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ABSTRACT The effect of supplementation of
different enzymatic associations in the feed of broiler
chickens formulated with corn dried at 80°C or 110°C on
growth performance and carcass yield was evaluated. In
addition, the influence of the different enzymatic associ-
ations on the cecal microbiota was studied. One-day-old
male broiler chicks (1,320) were distributed in a
completely randomized design in a 2 X 5 factorial
arrangement (6 replicates; 22 birds/replicate). The
treatments were 2 corn drying temperatures (80°C and
110°C) and 5 diets. The diets consisted of a positive
control (PC), anegative control (NC) with a reduction of
100 kcal/kg of apparent metabolizable energy, and 3
enzyme combinations added to the NC diet: amylase,
amylase + xylanase, and amylase + xylanase + protease.
The feed conversion ratio (FCR) from 1 to 7 d of chickens
fed diets formulated with corn dried at 80°C was better
(P =0.045) than that of chickens fed diets dried at 110°C.

Regardless of the enzymatic association, the supplemen-
tation improved body weight gain (P = 0.01) of the NC
group to the same level as the PC group. The FCR of the
NC was similar to that of the PC only when the 3 enzymes
were included from 1 to 21 d (P = 0.001) and regardless of
the enzymatic association for the period from 1 to
42 d (P = 0.007). Regarding cecal microbiota, the alpha
diversity was similar among the groups (P > 0.05). The
beta-diversity analysis showed that the microbiota of the
birds receiving the combination of the 3 enzymes was
similar to that of birds fed the PC diet (P = 0.18;
R = 0.074), with a similar effect observed for the pre-
dicted metabolic functions (Linear discriminant analysis
effect size). In conclusion, chickens fed diets formulated
with corn dried at 80°C had better FCR during the pre-
starter phase. The enzymatic supplementation improved
the FCR of the birds, which may partially be explained by
the modulation of the cecal microbiota.
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INTRODUCTION

Corn is an ingredient of high nutritional value for
poultry nutrition, contributing approximately 65% of
the metabolizable energy and 20% of the protein in the
diets of broilers (Cowieson, 2005). Although corn is high-
ly digestible by poultry, the temperature used to dry the
grains after harvest (Odjo et al., 2015) and the presence
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of antinutritional factors (Knudsen, 2014) may directly
influence the use of the nutrients by the birds.

The drying temperature applied by the industry, often
above 100°C, may lead to physical-chemical and func-
tional alterations of the starch (Bhuiyan et al., 2010)
and protein (Malumba et al., 2008) in the corn. These al-
terations are able to interfere with the digestive pro-
cesses of the animals and to reduce the digestibility of
the diet (Huart et al., 2018). The addition of exogenous
enzymes to poultry diets may attenuate these effects,
eliminating antinutritional factors (Alabi et al., 2019)
and complementing the action of endogenous enzymes
(Stefanello et al., 2019). These mechanisms of action
allow the use of unconventional ingredients and reduce
cost and nutrient waste (Abd El-Hack et al., 2018;
Alagawany et al., 2018), with beneficial effects on
nutrient digestibility (Whiting et al., 2017; Alabi et al.,
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2019) and intestinal health (Yan et al., 2017; Kiarie
et al., 2019).

The combined use of enzymes such as amylase, xyla-
nase, and protease, despite being substrate-dependent,
has shown additive or synergistic effects in the animals
(Amerah et al., 2017; Singh et al., 2017, 2019). The hy-
drolysis of the cellular wall by xylanases allows the ac-
cess of endogenous enzymes to the intracellular content
(Ravindran, 2013), and the action of protease may in-
crease the digestibility of starch and fat (Cowieson and
Roos, 2016).

The effect of exogenous enzymes on the digestibility of
nutrients can also reduce the possibility of the interac-
tion between pathogenic microorganisms and available
substrates, benefiting the overall health of the bird
(Huyghebaert et al., 2011; Bedford and Cowieson,
2012). This action modulates the microbiota, which par-
ticipates in several physiological mechanisms on the host
(Rychlik, 2020), improving the intestinal barrier, favor-
ing the formation of beneficial molecules and the extrac-
tion of energy from the diet, and modulating the immune
system (Rinttilda and Apajalahti, 2013; Saleh et al., 2018;
Cowieson and Kluenter, 2019). Therefore, it was hypoth-
esized that the drying temperature of the corn may
change its nutritional quality and influence the perfor-
mance of broiler chickens, but enzymatic supplementa-
tion minimizes these negative effects by, in part,
modulating the intestinal microbiota. The objective of
this work was to study the effects of the supplementation
with different enzymatic associations of diets formulated
with corn dried at 80°C or 110°C on the performance and
carcass and cuts yield. In addition, the influence of
different enzymatic associations on the diversity, compo-
sition, and predicted function of the cecal microbiota
was evaluated.

