Effects of a microbial muramidase on the growth performance, intestinal
permeability, nutrient digestibility, and welfare of broiler chickens
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ABSTRACT The objective of these studies was to
evaluate the inclusion of a microbial muramidase
(MUR) in the diets of broiler chickens on the growth
performance, intestinal permeability (IP), total blood
carotenoid content, apparent ileal digestibility (AID),
and foot pad dermatitis (FPD). In Experiment 1, a total
of 1,000 one-day-old chicks were placed in floor-pens
with reused litter, and randomly distributed into 4 treat-
ments with 10 replicates each. Treatments were a basal
diet (control), or basal diet supplemented with 15,000;
25,000 or 35,000 LSU (F) /kg of MUR. Feed intake (FI),
body weight gain (BWG), and feed conversion ratio
(FCR) were evaluated at d 21 and 43. Intestinal perme-
ability was evaluated on d 35 by FITC-d, and FPD and
AID on d 43. In Experiment 2, a total of 800 one-day-old
chicks were placed in floor-pens with fresh litter, and
randomly distributed into 4 treatments with 8 replicates
each. Treatments were a basal diet (control), or basal

diet supplemented with 25,000 or 35,000 LSU (F)/kg of
MUR, and a fourth group where the basal diet was sup-
plemented with enramycin. The birds were induced to a
mild intestinal challenge. Feed intake, BWG, and FCR
were evaluated on d 21 and d 42, and total blood concen-
tration of carotenoids was evaluated on d 28. In experi-
ment 1, 35,000 LSU (F)/kg of MUR promoted the best
FCR (P < 0.05). Muramidase supplementation linearly
increased the AID of dry matter, ash, and fat (P < 0.01),
and regardless of the dose, MUR decreased the TP (P <
0.05). In Experiment 2, the supplementation of 35,000
LSU (F)/kg of MUR improved BWG and FCR in the
entire cycle (1—42 d) and increased the concentration of
carotenoids in the blood on d 28 compared to the control
group (P < 0.05). These studies show that MUR
improves growth performance of broilers by improving
intestinal permeability, digestibility of dry matter, ash
and fat, absorption of carotenoids, and reducing FPD.
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INTRODUCTION

Dietary supplementation with exogenous enzymes is a
common practice in animal nutrition (Bedford and Cow-
ieson, 2012). Enzymes play an important role in making
undigestible fractions of the diet available for absorption
by the animal and reducing antinutritional factors of
ingredients. The supplementation of enzymes can opti-
mize the nutritional value of the diets, thus reducing
feed cost, improving the growth performance of animals,
and reducing the environmental pollution (Adeola and
Cowieson, 2011; Kiarie et al., 2013; Meale et al., 2014).
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Most of the feed enzymes in the market (e.g., phy-
tases, carbohydrases, proteases) target substrates in the
feed ingredients (Adeola and Cowieson, 2011). However,
another category of enzymes, such as muramidase
(MUR), target components present in the intestinal
lumen and may also be considered a feed additive
(Cooper et al., 2014; Long et al., 2016, Sais et al., 2020).
Muramidases (EC 3.2.1.17) are enzymes produced by
animals, plants, and microorganisms with high specific-
ity to hydrolyze peptidoglycans (PGN), the major
structural components of the bacterial cell wall
(Morgavi et al., 1994; Vidal et al., 2005; Sytwala et al.,
2015). Peptidoglycans are complex structures, formed
by repeated N-acetylmuramic acid sequences connected
by B-1-4 bonds with N-acetyl glucosamine (Phil-
lips, 1966; Alcorlo et al., 2017). With the rapid bacteria
cell wall recycling, PGN fragments are constantly being
released in the gastrointestinal tract (GIT) and accu-
mulate in the intestinal lumen (Lee and Hase, 2014).
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These PGN can also be recognized by immune cells and
trigger  inflammatory  processes (Broom  and
Kogut, 2018). The consequence of the accumulation of
PGN from bacterial cell debris on the intestinal absorp-
tion remains uncertain. However, Goodarzi Boroojeni
et al. (2019) evaluating nutrient digestibility and intesti-
nal histology of broilers fed with or without MUR, sug-
gested that PGN could impair nutrient digestion and
absorption. The main role of microbial MUR, also
known as lysozyme or N-acetylmuramidase, is to act on
the complex PGN structures, cleaving the § — 1,4 bonds
between N-acetylmuramic acid and N-acetyl glucos-
amine (Chipman and Sharon, 1969). Therefore, MUR
could reduce the load of PGN in the lumen, allowing an
effective absorption of dietary nutrients.

Studies have shown the safety of microbial MUR
inclusion in broiler diets. Lichtenberg et al. (2017) evalu-
ated different inclusions of microbial MUR in broiler
diets and did not observe toxic effects even when using
high dietary concentrations (450,000 LSU(F)/kg), but
instead obtained an enhancement in performance with
the addition of the enzyme. Also, improvements in the
GIT functions (digestion and absorption efficiency) and
performance were observed with dietary inclusion of
MUR on broilers (Sais et al., 2020). The effective func-
tionality of the GIT depends on several factors and must
be able to support an effective barrier function, mucus
layer development, regulated immune response, stable
microbiome, host metabolism and energy generation,
and waste secretions (Turner, 2009; Mwangi et al., 2010;

Table 1. Ingredients and nutritional composition of the diets in starter, grower, and finisher phases of broilers in Experiments 1 and 2.

