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Abstract: Treating ruminant feeds with exogenous fibrolytic enzymes may potentially increase for-
age cell wall degradability and thus feed efficiency. In nature, fungi biosynthesize lignocellulolytic
enzymes that can break down lignocellulosic material into its sugar components, thereby providing
ready fermentable substrates. This work showed the in vitro fibrolytic activity of three Trichoderma
strains (T. atroviride strain P1, T. afroharzianum strain T22, T. reesei strain T67). Total protein concen-
tration and enzymatic (e.g., glucanase, cellulase, and xylanase) activities were determined in fungal
culture filtrates after 7 and 14 days of growth on different fiber-based media. The enzymatic mix-
tures produced by Trichoderma spp. showed the highest concentration of fibrolytic enzymes and
were added to industrial feed to test their ability to hydrolyze insoluble fibers. The supplementation
of industrial feeds containing medium-fiber or low-fiber concentrates with T22 enzymes produced
in the presence of lyophilized mushrooms and durum wheat fiber reduced hemicellulose concen-
tration up to 33% and 24%, respectively. These results may offer novel opportunities to develop
livestock feeds with improved fiber digestibility.

Keywords: fibrolytic enzymes; Trichoderma; fiber degradability; cellulase activity; glucanase activ-
ity; xylanase activity

1. Introduction

The world’s population is constantly increasing, along with a growing demand for
livestock products, e.g., milk, eggs, and meat. Unfortunately, livestock farming has a sig-
nificant environmental impact on water consumption, land deprivation, biodiversity loss,
greenhouse gas emissions, and air pollution [1,2]. A primary objective of the livestock
industry should be optimizing the relationship between environmental impact, produc-
tion costs, and revenues. In this contest, animal feeding plays a vital role, accounting for
60-70% of the total costs for meat and milk production [3-5]. Forages still represent the
sole or significant feed resource for domestic ruminant animal production, but their low
digestibility due to high lignin content limits the intake potential and affects animal
productivity [3]. The use of exogenous fibrolytic enzymes (e.g., xylanases, glucanases, and
cellulases) to improve feed conversion efficiency in ruminants has attracted growing
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attention. Exogenous fibrolytic enzymes can enhance the digestibility of neutral detergent
fiber (NDF) [6-9] and promote the growth, attachment, and colonization of microbial pop-
ulations in the ruminal environment [10-14]. They are used in feed production as supple-
ments to improve dry matter intake (DMI) [15], milk production [16,17], and average daily
gain of ruminant diet [18,19]. According to Oba and Allen [20], a one-unit increment of
NDF digestibility enhances DMI (0.17 Kg/die) and the yield of 4% fat-corrected milk (0.25
Kg/die). However, the animal responses to dietary enzyme supplementation are variable
[21-29], limiting the technology’s cost-effectiveness. Some fungi and bacteria (e.g., species
of the genera Trichoderma, Clostridium, Pseudomonas, Bacillus, Penicillium, and Aspergillus)
synthesize fibrolytic enzymes. Trichoderma spp. are fungi used in agriculture as bioprotec-
tors, biostimulants, and biofertilizers. They control phytopathogens, nematodes, and
weeds through multiple mechanisms, such as the production of antibiotics, lytic enzymes,
antimicrobial substances, competition for nutrients, or direct parasitization [30-32]. More-
over, Trichoderma strains stimulate in planta the production of phenolic compounds,
which increase the defense systems of plants and their nutraceutical value [33-37]. Finally,
they can degrade hydrocarbons, chlorophenols, polysaccharides, and xenobiotic pesti-
cides [38—40] and are among the few fungal strains that belong to the category of “Gener-
ally Recognized as Safe” or GRAS [41]. Trichoderma fungi can produce different fibrolytic
enzymes using preferentially amino acids (e.g., L-alanine; L-aspartate; L-glutamic acid),
proteins as a nitrogen source, and sugars as carbon font, according to the producing strain
and the growth medium (generally low-cost substrates, such as tropical forages and agri-
cultural wastes) [42—44]. Both microorganisms and enzymes may reduce the content of
anti-nutritional factors present in feed, thus improving the nutritional value of the forage
and its digestibility [45-47]. Fibrolytic enzyme demand is constantly growing, and the
enzyme market is expected to increase up to USD 1.9 billion by 2025 [48]. This work aimed
to evaluate the fibrolytic activity of three selected strains of Trichoderma species grown on
various substrates. Supplementing an industrial feed with Trichoderma enzymes could ul-
timately result in economic advantages regarding reduced nutrients dispersed in feces
and methane emissions.

