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SUMMARY

Diets containing low-quality durum wheat (716 g/kg) for production of pasta were used to feed
male broiler chicks. The efficacy of xylanase supplementation and the impact of xylanase inhibitors
on losses in exogenous enzyme activity were analyzed. Birds fed on the basal diet, not supplemented
with recombinant xylanases or Roxazyme G, reached a BW of 1,509 g with a feed conversion ratio
of 1.77 at d 28. Growing performance was above that expected for the breed used, whereas feed
conversion ratios were relatively higher. None of the 3 xylanase preparations under analysis affected
growing performances and feed efficiency of broiler chicks. The activity of feed xylanases was
considerably reduced in the presence of durum wheat extracts. The results suggest that reduction
of exogenous enzyme activity was due to the action of durum wheat xylanase inhibitors and not
to proteolysis.
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DESCRIPTION OF PROBLEM

Triticum durum is becoming increasingly
used in animal nutrition, especially when its in-
dustrial value for the production of semolina, its
milling product used for pasta preparation, is
low. It is believed that its nutritive value for
simple-stomach animals is similar to that of Trit-
icum aestivum. Durum wheat contains consider-
able levels of arabinoxylans, which are non-
starch polysaccharides consisting of a backbone
of 1,4-linked β-D-xylopyranosyl units partially

1To whom correspondence should be addressed: cafontes@fmv.utl.pt.

substituted with α-1-2 or α-1-3 L-arabinofura-
nosyl side chains or both [1]. The contents of
arabinoxylans in durum wheat vary between
40.7 and 74.6 g/kg (dry basis) [2]. However,
when compared with T. aestivum, the levels of
water-extractable soluble arabinoxylans are
lower in T. durum, ranging from 0.37 to 0.56%
(dry basis) [2]. In addition, durum wheat arabi-
noxylans contain a higher proportion of arabi-
nose side chains than T. aestivum arabinoxylans,
indicating a more branched structure [3]. Soluble
arabinoxylans present in wheat-based diets dis-
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play considerable antinutritive properties for
monogastric animals [4, 5, 6]. However, it is
well recognized that the addition of cellulases
and hemicellulases enhances the nutritive value
of cereals rich in soluble nonstarch polysaccha-
rides for poultry and pigs [7]. The efficacy of
enzyme supplementation, particularly for wheat-
based diets, is variable [8]. A range of factors
has been advanced to explain the unpredictable
response of animal performance to enzyme sup-
plementation, which includes cereal genotype
and growing conditions, age of animal, pro-
cessing of the diet, nutrient density, and enzyme
dose. In the last few years, xylanase inhibitors
have been discovered in T. aestivum [9, 10].
Homologous proteins have been identified in
T. durum [11]. These inhibitors were shown to
affect, either competitively or noncompetitively
depending on the xylanase, the function of bacte-
rial and fungal xylanases [12]. In T. durum, the
presence of xylanase inhibitors can considerably
reduce the function of exogenous xylanases dur-
ing durum wheat semolina processing [11]. It
is, therefore, likely that protein inhibitors can
also affect the action of xylanases used to supple-
ment wheat- and rye-based diets. Understanding
the impacts and the mechanisms of action of
these biocatalyst inhibitors would enable the de-
velopment of novel strategies for enhancing the
catalytic efficiency of feed enzymes in animal
nutrition. The aim of the current study was to
evaluate the effect of xylanase supplementation
on the nutritive value of durum wheat, with low
industrial value, for poultry. In addition, an ex-
ploratory study was implemented to examine the
potential impact of T. durum xylanase inhibitors
in the function of the exogenous polysacchar-
idases.