Starter1—21 d Grower22—35 d

Experiment 1

Ingredients, g kg ! as fed

Finisher36—43 d

Starter1—21 d Grower22—35 d

Experiment 2

Finisher36—42 d

Corn 553.13 606.86 606.14 546.96 557.06 549.46
Soybean meal 388.0 336.0 314.0 333.2 292.3 262.7
Rice bran - - - 30.0 60.0 90.0
Meat and bone meal - - - 40.0 26.4 26.4
Salt 4.8 4.3 4.1 3.3 3.5 3.5
Choline chloride 0.8 0.6 0.5 - - -
Soybean oil 24.0 28.0 45.0 34.1 47.3 55.0
Dicalcium phosphate 10.0 6.8 4.5 - - -
Limestone 12.0 10.8 9.9 3.8 4.9 4.5
DL-methionine 2.97 2.67 2.48 3.10 2.80 2.60
L-lysine 0.91 0.59 0.03 1.90 2.10 2.20
L-threonine 0.10 0.09 0.14 0.50 0.50 0.50
Vitamin premix’ 1.50 1.50 1.00 1.50 1.50 1.50
Mineral premix” 0.50 0.50 0.50 0.50 0.50 0.50
Phytase’ 0.10 0.10 0.10 0.10 0.10 0.10
Xylanase’ 0.05 0.05 0.05 - - -
Ethoxyquin” 0.10 0.10 0.10 - - -
Apo-ester’ 0.04 0.04 0.00 0.04 0.04 0.04
Inert’ 1.00 1.00 1.40 1.00 1.00 1.00
Celite™"* 0.00 0.00 10.0 - - -
Total 1,000 1,000 1,000 1,000 1,000 1,000
Calculated composition (% DM basis)
AMEn, kcal /kg 3,000 3,100 3,200 3,100 3,200 3,250
Crude Protein 22.0 20.0 19.0 22.0 20.0 19.0
Calcium 0.94 0.80 0.70 0.90 0.77 0.75
Available phosphorus 0.47 0.40 0.35 0.47 0.40 0.40
Digestible lysine 1.20 1.05 0.95 1.20 1.10 1.05
Digestible methionine 0.60 0.55 0.52 0.60 0.55 0.52
Digestible threonine 0.78 0.71 0.68 0.78 0.71 0.68
Digestible tryptophan 0.26 0.23 0.22 0.23 0.21 0.20
Analyzed composition (% DM basis)

Crude protein - - 18.70 - - -
Calcium - - 0.72 - - -
Total phosphorus - - 0.39 - - -

'One kg of vitamin premix contains: Vit. A (all-trans retinol /retynil acetate/retynil palmitate/g-carotene): 9,000,000 TU /kg; Vit. D3 2,500,000 TU /kg;
Vit. E (dl-a-tocopheryl acetate/dl-a-tocopherol/d-a-tocopherol): 20,000 IU/kg; Vit. K3 2,500 mg/kg; Vit. B1 2,000 mg/kg; Vit. B2 6,000 mg/kg; Panto-
thenic acid 12 g/kg; Vit. B6 3,000 mg/kg; Vit. B12 15,000 mcg/kg; Nicotinic acid 35 g/kg; Folic acid 1,500 mg/kg; Biotin 100 mg/kg; Selenium 250 mg

per kg of premix.

*Mineral premix: Tron 100 g/kg; Cooper 20 g/kg; Manganese 130 g/kg; Cobalt 2,000 mg/kg; Zinc 130 mg/kg; Todine 2,000 mg per kg of premix.

3Phytase (RONOZYME ® HiPhos GT is a microbial 6-phytase expressed through the use of synthetic genes in Apergillus oryzae with phytase activity
of 10000 phytase units (FYT) per g. One phytase unit is defined as the amount of enzyme that releases 1 smol of inorganic phosphate under standard con-
ditions (0.25 M acetate buffer pH 5.5, 37°C and 5 mmol sodium phytate., DSM Nutritional Products Ltd).

*Xylanase (T RONOZYME® WX is a preparation of endo—1,4—beta—xylanase produced with a genetically modified strain of Aspergillus oryzae. The
xylanase enzymatic activity in xylanase units (FXU), defined as ‘the amount of enzyme which liberates 7.8 umol of reducing sugars (xylose equivalents)
from azo—wheat arabinoxylan per minute at pH 6.0 and 50°C’., DSM Nutritional Products Ltd);

‘?Ethoxyquin 66.6% (Antioxidant IMPEXQUIN®, produced by Imprextraco, Brazil)

SCarophyl yellow (10% Apo-ester; DSM Nutritional Products Ltd, Kaiseraugst, Switzerland).