2. Materials and Methods
2.1. Fungal Strains and Growing Conditions

The Trichoderma strains (T. atroviride strain P1, T. afroharzianum strain T22, T. reesei
strain T67) were provided by the Department of Agricultural Sciences at the University of
Naples Federico II. Molecular tools and morphological features identified microbial
strains.

The spores were incubated at 25 °C for about 7-10 days on Petri dishes containing
PDA (Potato Dextrose Agar, Carlo Erba, Milan, Italy) to allow for germination and growth
of the fungal mycelium, with subsequent sporulation. After incubation, the spores were
collected using 10 mL of sterile distilled water with 0.1% Tween-20, filtered through glass
wool to remove residual mycelium, washed with sterile distilled water, counted, and
stored at —20 °C in a 20% (v/v) glycerol solution until used. The concentration of conidia
was determined using a hematocytometer (Merk, Darmstadt, Germany). Subsequently,
250 mL flasks containing 100 mL of Potato Dextrose Broth (PDB, Carlo Erba, Milan, Italy)
were inoculated with 100 puL of a conidia suspension (1 x 108 spores/mL) and incubated
for three days at 25 °C and 120 rpm. The fungal biomass was then filtrated on Miracloth
paper (Calbiochem; Merk, Darmstadt, Germany) and transferred aseptically into 1 L
flasks containing 500 mL of the salt medium (SM 1X) at pH 6.6. The SM 1X composition
was: KH2POs4 680 mg/L, K2HPOs 870 mg/L, KC1200 mg/L, NHsNOs 1 g/L, CaCl2 200 mg/L,
MgSOs 7H20 200 mg/L, FeSO4 2 mg/L, MnSOs 2 mg/L, ZnSO4 2 mg/L, Sucrose 10 g/L, agar
10 g/L. All chemicals were purchased by Merk (Merk, Darmstadt, Germany).

The experiments were conducted using various induction conditions; SM 1X was
amended with:
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= 1% (w/v) sucrose (control, non-inducing medium);

*  0.5% (w/v) Bran and Brain (B&B) CF 70 fiber and 1% (w/v) lyophilized mushrooms
(Agaricus bisporus basidiocarps);

] 1% (w/v) corn silage;

* 1% (w/v) chopped barley, oats and triticale (a hybrid of wheat and rye);

= 1% (w/v) corn flour.

The cultures were incubated at 25° C for 7-14 days under continuous agitation (120
rpm). At the end of the incubation, the cultures were centrifuged and filter-sterilized using
0.8, 0.45, and 0.22 pm Millipore filters (Merk, Darmstadt, Germany). The culture filtrates
were subjected to dialysis against distilled water for 48 h at 4° C (pore size 6-8 kDa; Merk,
Darmstadt, Germany) and used in enzymatic assays as such or concentrated at reduced
pressure with an SPD Speed Vac system (Thermo Fisher Scientific, Waltham, MA, USA).
Five replicates were used for each condition, and each experiment was repeated twice.