MATERIAL AND METHODS

Housing, Birds, and Treatments

The experiment was conducted at the Poultry
Research Center at the Western State Parana Univer-
sity, Mal. C. Rondon, Parand, Brazil, and was approved
by the Institutional Animal Care and Use Committee
(protocol # 06/19). A total of 1,320 one-day-old male
broiler chickens (Cobb 500) (Cascavel, Brazil) were allo-
cated randomly into ten treatments. Each pen contain-
ing 22 birds was considered as an experimental unit,
totaling 6 replicate pens per treatment. The feeding pro-
gram was divided into 2 phases (1-21 and 22-42 d) with
feed formulated based on corn and soybean meal accord-
ing to the nutritional recommendations of Rostagno
et al. (2011; Table 1). The birds were placed in new litter
(pine shavings) and had ad libitum access to water and
feed in mash form throughout the experimental period.
The environmental conditions (lighting program, tem-
perature, relative humidity, and ventilation rates) were
controlled according to the breeder guidelines by using
electric heaters, exhaust fans, and pad cooling. Lighting
was kept on continuously for the first 3 d, followed by a

lighting program of 18 h light and 6 h dark until the end
of the experiment. The rearing temperature was main-
tained at 33°C = 1.0°C for the first week of the experi-
ment and then reduced by 2°C per week until reaching
23°C. The climate control system provided a minimum
ventilation rate until 14 d of age, and a ventilation
flow rate of 0.5 m/s and 2.0 m/s from 15-21 d and
from 22-42 d of age, respectively.

The experiment consisted of a completely randomized
design in a 2 X 5 factorial scheme (2 drying tempera-
tures [80°C and 110°C| and 5 diets). The diets consisted
of positive control (PC—meeting the nutritional require-
ments of broilers for each phase and without enzyme in-
clusion), a negative control (NC-reduction of 100 kcal/
kg of apparent metabolizable energy and without
enzyme inclusion), and 3 enzyme combinations added
to the NC: amylase (RONOZYME HiStarch, 80 KNU/
kg) (DSM Nutritional Products, Sao Paulo, Brazil),
amylase + xylanase (RONOZYME WX, 100 FXU /kg)
(DSM Nutritional Products, Sao Paulo, Brazil) and
amylase + xylanase + protease (RONOZYME ProAct,
15,000 PROT/kg) (DSM Nutritional Products, Sao
Paulo, Brazil).

Exogenous Enzymes

The RONOZYME HiStarch is produced from the sub-
merged fermentation of Bacillus licheniformis contain-
ing 600 KNU ™!, One KNU is the amount of enzyme
that releases, from a two-step reaction, 6 mol of nitro-
phenol per min from 1.86 mM of ethylidene-G7-p-nitro-
phenyl-maltoheptaose at pH 7.0 and 37°C. The
RONOZYME WX is an endo-1,4-beta-xylanase pro-
duced from a genetically modified strain of Aspergillus
oryzae. The enzyme activity of xylanase in units of xyla-
nase (FXU) is defined as the amount of enzyme that re-
leases 7.8 wmol of reducing sugars (xylose equivalents) of
azo wheat arabinoxylan per min at pH 6.0 and 50°C. The
RONOZYME ProAct is manufactured from the fermen-
tation of B. licheniformis containing Nocardiopsis pra-
sina with a transcribed gene, being considered a
monocomponent protease with 75,000 unit of
proteasefl. The enzyme activity of protease in protease
unit (PROT) is defined as the amount of enzyme needed
to degrade 1 pmol of p-nitroanilide of substrate 1 umol
(Suc-Ala-Ala-Pro-Fen-N-succinyl ~ Ala-Ala-Pro-Fen-p-
nitroanilide) per minute at pH 9.0 and 37°C.