"nert (kaolin, used as a vehicle, chemically inert inorganic mineral produced by Minasilicio Gma Mineradora Ltda, Minas Gerais, Brazil), and used to

replace the muramidase enzyme.

8Celite™ (Indigestible ash, used as a undigestible marker to measure digestibility).
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Oakley et al., 2014; Oakley and Kogut, 2016; Celi et al.,
2017; Kogut, 2019).

To the extent of our knowledge, there are no studies
published in the literature demonstrating the effect of
the MUR evaluated herein in broiler chickens undergo-
ing an intestinal challenge. Therefore, to better under-
stand the mechanism of action of MUR, multiple
approaches were applied in the 2 studies presented with
the objective to evaluate different dietary inclusion con-
centrations of MUR on the GIT functionality. The
measurements included: intestinal permeability, carote-
noids absorption, apparent ileal digestibility (AID),
and the consequences on the growth performance, and
foot pad dermatitis (FPD) in broiler chickens subjected,
or not, to a mild intestinal challenge.

MATERIALS AND METHODS
Experiment 1

Animals and Experimental Design The animal trial
was conducted at the poultry experimental unit of Fed-
eral University of Parand, in Curitiba, Parand, Brazil.
The study was performed in accordance with the Ethics
Committee for the Use of Animals of Federal University
of Parand (protocol 089/2017).

The chicks were obtained from a commercial hatchery
(BRF S.A Brasil Foods, Castro/Parand). A fraction cor-
responding to 10% of the total of animals was weighed
to calculate the average weight of the flock and the
chicks with the average weight of 37.2 + 5 g were
selected for the study. A total of 1,000 one-day-old male
broilers chickens (Cobb500) were randomly divided into
4 treatments, 10 replicate pens per treatment and 25
birds per pen. The experimental treatments consisted of
a basal diet formulated for each feeding phase that dif-
fered in the concentration of inclusion of MUR (Table 1).
The treatment groups were a basal diet without MUR,
or basal diet supplemented with 15,000; 25,000; or
35,000 LSU (F) /kg of feed of MUR.

Diets were based on corn-soybean meal, and all the
diets had inclusion of phytase (1,000 FYT /kg; RONO-
ZYME HiPhos GT, DSM Nutritional Products) and
xylanase (100 FXU/kg; RONOZYME WX 2000 CT,
DSM Nutritional Products), to simulate a commercial
diet. Diets were divided into 3 phases: starter (1-21 d),
grower (22—35 d), and finisher (36—43 d) and supplied
in mash form. The MUR activity and enzymatic recov-
ery of each feeding phase feeding are shown in Table 2.
The enzymatic inclusion was made replacing the inert
component properly in each experimental diet.

Chickens were placed in floor pens with reused wood
shaving litter (3rd flock) with a density of 12 birds/m?.
Water and feed were supplied ad libitum, by using nip-
ple drinkers and tubular feeders. Thermometers were
placed in different points of the poultry house, and the
temperature was controlled by opening or closing the
side curtains. Until 21 d of age, electric brooders with
thermostat control were used to maintain the ideal tem-
perature for the starter phase. Temperature and light

Table 2. Muramidase activity (LSU (F)/kg) and recovery (%)
from the feed in starter, grower, and finisher phases in Experi-
ments 1 and 2.

MUR' doses LSU (F) /kg

Phase feeding, Exp. 1 0 15,000 25,000 35,000
Starter (1-21 d)
MUR activity LSU(F) /kg 1,721 15,751 24,648 34,458

MUR recovery (%) 0 105 99 99
Grower (22—35 d)

MUR activity LSU(F) /kg 592 13,859 25,652 33,653
MUR recovery (%) 0 92 103 96
Finisher (36—43 d)

MUR activity LSU(F) /kg 454 11,556 21,900 31,027

MUR recovery (%) 0 7 88 89
MUR' doses LSU (F) /kg

Phase feeding, Exp. 2 0 25,000 35,000

Starter (1—21 d)

MUR activity LSU(F) /kg 1,504 27,458 41,824

MUR recovery (%) 0 109 119
Grower (22—35 d)

MUR activity LSU(F) /kg 1,505 21,047 32,889
MUR recovery (%) 0 84 94
Finisher (36—42 d)

MUR activity LSU(F)/kg 1,585 20,013 29,752
MUR recovery (%) 0 80 85

"Muramidase (gene coding Muramidase 007 obtained from the fungus
Acremonium alcalophilum (strain 114.92), Novozymes A/S (Bagsvaerd,
Denmark) were included according to the treatments (0, 15,000 LSU (F)/
kg, 25,000 LSU (F)/kg and 35,000 LSU (F) /kg).

control followed the standards established by the breed
management guide (Cobb-Vantress, 2012).
Muramidase The enzyme Muramidase 007 (Balancius)
used for this study was produced by Novozymes A/S
(Bagsvaerd, Denmark) as described by
Lichtenberg et al. (2017). The gene coding for Murami-
dase 007 is from the fungus Acremonium alcalophilum
(strain 114.92), and its activity is expressed in MUR
units LSU(F). Assessing the effects of this enzyme on
animals and in the environment,
Lichtenberg et al. (2017) concluded that, Muramidade
007 is a toxicologically inert compound and well toler-
ated by broilers and causes no harm to the environment.
Performance Measurements Feed intake (FI), body
weight gain (BWG), and feed conversion ratio (FCR)
were measured at 21 and 43 d of age. Mortality and
weight of dead animals were recorded daily to calculate
mortality and adjust FI and FCR.