MATERIALS AND METHODS

Diets and Enzyme Preparation

The objective of the study was to examine
the effects of exogenous cellulases and xyla-
nases on the nutritive value of diets based on
durum wheat for broilers. The composition of
the basal diet, containing 716 g/kg of durum
wheat, is listed in Table 1. The 4 treatments
under analysis consisted of the basal diet without
exogenous enzymes or supplemented with a
commercial cellulase–xylanase enzyme mixture

TABLE 1. Composition and calculated analysis of the
basal diet

Diet
Ingredient and analyses (g/kg as-fed basis)

Durum wheat 716.4
Soybean meal (47% CP) 244.7
Dicalcium phosphate 16.4
Calcium carbonate 8.8
DL-Methionine 2.3
L-Lysine HCl 2.5
Choline chloride (75%) 0.9
Salt 3.0
Vitamin and mineral premixA 5.0
Estimated values, dry-matter basis

Energy (ME, kcal/kg) 2,850
Crude protein (g/kg) 204.8
Crude fat (g/kg) 13.3
Crude fiber (g/kg) 29.4
Ash (g/kg) 55.2

AMineral-vitamin premix provided the following per
kilogram of diet: vitamin A, 9,000 IU; vitamin D3, 2,100
IU; vitamin E, 30 mg; nicotinic acid, 30 mg; vitamin B12,
0.12 mg; calcium pantothenate, 10 mg; vitamin K3, 5 mg;
thiamin, 1.1 mg; riboflavin, 4.5 mg; vitamin B6, 2.0 mg;
folic acid, 0.5 mg; biotin, 0.5 mg; Fe, 50 mg; Cu, 10 mg;
Mn, 70 mg; Zn, 50 mg; Co, 0.2 mg; I, 1.0 mg; Se, 0.3
mg; butylated hydroxytoluene, 150 mg; monensin, 100 ppm.

Roxazyme G [13], a recombinant single-domain
xylanase (SDX), or a recombinant modular xyla-
nase (MX). The feed was pelleted, and enzymes
were added to the diets after pelleting. The re-
combinant enzymes used were truncated deriva-
tives of xylanase 11A (Xyn11A) from Clostrid-
ium thermocellum. The Xyn11A is a modular
xylanase consisting of 4 functionally and struc-
turally distinct protein modules (Figure 1). The
enzyme contains an N-terminal family 11 glyco-
side hydrolase catalytic domain, followed by a
xylan-binding module, a typical dockerin char-
acteristic of other C. thermocellum cellulosomal
enzymes that anchors the enzyme into the multi-
protein complex and a C-terminal family 4 ace-
tyl-xylan esterase module [14]. The single-do-
main enzyme used for supplementing diet SDX
consisted of Xyn11A xylanase catalytic module
(GH11) and the modular xylanase present on diet
MX consisted of the xylanase catalytic module
fused to Xyn11A xylan-binding domain (GH11-
XBD). The molecular architecture of the en-
zymes used on these experiments is presented
in Figure 1. Plasmids containing the DNA-en-
coding regions of both proteins, under the con-
trol of a T7 promoter in the prokaryotic expres-
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FIGURE 1. Molecular architecture of recombinant xylanases used in this study. Xyn11A is a modular xylanase
from Clostridium thermocellum [14]. The truncated derivatives of Xyn11A used in this study are named GH11,
consisting of Xyn11A catalytic module, and GH11-XBD, consisting of Xyn11A catalytic domain fused to the enzyme
family 6 xylan-binding domain (XBD). GH11 = family 11 glycoside hydrolase; CBM6 = family 6 carbohydrate-
binding module; CE4 = carbohydrate esterase from family 4. The dockerin domain from Xyn11A is in black.

sion vector pET21a (Novagen), were trans-
formed in Escherichia coli BL21 cells.
Recombinant E. coli strains were grown on Lu-
ria-Bertani medium to midexponential phase
(A600nm of 0.5) and polysaccharidase gene ex-
pression induced by adding isopropyl β-D-thio-
galactoside to a final concentration of 1 mM.
Cells were collected after 5 h induction at 37°C,
and protein extracts were prepared by ultrason-
ication as described by Fernandes et al. [14].
Extracts were incubated at 50°C for 20 min and
centrifuged for 30 min at 10,000 × g to remove
much of the E. coli proteins (both recombinant
enzymes are thermostable at the referred temper-
ature). Total enzyme used in each treatment was
CX, 0.1 g/kg of Roxazyme G; SDX, 4,000 U of
GH11/kg; and MX, 4,000 U of GH11-XBD/kg
(1 unit of enzyme activity released 1 µmol of
product/min, at 40°C).