Drying Process of Corn Grain

The corn grains were harvested with 23% moisture
and dried at 80°C or 110°C using a mixed-flow grain
dryer. The drying process was concluded when the mois-
ture reached 14% with the water content of the grain be-
ing determined throughout the duration of the process
using an electronic meter, model 919FOB (MOTOMCO,
Porto Alegre, Brazil). The average time of the drying
process was 4 h when the grains were dried at 110°C
and 6 h at 80°C.
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Table 1. Composition of the experimental diets (g/kg, as fed-basis).

1-21d 22-42d

Item NC! PC NC

Ingredients
Corn 544.13 578.75 662.48 680.55
Soybean meal (46% CP) 380.60 374.70 269.10 266.20
Soybean oil 32.00 3.11 28.30 13.10
Limestone 10.40 10.46 11.00 10.98
Monocalcium phosphate 15.61 15.57 9.51 9.52
NaCl 4.82 4.81 4.49 4.48
Lysine sulfate (50.7% Lys) 2.48 2.66 4.03 4.10
DL-Methionine (99% Met) 2.93 2.90 2.81 2.79
L-Threonine (99% Thr) 0.41 0.41 0.97 0.97
L-Valine (93.5% Val) 0.02 0.03 0.71 0.71
Choline chloride (60% Chol) 0.60 0.60 0.60 0.60
Vitamin-mineral premix” 2.50 2.50 2.50 2.50
Mycotoxin absorbent® 2.50 2.50 2.50 2.50
Inert’ 1.00 1.00 1.00 1.00

Calculated composition
Metabolizable energy (kcal/kg) 2,983 2,833 3,125 2,975
Crude protein 220.0 220.0 187.5 187.5
Calcium 8.53 8.53 6.85 6.85
Available phosphorus 4.18 4.18 3.20 3.20
Dig Lysine 12.19 12.19 10.44 10.44
Dig Methionine + Cystine 8.79 8.79 7.62 7.62
Dig Threonine 7.93 7.93 6.78 6.78
Dig Tryptophan 2.46 2.46 1.88 1.88
Dig Valine 9.39 9.39 8.14 8.14
Chloride 3.40 3.40 3.21 3.21
Sodium 2.10 2.10 1.97 1.97
Potassium 8.54 8.54 7.60 7.60

'PC, positive control (meeting the nutritional requirements of broilers without the
enzyme inclusion); NC, negative control (reduction of 100 kcal/kg).

*Vitamins and minerals provided per kg of feed: vitamin A, 20,000 UT; vitamin D3
7,500 UI; vitamin E 50 mg; vitamin K3 5.25 mg; vitamin B1 4.5 mg; vitamin B2 13.75 mg;
vitamin B6 6.25 mg; vitamin B12 37.5 mg; pantothenic acid 27.5 mg; niacin 87.5 mg; folic
acid 2.25 mg; biotin, 0.16 mg; selenium, 0.75 mg; copper, 20 mg; iron, 112.5 mg; man-
ganese, 200 mg; cobalt, 5 mg; iodine, 3 mg; zinc, 275 mg.

*Bentonite and activated carbon.

“The different enzyme combinations were added in replacement for inert (Kaolin)
amylase (RONOZYME HiStarch, 80 KNU /kg); amylase + xylanase (RONOZYME
WX, 100 FXU/kg); and amylase + xylanase + protease (RONOZYME ProAct, 15,000

PROT /kg).

Sample Collection and Analysis Performed

The birds and feed were weighed on day 7, 21, and 42
to determine body weight gain (BWQ), feed intake, and
feed conversion ratio (FCR) for each treatment. Mortal-
ity was recorded daily to correct the productive perfor-
mance according to Sakomura and Rostagno (2016).
On day 21, 2 birds within the average weight (+5%)
per experimental unit were euthanized, and the ceca
was taken for microbiota analysis. The cecal content
was squeezed into a 50-mL tube and immediately frozen
at —20°C for further processing. Carcass yield was eval-
uated on day 42.