2.2. Determination of Total Proteins

The content of total proteins in the culture filtrates of Trichoderma spp. was deter-
mined using the MICRO BCA protein assay kit (Merck, Darmstadt, Germany). The assay
is based on protein oxidation, in an alkaline medium, of Cu? to Cu'*. The Cu'* ion binds
two molecules of bichinonic acid (BCA) and colors the solution (blue color), whose inten-
sity is measured with a spectrophotometer (HeAios 3, Unicam, Thermo Fisher Scientific,
Waltham, MA, USA) at 750 nm.

Briefly, reagent A” was made by adding 20 pL of reagent S (sodium dodecyl sulfate)
to 1 mL of reagent A (sodium hydroxide). Subsequently, 100 puL of reagent A’ was added
to 20 uL of culture filtrate, contained in 2 mL Eppendorf tubes (Eppendorf, Hamburg,
Germany), and 880 uL of reagent B (lithium sulfate, tungstic acid, sodium salts, molybdic
acid, hydrochloric acid, phosphoric). After vortexing, the Eppendorf tubes were left for 15
min at room temperature before reading the absorbance at 750 nm. The calibration curve
was obtained using serial dilutions of Bovine Serum Albumin as standard protein (Merck,
Darmstadt, Germany). Distilled water was added to the reagents to serve as blank control.

2.3. Determination of Glucanase Activity

B-glucosidase (E.C.3.2.1.4) hydrolyzes cellobiose and cellooligosaccharides to glu-
cose. A colorimetric assay determined the exoglucanase activity in ELISA plates. The re-
action substrate was p-nitrophenyl-3-D-glucopyranoside (0.3 mg/mL) dissolved in 50 mM
potassium phosphate buffer. Then, 30 uL of the substrate and 60 pL of the fungal culture
filtrate were added to the plate, covered with aluminum foil, and incubated at 37 °C for
30 min. Successively, 30 uL of 0.4 M Na2COs was added to stop the enzymatic reaction
and to accentuate the yellow color. The p-nitrophenol absorbance was read at 405 nm in
an ELISA Bio-Rad plate reader (Bio-Rad, Hercules, CA, USA). Controls were obtained by
using only the buffer without the culture filtrate.

Each test was repeated at least three times and was considered valid only in the pres-
ence of the yellow color due to the degradation of the substrate.

2.4. Determination of Xylanase Activity

[-1,4-endo-xylanase (EC 3.2.1.8) and (-xylosidase (EC 3.2.1.37) hydrolyze the main
chain of xylan, the internal main-chain xylosidic linkages and xylosyl residues by endwise
attack of xylooligosaccharides.

The Xylazyme AX Test Tablets kit (Megazyme, Wicklow, Ireland) was used accord-
ing to manufacturers’ instructions to determine the endo-1,4-xylanase activity in Tricho-
derma culture filtrates.

Briefly, 500 uL aliquots of concentrated culture filtrates were resuspended in 500 uL
of 25 mM pH 4.7 sodium-acetate buffer (Merk, Darmstadt, Germany) and pre-equilibrated
at 40° C for 5 min in polypropylene tubes. A Xylazyme AX Test Tablet was added to each
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sample. The reaction was stopped after 10 min by adding 10 mL of Trizma solution (2%
w/v) (Merk, Darmstadt, Germany) and vortexing for 1 min. The tubes were incubated in
a water bath at 50° C for 30 min, vortexed again, and left for 5 min at room temperature.
A blue color indicated the presence of xylanase activity. After the residue was filtered with
9 cm diameter Whatman paper discs (No. 0, Whatman, Maidstone, UK), the absorbance
at 590 nm was determined using a spectrophotometer (HeAios (3, Thermo Fisher Scientific,
Waltham, MA, USA). A known volume of distilled water was used as blank.

An appropriate standard curve for xylanase activity was obtained to convert the ab-
sorbance (Abs) at 590 nm into milli-Somogyi Units of activity per assay and was then cal-
culated as follows:

mUnit/assay = 46.8 x Abs + 0.9 (R2=0.99)

2.5. Determination of Cellulase Activity

-D-glucanases (E.C. 3.2.1.4) hydrolyzes the linkage of the 3-1,4 glucosidic bond. The
Cellazyme C Tablets kit (Megazyme, Bray, Ireland) was used according to manufacturers’
instructions to determine the activity of endo 1,4-p-D-glucanase in Trichoderma culture fil-
trates.

