenged dietary groups,
while C. perfringens counts in challenged birds fed AB
were lower (P < 0.05) than challenged birds fed con-
trol, SA, and SB. The numbers of C. perfringens in
challenged birds fed AB were not different than un-
challenged birds fed control, AB, SA, and SB.

On d 24, numbers of domain bacteria (P < 0.001),
lactobacillus (P < 0.024), and C. perfringens (P < 0.02)
were higher in challenged than unchallenged birds
(Table 10). The numbers of enterobacteria were signif-
icantly higher in birds fed SB than in birds fed control

and SA diets and higher in birds fed AB in comparison
with birds fed control diets (P < 0.002).

DISCUSSION

Necrotic enteritis is a concern to the poultry indus-
try because of production losses, compromised welfare
of birds and increased risk of contamination of poultry
products for human consumption (Timbermont et al.,
2011). As a potential remedy to this problem, acylated
starches were evaluated for their ability to reduce the
severity of NE in broilers under an experimental chal-
lenge model. In the present study, NE was successfully
induced as shown by the depression of WG, FI, FCR,
and LV of birds, and the occurrence of lesion in the gut
as expected.

To the best of our knowledge, there are no published
data on the effects of acylated resistant starches on
broiler performance and gut health. The current study
demonstrated that acylated starch products did not
have the same magnitude of effect as AB in terms of
reducing lesions or preventing mortality. This may be
due to differences in the mode of action of acylated
starch as compared to AB. Antibiotics are known to
be directly bacteriocidal while organic acids are only
bacteriostatic. In addition, acylated starch may act by
shifting the gut microflora to reduce the damaging ef-
fect of clostridia and thus enhance immunity. Acylated
starch had positive effects on bird performance and gut
health. For instance, dietary SA and SB increased body
weight gain by 205 and 226 g, respectively, compared
to the challenged birds receiving control diets during
the 35 d study. This indicates that SA and SB are
effective in improving the body weight gain of birds
under NE challenge conditions. The improved body
weight gain is probably due to the beneficial effect of
acetate and butyrate on gut health. One of the indica-
tors of gut health is the type and composition of the gut
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Table 9. Bacterial quantification (log10 CFU) in caecal content at d 15.

Treatment means1 Domain bacteria Enterobacteria Lactobacillus C. perfringens

No challenge control 9.40 6.70 8.62 0.00b

No challenge AB 9.58 7.78 8.89 0.00b

No challenge SA 9.31 7.35 8.52 0.00b

No challenge SB 9.55 7.35 9.00 0.00b

Challenge none 9.28 7.41 9.17 8.06a

Challenge AB 9.60 7.92 9.31 0.00b

Challenge SA 9.57 7.89 9.23 8.58a

Challenge SB 9.52 8.28 9.20 8.46a

SEM 0.038 0.128 0.072 0.681

Main Effects

Challenge
No 9.46 7.29b 8.76b 0.00b

Yes 9.49 7.87a 9.23a 6.28a

Additive
Control 9.34 7.05 8.89 4.03
AB 9.59 7.85 9.10 0.00
SA 9.44 7.62 8.88 4.29
SB 9.53 7.81 9.10 4.23

P-value

Challenge 0.639 0.019 0.001 0.001
Additive 0.082 0.084 0.453 0.07
Challenge × Additive 0.280 0.686 0.567 0.001

a–bMeans sharing the same superscripts are not significantly different from each other at
P < 0.05.

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch acetate
SB = acylated starch butyrate.

Table 10. Bacterial quantification (log10 CFU) in caecal content at d 24.

Main Effects Domain bacteria Enterobacteria Lactobacillus C. perfringens

Challenge
No 9.25b 6.94 8.61b 0.00b

Yes 9.55a 7.18 8.94a 1.94a

Additive1

Control 9.43 6.42c 8.63 1.62
AB 9.436 7.42a,b 8.71 0.00
SA 9.24 6.87b,c 8.72 0.79
SB 9.50 7.54a 9.06 1.46

SEM 0.048 0.123 0.076 0.448

P-value

Challenge 0.001 0.256 0.024 0.020
Additive 0.175 0.002 0.150 0.504
Challenge × Additive 0.821 0.124 0.450 0.062

a–cMeans sharing the same superscripts are not significantly different from each other at
P < 0.05.

1Control = no additive, AB = salinomycin + zinc bacitracin, SA = acylated starch acetate
SB = acylated starch butyrate.

microbiota (Choct, 2009). The current results showed
that SA and SB increased acetate and butyrate con-
centrations in the ileum and cecum respectively. Both
butyrate and acetate are known to have a positive ef-
fect on energy metabolism and gut health (Topping
and Clifton, 2001). Furthermore, supplementation of
SB significantly increased VH:CD ratios, showing a
long, matured and functionally active villus, in com-
pany with a short crypt with constant renewal of cells.
It has been reported that SCFA stimulate gastrointesti-
nal cell proliferation through the increase of plasma
glucagon-like peptide-2 and ileal proglucagon, glucose

transporter expression and protein expression (Tappen-
den and McBurney, 1998).