Cecal Microbiota

The cecal microbiota was analyzed taking into consid-
eration the dietary treatments only, regardless of the
corn-drying temperature. Therefore, each sample used
for microbiota analysis consisted of a pool of 4 birds (2
samples from birds fed diets containing corn dried at
80°C and 2 samples from birds fed diets containing
corn dried at 110°C) and 6 replicates/treatment. The

cecal content was sent to Neoprospecta Microbiome
Technologies where the bacterial DNA was isolated
and submitted to high-throughput sequencing of the
16S rRNA V3/V4 region with a proprietary protocol
(Neoprospecta Microbiome Technologies, Brazil). The
amplification of the 16S rRNA V3/V4 region was carried
out using the 341F (CCTACGGGRSGCAGCAG)
(Wang and Qian, 2009) and 806R (GGAC-
TACHVGGGTWTCTAAT) (Caporaso et al., 2012)
primers. The 16S rRNA libraries were sequenced using
the MiSeq Sequencing System (Illumina Inc., Foster
City, CA) using the V2 kit with 300 cycles and single-
end sequencing.

For the bioinformatic analysis, the sequences were
processed and analyzed using a Quantitative Insights
Into Microbial Ecology 2 (Bolyen et al., 2019) v 2019.7
pipeline. The raw sequences were uploaded to the
NCBI Sequence Read Archive under the project number
PRJNAG613081. Briefly, the sequences were demulti-
plexed and the Amplicon Sequence Variant table created
using DADA2 (Callahan et al., 2016). Before down-
stream analysis, sequences assigned as chloroplast, mito-
chondria, and low-abundance Amplicon Sequence
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Table 2. Performance of broilers fed diets containing corn dried at 2 temperatures and different enzymatic association.

Day 1-7 Day 1-21 Day 1-42

Treatments BWG (g) FI (g) FCR  BWG (g) FI (g) FCR BWG (g) FI (g) FCR
Positive control (PC)’ 118.1 142.1 1.201 813.8" 1,089.8 1.342°  2.886.2° 44925 1.556"
Negative control (NC)' 115.2 143.1 1.241 753.1° 1,080.3 1.436° 27428 44710 1.631"
NC + Amylase’ 114.8 143.4 1.249 766.3*"  1,076.9 1.407* 2,803.5™"  4,403.0 1.571°
NC + Amylase + Xylanase® 117.2 148.2 1.265 769.8"  1,083.1 1.408*  2,825.6™"  4,421.6 1.565"
NC + Amylase + Xylanase + Protease’  116.8 144.4 1.234 776.2**  1,070.9 1.380%"  2,787.2%"  44923.2 1.588*"
Average of treatments with enzymes 116.3 145.3 1.249 770.8 1,076.9 1.398 2,805.4 4,415.9 1.575
Temperature (°C)

80 116.0 141.0 1.215% 7726 1,074.0 1.391 2805.6 4446.4 1.586

110 116.8 147.5 1.261%  779.1 1,086.4 1.398 2812.6 4438.0 1.579
SEM 0.814 1.742  0.011 5.644 5.728  0.008 13.281 20.595  0.007
P value

Treatment 0.718 0.841  0.473 0.010 0.888  0.001 0.013 0.648  0.007

Temperature 0.655 0.074  0.045 0.547 0.302  0.625 0.782 0.844  0.608

Treatment x Temperature 0.852 0.805 0.345 0.863 0.653  0.332 0.801 0.678  0.972

Means followed by distinct small and capital letters in the same column are different (P < 0.05) by Tukey’s and F’s test, respectively.
Abbreviations: BWG, body weight gain; FCR, feed conversion ratio; FI, feed intake.

'PC, positive control (meeting the nutritional requirements of broilers without the enzyme inclusion); NC, negative control (reduction of 100 kcal /kg).
2Amylase (RONOZYME HiStarch, 80 KNU /kg), xylanase (RONOZYME WX, 100 FXU/kg), and protease (RONOZYME ProAct, 15,000

PROT /kg).

Variants, containing less than 0.01% of the total reads in
the data set, were removed. All samples were rarefied to
even sequencing depth based on the lowest read depth of
samples to 34,136 sequences per sample.

Alpha diversity was measured with the Chaol (rich-
ness) and Shannon diversity indices. Beta diversity was
evaluated with the weighted phylogeny-based UniFrac
(Lozupone and Knight, 2005) distance metric and visu-
alized using a Principal Coordinate Analysis plot. The
R-value generated by the Analysis of Similarity (ANO-
SIM) was used to indicate the similarity of comparison
between group pairs. The value of R ranges from —1
to +1: The pairs are more similar when the R index is
closer to 0, and the pairs are different from each other
when the R index is close to 1. To estimate the metabolic
pathways affected by enzyme supplementation, Phylo-
genetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) (Douglas et al., 2019)
was calculated using the default PICRUSt2 pipeline.