First, 500 uL of concentrated culture filtrates was diluted in 500 pL of 25 mM pH 4.7
sodium-acetate buffer (Merk, Darmstadt, Germany) and was pre-equilibrated at 40 °C for
5 min. A known volume of distilled water was used as blank. A Cellazyme C Tablet was
added to the sample containing AZCL-HE-cellulose (Megazyme, Wicklow, Ireland) to
evaluate cellulase activity. The reaction was stopped after 10 min by adding 10 mL of
Trizma solution (2% w/v) (Merk, Darmstadt, Germany) and vortexing for 1 min. The tubes
were left at room temperature (5 min), and the pellet was remixed. The absorbance was
read at 590 nm using a spectrophotometer (HeAios (3, Thermo Fisher Scientific, Waltham,
MA, USA) after filtering the residue with 9 cm diameter Whatman paper discs (No. 0,
Whatman). A known volume of distilled water was used as blank.

2.6. In Vitro Feed Digestion

Three livestock feeds with different contents of NDF (i.e., the analytical fraction con-
ventionally including cellulose, hemicellulose, and lignin [49]) were tested: a high-fiber
(HF) wheat straw, a medium-fiber (MF) concentrate (Dietovit FibrOne, Sivam SPA, Bat-
tipaglia, SA, Italy), and low-fiber (LF) concentrate feeds (Horse Fioc HS, Italfiocchi Mon-
fort SRL, Castelfranco Veneto, TV, Italy).

Aliquots of 10 g of each feed were placed in Petri dishes (15 cm-diameter, Thermo
Fisher Scientific) and incubated in triplicate at 37° C for 24 h according to the following
conditions:

= Control-fiber: incubation in presence of SM 1X, 1% (w/v) lyophilized mushrooms and
0,5% (w/v) wheat fiber;

=  Control-sucrose: incubation in the presence of SM 1X and distilled water;

*  T22-sucrose: incubation in the presence of SM 1X and 5 mL of the enzymatic mixture
produced by T. afroharzianum strain T22 grown in liquid culture (SM 1X + 1% sucrose,
as described in Part 2.1) for 14 d;

= T22-fiber: incubation in the presence of SM 1X, 5 mL of the enzymatic mixtures pro-
duced by T. afroharzianum strain T22 grown in liquid culture (SM 1X + 1% lyophilized
mushrooms + 0, 5% wheat fiber, as described in Part 2.1) for 14 d.

NDF, acid detergent fiber (ADF), and acid detergent lignin (ADL) in treated feeds
were measured according to the method of Van Soest et al. [49] using an ANKOM?% Fibre
Analyzer unit (ANKOM Technology Corp., Fairport, NY, USA) and filter bags (F57, 25
um, Ankom Technology Corp.). Hemicellulose was calculated as NDF-ADF, cellulose as
ADEF-ADL [50]. Values were expressed as g/kg initial dry matter (DM), as determined at
105 °C for 4 h on original samples.
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2.7. Statistical Analysis

Statistical analyses were performed using the statistical package JMP Pro (SAS Inc,
2013. JMP 11, Cary, NC, USA). Total protein, glucanase, and xylanase activity of each
strain were subjected to two-way ANOVA by testing the effects of the substrate (n 5) and
time of incubation (n 2). Hemicellulose, cellulose, and lignin content of each feedstuff were
subjected to one-way ANOVA and tested for the treatment (n 4) effect. The differences
among means were tested at p < 0.05.

3. Results
3.1. Production of Enzymatic Mixtures by Trichoderma Strains

Enzymatic mixtures were obtained growing three Trichoderma strains (T22, P1, and
T67) in liquid cultures for up to 14 days. Total protein concentrations for each strain cul-
tivated for 7 and 14 d on different SM 1X-amended substrates are shown in Figures 1-3.