Apparent lleal Digestibility At d 43, two birds per rep-
licate were randomly selected and euthanized by cervical
dislocation. After the dissection, the content from the
distal half part of the ileum was collected and stored in
microcentrifuge tubes. Samples from the same pen were
pooled, homogenized, and immediately frozen (—18°C).
The digesta was then freeze-dried for further analysis of
nutrient composition and calculation of AID of dry mat-
ter (DM), crude protein (CP), fat, ash, and ileal digest-
ible energy (IDE). Celite at 1% was used as the
indigestible marker in the finisher diets in all treatment
groups. The DM content was obtained by oven drying
the samples at 105°C for 16 h. The CP (method 954.01),
fat (method 954.02) and ash (method 942.05) were ana-
lyzed according to the methodology described by
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AOAC, 1995. Gross energy of the samples was deter-
mined in a calorimetric bomb (Ika Werke C2000 Control
Oxygen Bomb Calorimeter, Ika-Werke GmbH & Co.,
Staufen, Germany). Acid insoluble ash (ATA) was used
as an internal digestibility marker using the method
described by Van Keulen and Young (1977). Based on
the results, the AID was calculated according to the fol-
lowing formula (Sens et al., 2021):

Nutrient in the diet) — (Nutrient in the ileal digesta x IF)
Nutrient in the diet

AD (%) =

where IF (indigestibility factor) is the ratio between the
ATA content in the diet and the AIA in the excreta or
ileal digesta.

The ileal digestible energy (IDE) values were calcu-
lated using the formula (Sens et al., 2021): IDE (kcal /kg
DM) = Crude energy (CE) of the diet — (CE of the ileal
digesta x ileum IF). The % of digestibility of the
nutrients was transformed to coefficient of digestibility
(g/kg).

Intestinal Permeability Model Intestinal mucosal per-
meability was evaluated through the passage of fluores-
cein isothiocyanate dextran (FITC-d) into the blood.
The test was performed as previously described
(Vicuna et al., 2015). Briefly, at 35 d of age, 2 birds per
replicate (total of 20 samples per treatment) were ran-
domly selected and received 1.1 mg of FITC-d 3—5 kD
(SIGMA, Sao Paulo, Brazil) by oral gavage. Blood sam-
ples were drawn by brachial venipuncture 2.5 h later,
and serum fluorescence intensity was determined in a
plate fluorometer (Jenna Scientific, Sao Paulo, Brazil).
A standard dilution curve of the reagent was used to
determine the FITC-d concentration in the sample. The
higher the serum FITC-d level, the higher the intestinal
permeability is.

Foot Pad Dermatitis Foot pad dermatitis was evalu-
ated on d 43. Nine birds per pen were randomly selected
to score FPD, totaling 90 birds per treatment. The eval-
uation of FPD was done according to the method
described by the poultry assessment protocol
Welfare Quality® (2009). A scale of 0 to 4 was used,
where score 0 represented absence of lesions or dermati-
tis, 1 very mild evidence, 2 mild evidence of dermatitis, 3
—4 clear evidence of dermatitis. For data analysis, we
calculated the percentage of animals affected by FPD in
each treatment. Birds with scores of 0 and 1 were consid-
ered without dermatitis, as these scores may not affect
welfare, or carcass condemnation, and animals with
scores 2, 3, and 4 were considered with accentuated
lesions.

Statistical Analysis Performance-related parameters
were submitted to one-way ANOVA and orthogonal
polynomial contrasts to examine linear and quadratic
effects of the increasing enzyme inclusion. For perfor-
mance data, the floor pen was considered the experimen-
tal unit. All the analyzed parameters were considered
significantly different at P < 0.05. Intestinal permeabil-
ity data were analyzed by one-way ANOVA and
Tukey’s test was used for pairwise comparison between
groups (P < 0.05). Additionally, intestinal permeability

was also assessed considering the difference between
treatments that received MUR (regardless the dose) vs.
the control group. Data were log-transformed for adjust-
ment to Gaussian distribution and compared by
Students ¢ test (P < 0.05). The average of FPD lesion
score was analyzed by using Wilcoxson’s test and the
means separated by Dunn’s test. Additionally, the fre-
quency of lesion scores was analyzed using the categori-
cal platform on JMP Pro (16.0).

Experiment 2

Animals and Experimental Design The study was
carried out at the DSM Animal Nutrition Center, in
Mairinque, Sao Paulo, Brazil, in agreement with the eth-
ical guidelines on use of experimental animals and
approved by DSM Ethics Committee on Animal Experi-
mentation protocol number 001/16.