Carcass Yield

Two additional birds per experimental unit within
*+5% of average weight were selected, individually

weighed, and slaughtered by electronarcosis followed
by exsanguination to determined carcass and cuts yields.
After the removal of the head, feet, neck, and abdominal
fat, the carcass was weighed, and the carcass yield calcu-
lated as the proportion of the carcass to the live weight
before slaughter. The cuts yield (breast, wings, and
legs) was calculated as the proportion of the weight of
the eviscerated carcass. The percentage of abdominal
fat was determined using the weight of the fat present
around cloaca, gizzard, proventriculus, and adjacent
abdominal muscles in relation to the weight of the live
bird.

Statistical Analysis

All data sets were tested for normality using the
Shapiro-Wilk test. The performance and carcass data
were subjected to 2-way ANOVA, which assessed indi-
vidual effects of diets, drying temperature, and their
interaction. When a main effect of diet was observed,
the means were compared using Tukey’s test. The SAS
University Edition statistical software (2017) (SAS
Inst., Inc., Cary, NC) was used, considering P < 0.05.
ANOSIM test within the PRIMER 7 software package

Table 3. Median of microbial diversity (Shannon index) and richness
estimator (Chaol index) calculated based on an equal number of sequences
(34,136 sequences/sample) of cecal samples of broiler chickens fed diets

with different enzymatic associations.

Treatments

Shannon index Chaol index

Positive control (PC)"

Negative control (NC)'

NC + Amylase”

NC + Amylase + Xylanase”

NC + Amylase + Xylanase + Protease’
P value

7.05 256.5
6.36 199.0
7.04 261.5
6.62 226.0
6.29 221.5
0.505 0.599

'PC, positive control (meeting the nutritional requirements of broilers without
the enzyme inclusion); NC, negative control (reduction of 100 kcal/kg).

?Amylase (RONOZYME HiStarch, 80 KNU/kg), xylanase (RONOZYME WX,
100 FXU /kg), and protease (RONOZYME ProAct, 15,000 PROT /kg).
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Table 4. Global test and pairwise tests in beta diversity analysis
(weighted Unifrac) of cecal samples of broiler chickens fed diets
with different enzymatic associations.

Ttem R significance' P value
Global test 0.092 0.080
Pairwise test
Positive control (PC) vs. 0.241 0.041
negative control (NC)”
PC vs. NC + Amylase’ 0.354 0.035
PC vs. NC + Amylase + Xylanase® 0.185 0.056
PC vs. NC + Amylase + 0.074 0.180

Xylanase + Protease®

'R value ranges from -1 to 1: the pairs are more similar when the R index
is closer to 0 and the pairs are different from each other when the R index is
close to 1.

2PC, positive control (meeting the nutritional requirements of broilers
without the enzyme inclusion); NC, negative control (reduction of
100 kcal /kg).

3Amylase (RONOZYME HiStarch, 80 KNU /kg), xylanase (RONO-
ZYME WX, 100 FXU/kg), and protease (RONOZYME ProAct, 15,000
PROT /kg).

(PRIMER-E Ltd., Luton, UK) was used to analyze sig-
nificant differences in microbial communities between
groups. The Kruskal-Wallis test was performed (JMP
Pro 11, SAS software Inc. or Prism v.8.2.1; Graphpad
Software Inc.) and adjusted for multiple comparisons us-
ing Benjamini and Hochberg’s False Discovery Rate
(Benjamini and Hochberg, 1995) at each taxonomic
level, and a P-value of <0.05 was considered statistically
significant. Post hoc Dunn’s multiple comparison test
was used to determine the group differences in bacterial
taxa.

RESULTS

Growth Performance and Carcass Yield

According to the growth performance results, there
was no interaction (P > 0.05) between diet and drying
temperature in any of the periods evaluated (Table 2).
From 1 to 7 d of age, a main effect of drying temperature
was observed, wherein birds fed diets containing corn
dried at 80°C showed better FCR (P = 0.045) than
the birds fed diets formulated with corn dried at
110°C. There was a main effect of diet on BWG and
FCR from 1 to 21 d (P = 0.01 and P = 0.001, respec-
tively) and from 1 to 42 d of age (P = 0.013 and
P = 0.007, respectively). In both phases, worse BWG
and FCR were observed in birds fed the NC (nutrition-
reduced) diet compared with the birds fed the PC diet.
In addition, the inclusion of amylase to the NC diet,
alone or in combination with xylanase and protease,
improved the BWG to the same level as the PC group
in both phases. From 1 to 21 d, the FCR of the NC
was similar to that of the PC group only when the 3 en-
zymes were included. However, from 1 to 42 d of age,
enzyme supplementation, regardless of the association,
improved the FCR of the NC similar to that of the PC
group (Table 2).