Strain T22 showed significantly lower production of total proteins in the presence of
barley, oats and triticale, corn silage, or corn flour as compared to control (1% sucrose,
non-inducing condition). Conversely, in the presence of lyophilized mushrooms and B&B
CF 70 fiber, a consistent increase in total protein concentration was observed, both after 7
and 14 days of growth (Figure 1).

250 c 4
00
= 150 a g
]
= 100 I
o
1% sucrose 1% barley, oats, 1% comsilage 1% comflour 1% lyophilized
{comtrol) and triticale muishrooms +
0.5% B&E CF70

fiber

Total proteins after 7d =~ m Total proteins after14d

Figure 1. Total protein concentration of culture filtrates produced by T. afroharzianum strain T22
after 7 or 14 days of growth in salt medium (SM 1X) amended with different carbon sources (sucrose;
barley, oats, and triticale; corn silage; corn flour; lyophilized mushrooms and B&B CF 70 fiber). Data
represent the mean values (1 = 5) of two independent experiments. Different letters in each column
indicate statistically significant differences (p <0.05).

Total proteins produced in T. atroviride strain P1 culture filtrate were less abundant
(Figure 2). No significant differences were observed among the inducing conditions com-
pared to control after 7 days of growth. At 14 d, a significant decrease in total protein
concentration was observed when P1 was grown in SM 1X amended with corn flour, ly-
ophilized mushrooms, and B&B CF 70 fiber or sucrose, while with the other carbon
sources, the concentrations remained unchanged.
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35 a b
30
% sucrose 1% barley, oa 1% com silage % com flour 1% lyophilized
and :n:u:aJe mu shrodms +
05% B&EBCEF7D

fiber

Total proteins after7d =~ W Total proteins after 14 d

Figure 2. Total protein concentration of culture filtrates produced by T. atroviride strain P1 after 7 or
14 days of growth in salt medium (SM 1X) amended with different carbon sources (sucrose; barley,
oats, and triticale; corn silage; corn flour; lyophilized mushrooms and B&B CF 70 fiber). Data repre-
sent the mean values (n = 5) of two independent experiments. Different letters in each column indi-
cate statistically significant differences (p < 0.05).

T. reseei strain T67 produced the highest levels of total proteins at 14 d compared with
the other Trichoderma strains (Figure 3). The substrate containing 1% lyophilized mush-
rooms and 0.5% crude fiber was the best-inducing condition.

300
250
E
200
E a b a b
150
100 I
&0 I
1% sucrose 1% barley, cats, 1% comsilage 1% com flour 1% Iy “phhz:-"
and triticals mushroom
o BB C.:TC

fiber
Total proteins after7d W Total proteins after 14 d

Figure 3. Total protein concentration of culture filtrates produced by T. reesei strain T67 after 7 or 14
days of growth in salt medium (SM 1X) amended with different carbon sources (sucrose; barley,
oats, and triticale; corn silage; corn flour; lyophilized mushrooms and B&B CF 70 fiber). Data repre-
sent the mean values (1 = 5) of two independent experiments. Different letters in each column indi-
cate statistically significant differences (p < 0.05).

3.2. Glucanase Activity in Trichoderma Culture Filtrates

The exoglucanase activity of the Trichoderma culture filtrates was determined after 7
and 14 days of growth in different inducing substrates, and results were compared with
those obtained using a non-inducing medium (control) containing sucrose as a carbon
source (Figure 4).