A total of 800 one-day-old males Ross 308, were ran-
domly divided into 4 treatments, 8 replicate pens per
treatment and 25 birds per replicate. Each pen had
2.2 m and was covered with fresh litter. The birds were
raised from 1 to 42 d of age, in a conventional Brazilian
poultry house. The barn was equipped with electric and
gas heaters, fans, and side curtains to allow air exchange
and control of the temperature. The temperature in the
barn environment was adjusted throughout the trial
according to the breed management guide (Avia-
gen, 2014). Water and feed were supplied ad libitum.
The treatments were a basal diet (control group), or the
basal diet supplemented with 25,000 or 35,000 LSU(F)
of MUR/kg of feed, and a fourth group where the basal
diet was supplemented with enramycin at 10 ppm dur-
ing starter and grower and 5 ppm during the finisher
feeding phase. The MUR used in the present study was
the same as described in Experiment 1, and the activity
and enzymatic recovery of each feeding phase is shown
in Table 2.

A three-phase feeding program was used (starter: d 0
—21, grower: d 21—35, and finisher: d 35—42), and the
feed was supplied in mash form. All diets included 1,000
FYT of phytase (RONOZYME HiPhos GT) and 4 ppm
of Apo-ester (CAROPHYLL yellow) as a biomarker.
Diets were based on corn and soybean meal, rice bran,
and meat and bone meal (Table 1). Rice bran and meat
and bone meal were included in all diets to promote a
mild intestinal challenge. Studies have shown that
broiler diets with high amounts of cereals rich in non-
starch polysaccharides (NSPs), can increase digesta vis-
cosity and mucus production, decrease passage rate and
increase the susceptibility of necrotic enteritis
(Shojadoost et al., 2012). Additionally, the supplemen-
tation of animal by-products meal can also predispose
the proliferation and establishment of Clostridium per-
fringens pathogenic strains in the gut (Shojadoost et al.,
2012; Pereira et al., 2015).

In addition to the diet changes, at d 2, all the birds
received an anticoccidial vaccine at 15 times the recom-
mended dose (Bio-Coccivet R - Laboratério Biovet
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Brazilian Laboratory, containing strains of FEimeria
acervulina, E. brunetti, E. mazima, E. necatriz, E. prae-
cox, E. tenella, and E. mitis, isolated from a commercial
poultry production in Brazil and grown in birds’ SPF —
Specific Pathogen Free) by oral gavage. The main objec-
tive of this challenge was to combine necrotic enteritis
predisposing factors to cause a mild intestinal challenge.
Performance Measurements Feed intake, BWGQG, and
FCR were recorded at 21 and 42 d of age. Mortality and
weight of dead animals were recorded daily to calculate
mortality and adjusted FI and FCR. Chickens were
weighed individually on d 42 to determine uniformity,
and the percentage of birds within the range of + 10% of
the average weight was calculated.

Carotenoid Determination At d 28, blood samples
were collected from 20 birds per treatment to measure
total carotenoid concentration in the blood as an indica-
tor of intestinal integrity and nutrients absorption.
Total carotenoid concentration in the whole blood was
determined by a commercial portable photometer,
iCheck CAROTENE using iEx CAROTENE reagent
vials (BioAnalytGmbH, Teltow, Germany). Carote-
noids in blood plasma has been shown to be a sensitive
biomarker of intestinal disruption caused by coccidiosis
(Conway et al., 1993; Rochell et al., 2016).

Statistical Analysis

The data were submitted to one-way ANOVA and in
case of significance, the means were pairwise compared
by Tukey’s test (P < 0.05). Pen and bird were consid-
ered as the experimental unit for performance and carot-
enoid determination, respectively.

RESULTS
Experiment 1

Growth Performance The growth performance at 21
and 43 d are shown in Table 3. From 1 to 21 d, MUR
supplementation influenced FI, wherein broilers that
received the highest MUR inclusion level (35,000 LSU

(F)/kg) had the lowest FI than birds fed with MUR
15,000 and 25,000 LSU (F)/kg, but similar to the control
group. Additionally, a quadratic response (P = 0.01)
was observed. The treatments had no effects on BWG or
FCR from d 21 to 43. From 1 to 43 d, the supplementa-
tion of MUR did not show effect on the BWG and FI (P
> 0.05); however, a quadratic response (P = 0.01) for
MUR supplementation was observed for FCR (Table 4).
The FCR was lower (P = 0.0004) in animals supple-
mented with the highest dose of MUR (35,000 LSU (F)/
kg) when compared to the birds from other groups.
Apparent lleal Digestibility The inclusion of microbial
MUR in the feed linearly increased the ileal digestibility
of DM (g/kg DM = 699.52 + 0.84*dose; R2 = 13%;
P = 0.03), fat (g/kg Fat = 654.25 + 3.31*dose;
R* = 44%; P = 001), and ash (g/kg
Ash = 362.66 + 3.31*dose; R* = 42%; P < 0.01; Table 4).
However, no significant differences were observed for the
digestibility of crude protein or ileal digestible energy (P
> 0.05; Table 4).