There was no interaction or main effect (P > 0.05) of
diet or drying temperature on the carcass and cut

(breast, legs, and wings) yield and abdominal fat per-
centage. The mean averages for carcass, breast, leg,
and wing yield were 69.5, 41.4, 21.2, and 10.2%, respec-
tively, and the mean abdominal fat was 1.7% (data not
shown).

Cecal Microbiota

Microbial Diversity The bacterial alpha diversity as
estimated by the Shannon index and Chao index was
similar among the groups (P = 0.505 and P = 0.599,
respectively) (Table 3). According to the beta diversity
and considering the weighted UniFrac explanation
(which considers the phylogenetic distances between
bacteria present in the sample in addition to their
abundance), there was no difference (P = 0.08;
R = 0.092) regarding separation of the bacterial com-
munities considering all the dietary groups. However,
the ANOSIM pairwise analysis showed a difference be-
tween the bacterial communities when comparing the
PC vs. NC (P = 0.041; R = 0.241); PC vs.
NC + amylase (P = 0.035; R = 0.354), and PC vs.
NC + amylase + xylanase (P = 0.056; R = 0.185)
groups. The ANOSIM analysis showed that there was no
difference in the bacterial community when comparing
the PC vs. NC + amylase + xylanase + protease
(P = 0.180; R = 0.074), suggesting that the supple-
mentation of the 3 enzymes normalized the cecal
microbiota community (Table 4; Figure 1).

Microbial composition Firmicutes was the most abun-
dant phylum (93.3%), followed by Bacteroidetes (3.9%),
with no statistical difference between groups. The rela-
tive abundance of the main classes and orders observed
was also not different between groups (data not shown).
Numerically, the most abundant families were Rumino-
coccaceae (40.8%), an unidentified family within the or-
der Clostridiales (o Clostridiales;f ) (15.9%) and
Lachnospiraceae (15.8%; Figure 2). The microbiota of
the birds fed the NC diet supplemented with amylase or
amylase + xylanase showed an increase (P = 0.002) in
the frequency of f Lachnospiraceae; ~  when
compared with that of the birds fed the NC diet without
enzyme supplementation (3.59% for the NC + amylase
group, 2.68% for the NC + amylase + xylanase group,
and 1.29% for the NC group). In addition, there was a
reduction (P = 0.019) in the frequency of the genus
f Ruminococcaceae; in  birds fed the
NC + amylase + xylanase vs. the PC group (Figure 3).
Predicted function To analyze the differences in the
predicted functions of the microbiota, the results of the
PICRUSt analysis were compared between groups using
the Linear discriminant analysis Effect Size. A total of 58
different metabolic pathways were different when
comparing the PC vs. NC groups, where 21 were upregu-
lated in the NC group, and 63 metabolic functions were
changed when comparing the PC vs. NC + amylase of
which 23 were upregulated in the NC + amylase group
(Supplementary Data). However, a more similar micro-
biota in terms of predicted functions was observed when
the NC group was supplemented with
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Figure 1. Beta-diversity of the microbial communities in the ceca of broilers at 21 d of age based on weighted UniFrac distances (Each spot rep-
resents one sample, and each sample is a pool of cecal content from 4 birds.). (A) Positive control (purple spots) vs. negative control (red spots); (B)
positive control (purple spots) vs. negative control + amylase (blue spots); (C) positive control (purple spots) vs. negative
control + amylase + xylanase (orange spots); (D) positive control (purple spots) vs. negative control + amylase + xylanase + protease (green spots).

amylase + xylanase or amylase + xylanase + protease.
A total of 37 and 12 metabolic pathways were changed
when comparing the PC vs. NC + amylase + xylanase or
NC + amylase + xylanase + protease, respectively
(Figures 4A and 4B). These results show that the in-
clusion of the 3 enzymes in the NC diet reduced the
variations in the predicted functions and produced a
microbiota more similar to that of the PC group.