Chickens and Husbandry

Commercial broiler chicks (Ross 308) [15]
were housed in 20 battery brooders exposed to
constant light for the duration of the trial. Each
cage was provided with an individual feeder and
2 automatic drinking nipples. The brooders were
located in a temperature-controlled room, which
was adjusted daily to the recommended values,
according to standard brooding practice. One
hundred and sixty 1-d-old broiler chicks were
individually weighed at the commencement of
the experiment, wing-banded, and assigned with
an experimental number. Birds were divided in

20 experimental replicates, equalizing both the
mean and the variance of BW, and allocated
randomly into the 20 cages. Therefore, each
treatment under analysis used 5 pens of 8 birds
for a total of 40 birds per treatment. Feed con-
sumption and individual BW were recorded
weekly. Feed-to-gain ratios were calculated by
dividing the weight of feed consumed by the
weight gain per pen, including the weight gain
of any dead birds. At the end of the experiment
on d 28, 5 birds from each treatment, 1 per cage,
were killed by cervical dislocation, and digesta
were collected from the various gastrointestinal
compartments. The samples were frozen at
−20°C for later analysis.

Analytical Procedures

Cellulase and xylanase assays were per-
formed with soluble xylan and barley β-glucan
according to the methods described by Fontes
et al. [16], at 40°C, except that the release of
reducing sugar was determined using the Somo-
gyi-Nelson reagent [17]. Analysis of cellulase
and xylanase activity in situ was assessed, using
soluble xylan at 1 g/L final concentration, in 10
mM Tris HCl, pH 7.0, agar plates [18]. Activity
was detected after 16 h incubation at 37°C
through the Congo red assay plate, as described
in Ferreira et al. [19]. Inhibition of xylanases by
durum wheat protein inhibitors was evaluated by
incubating the various xylanases with a durum
wheat crude extract prepared by resuspending
milled T. durum in sodium phosphate buffer
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TABLE 2. Performance of broilers fed on diets containing 716 g/kg of durum wheat supplemented with various
enzyme mixturesA

FBWB BWGC FID FCRE

Treatment (g/bird) (g/bird) (g/bird) (feed:gain)

C0 1,509.4 ± 20.9 1,407.6 ± 27.1 2,466.5 ± 39.2 1.77 ± 0.03
CX 1,456.9 ± 20.9 1,379.4 ± 27.1 2,375.1 ± 39.2 1.73 ± 0.03
SDX 1,526.9 ± 20.9 1,470.4 ± 27.1 2,580.5 ± 39.2 1.76 ± 0.03
MX 1,479.3 ± 20.9 1,410.1 ± 27.1 2,437.8 ± 39.2 1.73 ± 0.03

ADiets were not supplemented (C0) or were supplemented with a commercial polysaccharidase mixture (CX), a recombinant
single-domain xylanase (SDX), or a recombinant modular xylanase (MX). Values are means ± SEM.
BFBW = final body weight.
CBWG = body weight gain.
DFI = cumulative feed intake.
EFCR = feed conversion ratio.

(0.05 M, pH 7.0) in a 1:5 ratio (wt/vol) for 30
min and centrifuging (5,000 × g, 15 min). Half
of the supernatant was boiled for 10 min to
inactivate the endogenous xylanase inhibitors.
Both the boiled and the unboiled supernatants
were centrifuged (10,000 × g, 20 min). Enzyme
extracts were added in a 1:1 ratio to boiled or
unboiled supernatant at room temperature. After
incubating for 30 min at room temperature, re-
sidual xylanase activity was determined by mea-
suring the release of reducing sugar using the
method described by Somogyi-Nelson [17].
Quantification of xylanase activity in diets SDX
and MX was performed using the experimental
procedures described above. Feed extracts were
prepared by resuspending the diets in sodium
phosphate buffer (0.05 M, pH 7.0) in a 1:4 ratio
(wt/vol) for 30 min and centrifuging (5,000 × g,
15 min). Enzyme concentration was determined
using the method developed by Bradford [20].
Analyses for DM, ether extract, CP, and dietary
fiber were performed according to AOAC [21].