Intestinal Permeability The supplementation of MUR
at 15,000 LSU (F)/kg decreased the intestinal perme-
ability when compared to the birds from the non-supple-
mented group (P < 0.05; Figure 1). However, the
intestinal permeability of birds from the MUR 15,000
LSU group was statistically similar to those fed with
MUR 25,000 and 35,000 LSU (F)/kg. Data were also
assessed as treatments with MUR inclusion vs. control.
Regardless of the dose used, the enzyme inclusion
improved the intestinal permeability when compared to
the non-supplemented group (Students ¢ test, P < 0.05).
Foot Pad Dermatitis At the end of the experimental
period, FPD occurrence was higher in non-supplemented
birds (P = 0.05) than in birds supplemented with MUR
at the 25,000 LSU (F)/kg (Table 5).

Experiment 2

The experiment was performed successfully and, in
despite the mild challenge conditions, the birds per-
formed according to the breeder guidelines. Mortality
varied between 11 and 13% for all the treatments,

Table 3. Body weight gain (BWG, g), feed intake (FI, g), and feed conversion ratio (FCR) of broilers supplemented with increasing con-

centrations of muramidase from 1 to 21 and 1 to 43 d. Experiment 1.

MuramidaseLSU" (F)/

kg of feed BWG, g FL g FCR g/g BWG, g FL g FCRg/g
1to21d 1to43d
0 689 1,026 *° 1.493 2,537 4,334 1.694°
15,000 722 1,054 ° 1.438 2,572 4,367 1.688 "
25,000 719 1,061 1.458 2,567 4,360 1.688"
35,000 695 973" 1.418 2,617 4,311 1.633°
CV, % 6.63 6.41 477 4.12 3.23 2.28
P-value ANOVA 0.33 0.01 0.11 0.48 0.84 0.004
Linear 0.74 0.21 0.12 0.75 0.14 0.01°
Quadratic 0.18 0.01% 0.10 0.66 0.34 0.01"

**Different letters in the same column differ by Tukey test (P < 0.05).
'LSU(F): muramidase unit.

*Quadratic effect; FI = 1023,07 + 6,12216x-0,210757*dose®; R* = 19.94%.

3Linear effect; FCR = 1.70539 — 0.00000146*dose; R* = 26.57%.

1Quadratic effect; FCR = 1.69245 + 0.0000017587*dose - 9.50031E-11*dose?; R* = 38.71%.
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Table 4. Apparent ileal digestibility (g/kg) of dry matter (DM), crude protein (CP), fat, ash, and the ileal digestible energy (IDE) of
broilers at 43 d supplemented with increasing concentrations of muramidase. Experiment 1.

Muramidase LSU" (F)/kg of feed DM (g/kg) CP (g/kg) Fat (g/kg) Ash (g/kg) IDE (kcal /kg)
0 698.8 799.5 652.0° 367.8 ¢ 3,253.4
15,000 716.9 814.9 697.6° 409.8 > 3,233.6
25,000 714.3 817.6 756.9 * 435.0 3,355.4
35,000 731.8 810.2 758.6 * 488.0 " 3,281.6
CV, % 4.12 2.68 6.80 12.30 4.04
P-value ANOVA 0.13 0.31 0.01 0.01 0.20
Linear 0.03° 0.24 0.01° 0.01" 0.30
Quadratic 0.90 0.14 0.48 0.44 0.57

a>Different letters in the same column differ by Tukey test (P < 0.05).

'LSU(F): muramidase unit.

®Linear significance; g/kg DM = 699.52 + 0.84*dose; R*> = 13%.

*Linear significance; g/kg Fat = 654.25 + 3.31*dose; R? = 44%.

“Linear significance; g/kg Ash = 362.66 + 3.31*dose; R* = 42%.
without significant differences among treatments. The DISCUSSION

analyses of MUR activity in the diets confirmed the
proper addition of the enzyme within the range of the
expected values & 20%.

Growth Performance The results of growth perfor-
mance parameters are shown in Table 6. At 21 d of age,
there were no differences between the treatments for any
of the variables. However, during the entire experimen-
tal period, from 1 to 42 d of age, broilers fed diets supple-
mented with 35,000 LSU (F) / kg of MUR showed
higher BWG (P = 0.03) when compared to the control
or enramycin groups. Additionally, the supplementation
of MUR, regardless of the dose, improved the FCR by
5.4% compared to the control group. Flock uniformity
at d 42 varied from 80.8% (control) to 86.4% (enramy-
cin), and no differences were found between treatments.

Total Carotenoids

The total carotenoids concentration in the whole blood
is shown in Table 7. Broilers fed diets supplemented with
MUR 35,000 LSU (F)/kg showed higher (4.38 mg/L;
P = 0.007) concentration of carotenoids in the blood on d
28 compared to the control treatment (3.57 mg/L). How-
ever, it was statistically similar to the broilers fed a diet
supplemented with enramycin (4.28 mg/L) or 25,000 LSU
(F)/kg of MUR (3.97 mg/L) (Table 7).