DISCUSSION

The temperature used in the drying process of corn is
of paramount importance because of its influence on the
nutritional quality of the grain. High drying tempera-
tures can lead to structural changes in the protein and
starch granules making them inaccessible to the endoge-
nous digestive enzymes of animals, with reduced digest-
ibility of these nutrients (Odjo et al., 2017; Huart et al.,
2018). The worse FCR observed in the present study in

chickens from 1 to 7 d fed diets formulated with corn
dried at 110°C may indicate a lower digestibility of nu-
trients during the prestarter phase. Although there is ev-
idence that the drying temperature of 100°C causes
changes in the quality of the grain (Bhuiyan et al.,
2010), the temperature used in the present study may
not have been high enough to affect the quality of the
corn sufficiently to impair the performance of the ani-
mals in later phases. On the other hand, the synergistic
effect from 1 to 21 d of the combination of the 3 enzymes
evaluated (amylase, xylanase, and protease) was
evident. The addition of the 3 enzymes to the NC diet
improved the FCR by 3.9% compared with that of the
nonsupplemented group of birds, this being equivalent
to that of the PC group. Considering the entire experi-
mental period (1-42 d), the benefits of enzymatic supple-
mentation were observed either with amylase alone or in
association with xylanase and protease, which restored
the performance of the birds fed the NC diets.
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control + amylase + xylanase + protease; PC, positive control.

The benefits of enzymatic supplementation are more
evident during the early stages of the life of chickens
because of different physiological needs throughout the
life of the birds (Olukosi et al., 2007). Young broiler
chickens (up to 21 d) are known to have a lower digestive
enzyme activity (Uni et al., 1998). Zou et al. (2013)
observed a greater effect of exogenous enzymes (B-man-
nanase, o-galactosidase, and xylanase + B-glucanase) on
the activity of endogenous enzymes (trypsin and chymo-
trypsin) in 21- vs. 42-day-old broilers. Therefore, the in-
clusion of exogenous enzymes to the diets during the
initial period may compensate for the lower secretion
of endogenous enzymes, favoring the digestive process,

100%

90%

I
|

increasing the availability of nutrients, and enhancing
the growth performance of the animals.

Although it remains unclear how a complex enzyme
combination improves chicken growth, several mecha-
nisms have been proposed. Besides the physiological lim-
itation due to the low production of o-amylase (Noy and
Sklan, 1995) in young chickens, starch cannot be
completely digested along the gastrointestinal tract
(Cowieson et al., 2010) because of the high feed intake
observed in modern broilers, which increases the feed
passage rate and reduces the time available for the hy-
drolysis of starch (Weurding et al., 2001; Svihus,
2014). Therefore, the dietary inclusion of a-amylase
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Figure 4. Predicted functions of the cecal microbiota of broiler at 21 d of age identified by linear discriminant analysis coupled with effect size
(LEfSe) using default parameters. (A) Positive control (blue) and negative control + amylase + xylanase (red); (B) positive control (blue) and nega-

tive control + amylase + xylanase + protease (red).

increases the digestion of starch (Stefanello et al., 2015)
and the expression of glucose transporter genes in the in-
testine (Yuan et al., 2017), showing the capacity of this
enzyme in improving starch digestion and glucose ab-
sorption. Xylanase hydrolyzes the cellular wall of plants,
reduces the antinutritional effects of nonstarch polysac-
charides (molecules that are not digested by the normal
digestive processes of nonruminant animals), and favors

the action of other enzymes, such as amylase and prote-
ase. The hydrolysis of the cell wall enhances the accessi-
bility of endogenous enzymes to the intracellular content
of the ingredients used in feed formulation (Oryschak
et al., 2002).

The influence of exogenous protease on the digestibil-
ity of dietary protein is well known (Ding et al., 2016;
Stefanello et al., 2016); however, the “extra-
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proteinaceous” effects of proteases is of interest to the
poultry industry (Cowieson and Roos, 2016). Among
the potential effects, its indirect action on the usage of
starch and fat has to be emphasized. Cowieson et al.
(2019) reported the beneficial effects of exogenous prote-
ase beyond improvements in ileal amino acid digestibil-
ity. According to these authors, the addition of
protease to a diet with reduced crude protein and digest-
ible amino acid concentration resulted in a better ileal di-
gestibility of starch (3.8%) and increased jejunal
expression of starch digestion—related genes (sucrase-iso-
maltase). Kalmendal and Tauson (2012) observed
enhanced ileal digestibility of fat (2.08%) with the use
of exogenous protease. Therefore, the indirect effect of
protease on the protein and starch present in the ingre-
dients and the fact that the hydrolysis of the protein fa-
cilitates the formation of micelles result in an increase in
the digestibility of starch and fat and consequently more
energy available for growth (Fru-Nji et al., 2011;
Cowieson et al., 2019).