Statistical Analyses

Statistical treatment of data related to birds
performance and meat quality was conducted
by ANOVA using SAS [22]. Unless otherwise
stated, differences were considered significant
when P < 0.05.

RESULTS AND DISCUSSION

Supplementation of a durum wheat based-
diet with exogenous xylanases, from fermen-
tative or recombinant sources, had no significant
effect on final BW, BW gain, and total feed
intake of male broiler chicks fed ad libitum from
d 1 to 28 (Table 2). Feed conversion ratios across

the 4 treatments were not significantly different,
confirming that all 4 diets were used with similar
efficiencies. Animal performances were similar
throughout the experiment, and the small differ-
ences observed between treatments opened up
only on the fourth week of the experiment (data
not shown). Presence of xylanase activity was
evaluated in samples collected from the various
gastrointestinal compartments, using the Congo
red assay plate. The data presented in Table
3 revealed that although xylanase activity was
variable among birds, values were consistently
very low and sometimes undetectable in samples
collected from animals supplemented with the
exogenous xylanases. Predictably, birds fed on
the control diet displayed no detectable activity
in the contents of most gastrointestinal compart-
ments, except for the ceca and crop. The unex-
pected, small levels of xylanase activity detected
could explain the lack of bird performance re-
sponse to enzyme supplementation. However,
performance of control birds, not supplemented
with the plant cell wall hydrolases, was above
the estimated expected values for the Ross breed
used, suggesting that the durum wheat variety
under analysis was low in soluble arabinoxylans.

To evaluate the possibility of durum wheat
xylanase inhibitors having reduced the activity
of the exogenous enzymes, the activity of the
recombinant and commercial xylanases was as-
sessed in the presence of CP extracts prepared
from T. durum. The enzymes were incubated
with the durum wheat proteins for 30 min, and
residual xylanase activity was estimated against
soluble xylan (Table 4). Under the experimental
conditions, Roxaxyme G xylanases retained
42% of its activity, whereas GH11 and GH11-
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TABLE 3. Qualitative detection of xylanase activity in digesta collected from the gastrointestinal compartments of
20 birds fed on a Triticum durum-based diet, supplemented with different xylanase preparationsA

Qualitative xylanase activityB

Treatment Crop Duodenum Jejunum Ileum Cecum

C0 −/−/−/−/+ −/−/−/−/− −/−/−/−/− −/−/−/−/− ++/++/+/++/+
CX −/+/−/−/− −/+/−/−/− +/−/+/+/− +/+/−/+/+ ++/+/++/++/+
SDX −/+/−/−/− −/+/−/−/− −/−/+/+/− −/+/+/+/− ++/+/++/+/++
MX −/+/+/−/+ −/+/−/+/− −/+/−/+/+ −/+/++/+/+ ++/++/+/++/+
ADiets were not supplemented (C0), supplemented with a commercial polysaccharidase mixture (CX), a recombinant single-
domain xylanase (SDX), or a recombinant modular xylanase (MX). Xylanase activity was detected in situ using a plate
assay system, as described in Materials and Methods. In each row results are depicted for 5 birds per treatment, separated
by a slanted line.
BSymbols refer to none (−), low (+) or high (++) xylanase activity detected.

XBD retained 55 and 56% of their activities,
respectively, when in contact with durum wheat
extracts. The data confirmed that in the presence
of native durum wheat proteins the activity of
the exogenous xylanases was reduced sug-
gesting the presence of xylanase inhibitors in T.
durum. To further establish that the reduction in
xylanase activity was due to the presence of a
protein inhibitor and not to the action of other
molecules present on the extract, samples from
diets SDX and MX were heated to 55°C for 20
min, and xylanase activity evaluated and com-
pared with the activity of nonheated samples.