In the present studies, the inclusion of microbial MUR
in diets of broiler chickens linearly improved the FCR. of
the birds during the entire experimental period (Experi-
ment 1), and the addition of 35,000 LSU (F)/kg of MUR
improved BWG and FCR of chickens undergoing an
intestinal challenge (Experiment 2). Furthermore, the
supplementation of MUR linearly improved the AID of
dry matter, fat, and ash, decreased the intestinal perme-
ability of the birds (Experimentl) and increased the
total blood concentration of carotenoids (Experiment
2). Similar results on digestibility have been obtained in
previous studies conducted with European type of diets
(Lichtenberg et al., 2017; Goodarzi Boroojeni et al.,
2019; Sais et al., 2020). Therefore, the current studies,
performed in Brazil, confirm the positive effects of MUR
on the feed efficiency of broilers chickens, regardless of
the type of diet used, and in the presence or absence of
an intestinal challenge.

Effective GIT functionality is usually accompanied by
optimal digestion and absorption. Results presented
herein (Experiment 1) showed that increasing the die-
tary supplementation of microbial MUR resulted in bet-
ter DM, fat, and ash digestibility. The results partially
agree with Sais et al. (2020), wherein broilers supple-
mented with microbial MUR had in increased ileal
digestibility of energy, dry matter, and organic matter

Intestinal permeability
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Figure 1. Intestinal permeability, according to the FITC-d (um/mL) concentration in the blood of birds at 35 d. Experiment 1. Different letters
between the columns of the graphic differs by Students ¢ test (P < 0.05) LSU (F) /kg: Muramidase unit.
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Table 5. Presence (scores 2, 3, or 4) or absence (scores 0 or 1) of foot pad dermatitis (FPD) in broilers at d 43 supplemented with

increasing concentrations of muramidase. Experiment 1.

Muramidase LSU" (F)/kg of feed Mean score Score 0 Score 1 Score 2 Score 3 Pvalue
0 0.847 50% 22% 21% ™% a
15,000 0.57 69% 11% 14% 6% a
25,000 0.48" 63% 28% % 2% b
35,000 0.59 * 62% 21% 12% 1% ab
P-value 0.05 <0.05

b Different letters in the same column differ by Tukey test (P < 0.05).
'LSU(F): muramidase unit.

at 35 d of study. Similarly, Goodarzi Boroojeni
et al. (2019) reported that the supplementation of die-
tary MUR linearly improved AID of protein, fat, and
phosphorus in broilers. The authors also suggested that
MUR could synergistically enhance phytase activity
(Goodarzi Boroojeni et al., 2019). Therefore, the benefits
of MUR on the digestibility of nutrients may be due to
its effect on the intestinal health and function, and by
acting synergistically with other feed enzymes.

The cohesion between intestinal epithelial cells,
mainly promoted by tight junctions, is crucial to main-
tain an effective intestinal barrier, that reduces host
exposure to pathogenic microorganisms, microbial com-
pounds and toxins, and nutritional antigens
(Kogut et al., 2018). The failure of this barrier allows
bacteria, bacterial compounds, and other antigens to
translocate to the blood (Hietbrink et al., 2009;
Teirlynck et al., 2011). This translocation can generate
systemic immune responses (Song et al, 2014,
Chen et al., 2015; Williams et al., 2015), and systemic
bacterial infections (Tlan, 2012; Seki and Schnabl, 2012)
that may impair broiler performance (Jiang et al.,
2010). The dietary supplementation of enzymes and
their beneficial effects, other than digestibility improve-
ment, have been highlighted in a publication by
Dal Pont et al. (2022). In fact, it was shown in the pres-
ent studies that the supplementation of MUR improved
the intestinal barrier function, as measured by the pas-
sage of FITC-d from the intestinal lumen to the blood.
The methodology using FITC-d, which has a high
molecular weight structure that cannot be absorbed in
normal circumstances, has been previously described as
an effective method to access intestinal integrity
(Brandl et al., 2009; Yan et al., 2009; Vicuna et al.,

2015; Liu et al., 2021). Therefore, the results obtained
herein suggest that MUR supplementation conserved
the structure of tight junctions and prevented paracellu-
lar translocation of undesirable molecules from the intes-
tinal lumen to the blood stream.

The improvement promoted by MUR on the mem-
brane integrity, digestion and absorption of certain
nutrients is probably due to its action on hydrolyzing
bacterial PGN. Peptidoglycans, originating from bacte-
rial wall renewal, cell turnover or bacterial lysis is con-
stantly shed on the intestinal lumen and it is considered
a normal process (Johnson et al., 2013). However, the
accumulation of microbial cellular debris could create a
layer on the intestinal epithelia, impairing the proper
absorption of nutrients (Lee and Hase, 2014;
Goodarzi Boroojeni et al., 2019). Bacterial cell walls
have rigid structures formed by repeated N-acetylmur-
amic acid sequences connected by S-1-4 bonds with N-
acetyl glucosamine that are difficult to break
(Alcorlo et al., 2017). Moreover, PGN can be recognized
by immune cells as a microbe associated molecular pat-
tern (MAMP) that can trigger inflammation when rec-
ognized by toll-like receptors 2 present in the cell
membrane of immune cells (Broom and Kogut, 2018). It
may result in the expression of pro-inflammatory media-
tors, anti-apoptotic factors, antimicrobial peptides, and
a protective response to the infecting microbe
(Carpenter and O’Neill, 2007; Lee and Kim, 2007;
Takeuchi and Akira, 2010). The lysis of PGN by MUR,
therefore, may improve nutrient absorption, reduce
inflammation, and redirect nutrient towards growth of
the animals.