The combination of amylase, xylanase, and protease
has been shown to increase the digestibility of nutrients
and improve the performance of animals (Amerah et al.,
2017; Singh et al., 2019). Cowieson and Ravindran
(2008) observed that the addition of these 3 enzymes
to diets based on corn and soybean meal improved the
metabolizable energy and nitrogen retention by 3 and
11.7%, respectively. However, as shown in the present
study, the beneficial use of this enzymatic complex was
also due to modulation of the intestinal microbiota.

The reduction in energy of 100 kcal/kg reduced the
performance of the birds and changed the cecal micro-
biota compared with the birds fed the control diet. Meta-
bolic studies related to obesity have reported that caloric
restriction in mice leads to changes in the intestinal
microbiota that have an impact on the metabolism and
nutritional status of the host and is used as a strategy
to mitigate obesity (Zheng et al., 2018; Zeb et al.,
2020). Indeed, the usage of nutrients and the extraction
of energy from the diet proceed by the integration of
biochemical processes and the intestinal microbiota
(Stanley et al., 2014). In the present study, the diversity,
composition, and predicted function of the cecal micro-
biota at 21 d of age are consistent with the FCR of the
birds in this period. The supplementation of the
energy-reduced diet with amylase, xylanase, and prote-
ase reduced the variation in the cecal microbiota, modu-
lating its diversity and predicted metabolic functions
similar to those of the group of birds fed the PC diet.
Therefore, it is possible to assume that the 3 enzymes
acted on their specific substrates in the superior gastro-
intestinal tract, improved the use of nutrients, changed
the nutritional composition of the cecal content, and
favored the development of a beneficial microbiota.
Changes in the cecal microbiota can affect the microbial
population dynamics in the gut and thereby influence
functions (Yin et al., 2018). Torok et al. (2011) reported
that favoring the proliferation of the commensal micro-
biota and suppressing pathogenic bacteria are partially
responsible for the positive effects of exogenous enzymes.

The evidence from this study can be useful in under-
standing how the manipulation of the gut microbiota
by the dietary inclusion of a combination of exogenous
enzymes can led to better growth performance.

The intestinal microbiota is involved in important
mechanisms, such as maintenance of overall intestinal
health, modulation of the immune system, exclusion of
pathogenic microorganisms (Clavijo and Florez, 2018;
Willson et al., 2018; Kogut, 2019), and modulation of
metabolic processes to improve the usage of nutrients
in the diet (Greiner and Béckhed, 2011; Stanley et al.,
2012; Rubio et al., 2015). The products released in the in-
testine by the action of dietary enzymes such as xylanase
may present prebiotic effects (Ravn et al., 2017), which
can be used by beneficial bacteria in the lower intestine
(Lee et al., 2017). In addition, dietary amylase and pro-
tease can increase the digestibility of starch and protein
and reduce the amounts of these undigestible compo-
nents that reach the ceca, which could otherwise be
used by pathogenic bacteria (Flores et al., 2016). Never-
theless, the formation of metabolites that could nega-
tively affect the health of the animals is minimized
(Apajalahti and Vienola, 2016; Cowieson and Roos,
2016). According to Kogut (2019), a stable and healthy
microbiota increases the function of the intestinal barrier
and discourages the colonization of unfavorable microbi-
al communities, allowing for better broiler performance.

In summary, drying corn at 110°C negatively influ-
enced the growth performance of broiler chickens during
the prestarter phase. Dietary inclusion of amylase, xyla-
nase, and protease counteracted the loss in performance
of broilers fed energy-reduced diets and promoted a
microbiota with composition and functions similar to
those of birds fed the nonrestricted energy diet. There-
fore, the modulation of the microbiota may explain, in
part, the mechanism of action by which exogenous en-
zymes improve the growth performance of animals.
Even though it was not evaluated herein, the effect of
the enzymes on the intestinal microbiota may also be
dependent on the age of the birds.
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