Agriculture 2022, 12, 573 7 of 16
04 e
7 days
C
03 W14 days
£
02
< b
A I
a
d
01 a
s
. : : .
0 = -
1% Sucrose Cutting Barley Oat 1% Corn silage 1% Corn flour 0.5% Fiber + 1%
and Triticale mixture Iyophilized
mushrooms
04
7 days
M 14 days
03 I
e c c
w t
£ t
« 02
B C T
01 b
b b &
a ) l
0 —
1% Sucrose Cutting Barley Oat 1% Corn silage 1% Corn flour 0.5% Fiber + 1%
and Triticale lyophilized
mixture mushrooms
oz
7 days
b m 14 days
(']
L o
C =< a a
? I I >
i
| | ' |
a I T I
1% Sucrose Cutting Barley Oat 1% Corn silage 1% Comn four (L5% Fiber + 1%
amd Triticale hraphalized
X hore FETTA T g

Figure 4. Glucanase activity of culture filtrates produced by (A) T. afroharzianum strain T22; (B) T.
atroviride strain P1; (C) T. reesei strain T67. Fungal cultures were grown for 7 and 14 days in salt
medium (SM 1X) amended with different carbon sources (sucrose; barley, oats, and triticale; corn
silage; corn flour; lyophilized mushrooms, and B&B CF 70 fiber). Different letters indicate statisti-
cally significant differences (p < 0.05). Error bars represent standard deviation.

Overall, the glucanase activity was found to increase from 7 to 14 days of incubation,
with only a few exceptions (Figure 4). In T22 culture filtrate, the highest exoglucanase
activities were obtained after 14 d of growth in the presence of 1% corn silage (Abs = 0.37)
and 1% chopped barley, oats, and triticale (Abs = 0.30) (Figure 4A). Other culture filtrates
showed a lower level of glucanase (Abs <0.1) at 7 and 14 d.
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The culture filtrates produced by strain P1 in the presence of corn silage or corn flour
showed the highest glucanase activity (Abs=0.27 at 7 d and Abs =0.19 at 14 d; Figure 4B).
Lower enzymatic activity was observed when the fungus was grown in barley, oat, triti-
cale, or lyophilized mushrooms and raw fiber.

Finally, strain T67 showed significant glucanase activity after 14 days of growth in
the presence of corn flour, but at lower levels than the other fungal strains (Abs = 0.16;
Figure 4C).

3.3. Xylanase Activity in Trichoderma Culture Filtrates

Figure 2 reports the endo-1,4-xylanase activity of the Trichoderma culture filtrates
grown as described above. In almost all samples, the production of enzymes significantly
increased after 14 days, especially when corn flour and lyophilized mushrooms + crude
fiber were added to the saline medium.

Our results showed that, among the three strains, the culture filtrate with the highest
xylanase activity was obtained when T. afroharzianum strain T22 was grown for 14 days in
SM 1X + 1% lyophilized mushrooms + 0.5% crude fiber (Figure 2). Conversely, strain P1
showed the lowest production of xylanases (Figure 5B). In both P1 and T67 culture fil-
trates, the presence of corn silage determined the highest increase in xylanase activity after
14 d of incubation compared to the other inducing conditions (Figure 5B, C).
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Figure 5. Xylanase activity of culture filtrates produced by (A) T. afroharzianum strain T22; (B) T.
atroviride strain P1; (C) T. reesei strain T67. Fungal cultures were grown for 7 and 14 days in salt
medium (SM 1X) amended with different carbon sources (sucrose; barley, oats, and triticale; corn
silage; corn flour; lyophilized mushrooms, and B&B CF 70 fiber). Different letters indicate statisti-
cally significant differences (p < 0.05). Error bars represent standard deviation.