Although, the challenged birds fed SA and SB had
higher WG compared to the birds receiving control
diets at d 24 and 35, birds fed either starch prod-
uct had higher FI at d 24 and 35. The increase in
FI of birds fed diets containing 5% of the experimen-
tal starch products suggested that these additives were
not as digestible as starch in other feed ingredients and
birds needed to increase intake to compensate for lower
energy compared to other treatments. This is plausi-
ble as the experimental products were derived from
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resistant starch. Resistant starch behaves as fiber in
monogastric animals (Annison and Topping, 1994). The
effects of high fiber levels on feed passage and FI in
poultry is well documented. For instance, González-
Alvarado et al. (2010) reported that adding oat hulls,
which are high in lignin and cellulose, increased the
passage rate of digesta through the distal part of the
gastrointestinal tract in chickens and led to increased
feed intake.

Animal and human studies have shown that vari-
ous types of resistant starch promote indices of large
bowel health by increasing bowel SCFA and lowering
pH (Cummings et al., 1996). As expected from this
study, the greatest increase in SCFA observed was from
birds fed SA and SB containing diets. On d 15, birds
fed SB had higher ileal and cecal butyrate levels than
those fed other treatment diets. On d 24, the high-
est ileal acetate level was recorded for birds fed SA
and highest ileal butyrate level for birds fed SB. The
increase in ileal and cecal acetate and butyrate con-
centrations in the birds fed SA and SB are likely to
be the result of the release of esterified acetate and
butyrate by bacterial enzymes, rather than the result
of de novo fermentation. This may indicate the abil-
ity of acylated starch to deliver specific esterified acids
into ileum and cecum in significantly greater amounts.
This is consistent with data that have been reported in
rats (Annison et al., 2003; Bajka et al., 2006), where
butyralated starch increased cecal butyrate concentra-
tion. Interestingly, the ileal and cecal SCFA of unchal-
lenged birds were not affected by dietary treatments on
d 15 and 24 with the exception of acetate and butyrate.
This may suggest that the high-amylose maize starch
is not digestible or fermentable by the bacteria present
in the ileum and caeca of birds. This was in contrast to
data that have been reported previously in rats (Morita
et al., 2005) and pigs (Bird et al., 2007) where high amy-
lose starch increased the overall large bowel SCFA. The
current study also demonstrates that birds challenged
with Eimeria and C. perfringens showed changed ileal
and caecal SCFA levels. This confirmed that the inoc-
ulation of Eimeria and C. perfringens strongly affected
the gut microflora composition as has been reported
recently (Stanley et al., 2014). In the challenged birds,
NE increased the pathogenic and non-pathogenic ce-
cal bacteria, which may lead to an increase in cecal
fermentation.

This study also demonstrated that NE challenge
caused dramatic changes in gut morphology and mi-
coroflora. After C. perfringens inoculation, challenged
birds had significantly lower VH:CD ratio and higher
crypt depth and muscle thickness compared with un-
challenged birds. This was in agreement with the find-
ings of Collier et al. (2008) where a severely impaired
intestinal morphology was observed in Eimeria and
Clostridium perfringens co-challenged birds. Also, chal-
lenged birds showed higher levels of enterobacteria, lac-
tobacilli, and C. perfringens at d 15 and higher levels
of domain bacteria, lactobacilli, and C. perfringens at

d 24 compared with unchallenged birds. This may be
due to the fact that the challenged birds increased mu-
cus production as a result of inflammation of the gas-
trointestinal tract. It has been proposed that Eimeria
infection induces mucogenesis as a result of a host in-
flammatory response (Collier et al., 2008) and both
commensal and pathogenic bacteria are significantly
benefited from mucus synthesized or secreted from host
goblet cells (Deplancke and Gaskins, 2001), which pro-
vides a growth advantage for the caecal bacteria.

CONCLUSION

To the best of our knowledge, this is the first study
demonstrating the efficacy of acetylated resistant starch
products on broiler performance and gut health un-
der a NE disease challenge. The data confirm that AB
completely protects birds from NE, whereas acetylated
starches were effective in limiting performance decline
during NE challenge. The results demonstrate that di-
etary acetylated resistant starch reduces luminal pH
values and offers a degree of specificity in SCFA deliv-
ery. Dietary SB was effective in improving gut integrity
by increasing the VH:CD ratio.
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