The supplementation of MUR also increased total
blood concentration of carotenoids in broilers undergo-

Table 6. Body weight gain (BWG, g), feed intake (FI, g), feed conversion ratio (FCR g/g), and uniformity (Unif, %) of broilers supple-
mented with different concentrations of muramidase and enramycin from 1 to 21 and 1 to 42 days of age. Experiment 2.

Treatment BWG, g FL g FCRg/g BWG, g FL g FCRg/g Unif, %
1to21d 1to42d
Control 903 1,251 1.390 3,265 5,350 1.680 2 0.8
25,000 MUR! 937 1,244 1.340 3,320 ™ 5,150 1.590 ° 81.4
35,000 MUR” 919 1,217 1.330 3,397 5,220 1.590 ® 86.2
Enramycin 920 1,216 1.330 3,265 ° 5,110 1.610 *° 86.4
CV, % 3.43 4.57 4.65 2.46 4.58 3.14 11.51
P-value 0.23 0.55 0.26 0.03 0.24 0.009 0.51

b Different letters in the same row differ by Tukey test (P < 0.05).
Abbreviation: CV, coefficient of variation.

2Muramidase 007 at 25,000 LSU(F) /kg and at 35,000 LSU(F) /kg of feed.
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Table 7. Plasma carotenoid concentration (mg/L) of broiler chickens supplemented with different concentrations of muramidase and

enramycin at 28 d. Experiment 2.

Treatments Control 25,000 MUR' 35,000 MUR? Enramycin P-value CV%
Carotenoids 3.57° 3.97 4.38* 4.28? 0.007 21.03
Different letters in the same row differ by Tukey test (P < 0.05).
Abbreviation: CV, coefficient of variation.
Muramidase 007 at 25,000 LSU(F) /kg and at 35,000 LSU(F) /kg of feed.
ing a mild intestinal challenge (Experiment 2), which is DISCLOSURES

another indication of improved GIT functionality by
MUR. Carotenoid absorption is negatively correlated
with intestinal damage. Studies have shown a reduction
of carotenoid concentration in the plasma of chickens
under Eimeria acervulina infection which has increased
correlation with the dose of infection and, consequently,
a decrease in intestinal integrity (Conway et al., 1993;
Rochell et al., 2016). Carotenoids are fat soluble micro-
nutrients that are supplied by the diet and may be used
as intestinal absorption biomarker. Sais et al. (2020)
observed an increase on fat digestibility and plasma vita-
min A concentration in broilers fed MUR.

Footpad dermatitis is a condition of inflammation and
necrotic lesions on the plantar surface of the feet of birds
(Greene et al., 1985). Depending on the degree of these
lesions, it can cause pain in the animals (Michel et al.,
2012), impairing their mobility. Thus, the reduced
access to food and water, can negatively affect the per-
formance of the birds. Some studies have shown the
association of more severe FPD scores with the presence
of hock dermatitis and dermatitis of the skin on the chest
(Haslam et al., 2007; Allain et al., 2009; de Jong et al.,
2014). This may, in turn, lead to reduced carcass quality
of the broilers and an increased number of downgraded
carcasses at the processing plant. The quality of the lit-
ter is directly correlated to the presence of FPD. It can
be expected that the prevalence of severe FPD is accompa-
nied by other negative effects on welfare and productivity
caused by deteriorated litter quality. Moreover, FPD can
increase in occurrence and severity when the litter material
is reused, especially if it mnot properly treated
(Meluzzi et al., 2008). In the present study, we observed a
reduction in FPD with MUR dietary supplementation.
We hypothesize that the improvement of nutrient digest-
ibility, and better intestinal integrity observed with MUR,
supplementation may reduce excreta moisture, improve lit-
ter quality, and welfare of birds.

CONCLUSIONS

The results obtained from these 2 studies clearly dem-
onstrated that broilers supplemented with MUR pre-
sented an enhanced growth performance, nutrient
digestibility, and better intestinal functionality as mea-
sured by the plasma concentrations of FITC-d and caro-
tenoids. These beneficial effects show that MUR helped
the birds to cope with the imposed intestinal challenge
and may, at least partially, explain the reduction in
FPD incidence in animals supplemented with MUR.

LCB, CB, VBF, RLU, and EPC are employed by
DSM Nutritional Product. The other authors declare no
conflict of interest. The studies were funded by DSM
Nutritional Products.
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