3.4. Cellulase Activity in Trichoderma Culture Filtrates

The cellulase activity in the culture filtrates of Trichoderma strains grown in various
inducing conditions is reported in Figure 3. Overall, the enzymatic mixtures showed low
production of cellulases. Trichoderma strain T22 showed significant cellulase activity only
in the presence of sucrose after 14 days of incubation (Figure 6A). Maximum cellulase
activity in culture filtrates produced by strains P1 and T67 was found when corn silage or
corn flour were added to the salt medium (Figure 6B,C). No cellulases were detected when
the fungal strains were grown in the presence of lyophilized mushrooms and B&B CF 70
fiber after 7 and 14 days of incubation.
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Figure 6. Cellulase activity of culture filtrates produced by (A) T. afroharzianum strain T22; (B) T.
atroviride strain P1; (C) T. reesei strain T67. Fungal cultures were grown for 7 and 14 days in salt
medium (SM 1X) amended with different carbon sources (sucrose; barley, oats, and triticale; corn
silage; corn flour; lyophilized mushrooms, and B&B CF 70 fiber). Different letters indicate statisti-
cally significant differences (p < 0.05). Error bars represent standard deviation.

3.5. In Vitro Feed Digestion by Enzymatic Mixtures Produced by Strain T22

The enzymatic mixtures were produced by strain T22 as described in Part 2.1 and
were used to simulate in vitro digestion of three livestock feeds with different contents of
hemicellulose, cellulose, and lignin (high-, medium- and low-fiber feeds, respectively, HF,
MF, and LF). Our data indicated that no significant digestion was observed after 24 h in-
cubation in HF straw samples (Figure 7A). Conversely, T22-treated MF and LF feed sam-
ples showed decreased hemicellulose, cellulose, and lignin concentrations (Figure 7B). Up
to 33% and 24% reduction in hemicellulose concentration was found in LF and MF, re-
spectively, when T22 enzymes were induced by lyophilized mushrooms and wheat fiber,
compared to untreated sample (control-fiber, Figure 7B,C). The same condition also de-
termined a significant reduction of cellulose (8% reduction) and lignin (3% reduction, MF
feeds) compared to the control (Figure 7B).
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Figure 7. Concentrations (g/kg DM) of hemicellulose, cellulose, and lignin of the three livestock
feeds (high-fiber —HF straw (A), medium-fiber —MF feed (B), low-fiber—LF feed (C)) incubated 24
h with T. afroharzianum strain T22 enzymatic mixture in the presence of a salt medium. Control-
fiber: lyophilized mushrooms, and wheat fiber. Control-sucrose: distilled water. T22-sucrose: T22
enzymatic mixtures obtained after 14 d growth in salt medium and sucrose. T22-fiber: T22 enzy-
matic mixtures obtained after 14 d growth in the salt medium and lyophilized mushrooms + wheat
fiber. Data are expressed as three replicates” mean values (g/kg DM). The error bars represent the
standard deviation. Different letters indicate statistically significant differences between the treat-

ments within the same fraction (p <0.05).
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4. Discussion

Trichoderma fungi are well-known producers of numerous extracellular enzymes, in-
cluding cellulases, endochitinases, N-acetyl-p-galactosidases, -1,3- and, {-1,6-glu-
canases, proteases, and xylanases [51]. These are used commercially in the food and textile
industries to degrade complex polysaccharides [52]. Some Trichoderma strains produce en-
zymes and antibiotics able to control plant pathogens and are applied in agriculture as
biocontrol agents [39,40]. Trichoderma enzymes also find application in poultry nutrition
to increase the digestibility of hemicelluloses from crop plants [52]. However, even if ru-
minants digest plant cell walls more efficiently than monogastric, rumen microorganisms,
they may have difficulties degrading lignified and mature forages [53]. Several studies
investigated the effects of exogenous enzymes on fiber degradation both in vitro and in
vivo [54,55]. Despite representing less than 15% of total ruminal activity, a relatively small
quantity of exogenous enzymes may enhance fiber digestion [56]. They improve feed uti-
lization by freeing sugars during NDF hydrolysis, eliminating barriers, limiting microbial
contact to DF, and improving the activity of rumen microorganisms [57]. The type of ru-
minant (buffaloes, sheep, beef, goats, dairy cattle, etc.), forage proportion and quality of
forage (legumes or grasses), and the number of ingredients included in the diet can affect
the action of exogenous fibrolytic enzymes on the degradability of dry matter, fiber hy-
drolysis, animal gas production, and milk yield [58].