TABLE 4. The effect of Triticum durum crude extracts and feed heating on the activity of exogenous feed xylanasesA

Recovered
Xylanase activity activity

Enzyme per diet + treatmentB (U/mg)C (%)

Rx G + denatured T. durum extract 0.67 ± 0.03 Not applicable
GH11+ denatured T. durum extract 13.35 ± 0.43 Not applicable
GH11-XBD+ denatured T. durum extract 13.73 ± 0.58 Not applicable
Rx G + T. durum extract 0.28 ± 0.02 42 ± 3
GH11 + T. durum extract 7.34 ± 0.12 55 ± 1
GH11-XBD + T. durum extract 7.69 ± 0.18 56 ± 1
SDX 0.0014 ± 0.0001 Not applicable
MX 0.0013 ± 0.0001 Not applicable
SDX + 55°C (20 min)D 0.0018 ± 0.0001 129 ± 7
MX + 55°C (20 min)D 0.0017 ± 0.0001 131 ± 8

ARecombinant and Roxazyme G xylanases were incubated with native or denatured T. durum protein extracts, for 30 min
at room temperature, and residual xylanase activity was evaluated as described in Materials and Methods section. In addition,
a recombinant single-domain xylanase diet (SDX) and a recombinant modular xylanase (MX) diet, 250 g/kg (wt/vol) in
sodium phosphate buffer (0.05 M, pH 7.0), were assayed for xylanase activity with or without a preliminary incubation at
55°C for 20 min.
BRX G =; Roxazyme G; GH11 = family 11 glycoside hydrolase; GH11-XBD = the xylanase catalytic module fused to
Xyn11A xylan-binding domain.
CMilligrams of protein for enzymes (GH11 and GH11-XBD) or milligrams of Roxazyme G or milligrams of diet (SDX or
MX).
DThe diet extract was preincubated at 55°C for 20 min before assaying for xylanase activity as described in Materials and
Methods.

Both recombinant enzymes present in diets SDX
and MX are thermostable at that temperature,
whereas it is reasonable to assume that wheat
xylanase inhibitors are thermolabile. The data
demonstrated that after treating the diets at 55°C,
the xylanase activity was recovered by an aver-
age 30%, suggesting that heating is effective in
destroying potential protein inhibitors present in
wheat (Table 4).

Durum wheat is primarily used for the pro-
duction of semolina, the crucial ingredient re-
quired for the preparation of spaghetti. To assure
quality, semolina millers and pasta manufactur-
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ers provide specifications to durum wheat sup-
pliers, which usually include semolina milling
potential, protein content, semolina and pasta
color, gluten strength, and pasta cooking quality.
Under some conditions, such as inappropriate
soil selection or poor growing season, durum
crops fail to make the required technological
grades. Therefore, a large surplus of durum
wheat, with reduced properties for the produc-
tion of semolina, can become available for the
feed industry. The present study has shown that
xylanases from recombinant or fermentative
sources were unable to improve the perfor-
mances of broiler chicks fed on durum wheat-
based diets. The results demonstrate that final
BW and BW gain of control animals not receiv-
ing exogenous xylanases were above that ex-
pected for the Ross breed used, suggesting that
durum wheat contains low percentages of anti-
nutritive factors. This is not completely unex-
pected, considering that durum wheat contains
relatively low percentages of soluble arabinoxy-
lans [2]. Soluble arabinoxylans are the most im-
portant antinutritive factors on wheat- and rye-
based diets leading to a significant increase on
digesta viscosity, which results in poor nutrient
digestibility. Although the levels of soluble ara-
binoxylans are low in T. durum, presence of
significant proportions of the insoluble polysac-
charide might result in poor feed efficiency,
which resulted in increased feed conversion ra-

CONCLUSIONS AND APPLICATIONS

1. Feeding broilers with diets containing over 70% durum wheat was practical and feasible without
compromising growing performance.

2. Commercial and recombinant hemicellulases used in this trial were not effective in improving
the nutritive value of durum wheat-based diets for poultry.

3. Xylanase inhibitors reduced the activity of feed xylanases, although its action was effectively
diminished after treating the feed at higher temperatures.
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