This work investigated novel opportunities to develop forages with excellent cell
wall digestibility using Trichodema enzymatic mixtures. Different inducing conditions
were tested to select the Trichoderma strains, which give the highest results in protein con-
tent and fibrolytic activity (glucanase, cellulase, and xylanase). T. atroviride strain P1, T.
afroharzianum strain T22, and T. reesei strain T67 were used for the experiments since they
can produce high levels of glucanases, cellulases, and xylanases and adapt enzymatic pro-
duction to the type of carbon source present in the growth medium [59]. Numerous stud-
ies reported the ability of Trichoderma strains to produce extracellular proteases and inves-
tigated their involvement in the biological control of plant pathogenic fungi and nema-
todes and the induction of plant defenses [60-62]. We observed that the carbon source
affected the secretome of each Trichoderma strain. The presence of A. bisporus basidiocarps
and durum wheat fiber determined the highest accumulation of proteins in the culture
filtrate of strains T22 and T67 at 7 and 14 days of growth. The highest concentration of
glucanases was found in culture filtrates where corn silage (for strains T22 and P1) or corn
flour (for strain T67) were used. In a previous study, Napolitano et al. showed that strains
T22 and T67 gave the best results in the production of total proteins and glucanolytic ac-
tivity [59]. In our study, the highest glucanase activity was obtained by growing strain
T67 in 1% durum wheat fiber, and the highest xylanase activity was observed in T22 cul-
ture filtrate in the presence of barley spent grain [63]. The T22 strain showed the best glu-
canase and xylanase activities. The corn silage was stimulated better than the other sub-
strates in the enzymatic productions. Our results confirmed that the production of specific
enzymes could be induced by the substrate used to promote growth [59]. Xylanase activity
was significantly induced in T22 in all tested conditions. These enzymes have gained par-
ticular importance in ruminant feeding, as they contribute to the digestibility of fibrous
foods, accelerate weaning, increase resistance against infections, and help decrease envi-
ronmental impact by reducing methane production by the animals [63]. Conversely, the
best cellulase activity was obtained by growing strain P1 in a medium containing corn
silage as a carbon source. Today, the use of exogenous enzymes as additives to increase
feed digestibility in ruminants is still limited compared to nonruminant animals [64].
Therefore, the enzymatic mixtures with the highest activity were selected to treat indus-
trial feed in vitro. Our results showed that the enzymatic mixture with a more significant
xylanase activity (T. afroharziarum strain T22) significantly reduced the insoluble fibers
content in MF and LF concentrates. This result was probably related to the hydrolysis of
the insoluble fibers and the soluble ones, as reported by Kiarie et al. [65]. The lack of effi-
cacy of T22-based treatments on feed containing HF straw agrees with the observation on
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in vitro enzymatic activity. This finding could be related to the short incubation time (24
h) that possibly did not allow for significant enzymatic degradation of the high-lignified
fiber of wheat straw. Morgavi and coauthors showed synergism between enzymes pro-
duced by rumen microorganisms and those secreted by the fungus T. longibrachiatum [64]
to improve ruminal digestion of fiber.

5. Conclusions

This work evaluated the fibrolytic activity (cellulase, xylanase, and glucanase) of en-
zymatic mixtures obtained using three selected Trichoderma strains (T. atroviride strain P1,
T. afroharzianum strain T22, and T. reesei strain T67) grown in inducing and non-inducing
substrates. We found that the carbon source differently affected the secretome of Tricho-
derma strains, stimulating the production of glucanase and xylanase. Moreover, 24 h incu-
bation of T22 enzymatic mixtures induced in the presence of 1% lyophilized mushrooms
and 0.5% durum wheat fiber significantly reduced the hemicellulose concentration in me-
dium- and low-fiber livestock feeds. These results support the usefulness of enzyme ad-
ditives to improve feed digestion.
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