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Abstract

Fungi have the ability to degrade vegetal cell wall carbohydrates, and their presence in the

digestive tract of ruminants can minimize the effects of lignified forage on ruminal fermenta-

tion. Here, we evaluated enzyme production by Aspergillus spp. isolates from the digestive

tracts of cattle grazed in tropical pastures during the dry season. Filamentous fungi were iso-

lated from rumen and feces by culture in cellulose-based medium. Ninety fungal strains

were isolated and identified by rDNA sequence analysis, microculture, or both. Aspergillus

terreus was the most frequently isolated species, followed by Aspergillus fumigatus. The

isolates were characterized with respect to their cellulolytic, xylanolytic, and lignolytic activity

through qualitative evaluation in culture medium containing a specific corresponding carbon

source. Carboxymethyl cellulase (CMCase) activity was quantified by the reducing sugar

method. In the avicel and xilan degradation test, the enzyme activity (EA) at 48 h was signifi-

cantly higher other periods (P < 0.05). Intra- and inter-specific differences in EA were veri-

fied, and high levels of phenoloxidases, which are crucial for lignin degradation, were

observed in 28.9% of the isolates. Aspergillus terreus showed significantly higher EA for avi-

celase (3.96 ±1.77) and xylanase (3.13 ±.091) than the other Aspergillus species at 48 h of

incubation. Isolates AT13 and AF69 showed the highest CMCase specific activity (54.84

and 33.03 U mg-1 protein, respectively). Selected Aspergillus spp. isolates produced

remarkable levels of enzymes involved in vegetal cell wall degradation, suggesting their

potential as antimicrobial additives or probiotics in ruminant diets.

Introduction

Fibrous vegetation is the basis of the ruminant diet, and degradation of the cell wall carbohy-

drates in plant fibers is fundamental to ruminant digestion [1]. The symbiotic interactions
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between rumen microorganisms and ruminants can supply proteins, energy, and vitamins to

the animal host, which contribute to their growth and production [2].

The plant cell wall is composed of cellulose (35–50%), hemicellulose (30–35%), and the phe-

nylpropanoid polymer lignin (10–25%) [3]. In semiarid regions, the quantity and quality of

available pasture are compromised during dry periods when forage digestibility is reduced by

the physiological lignification of the vegetative cell wall [4].

Fungi produce lignocellulolytic enzymes and contribute synergistically to the decay of lig-

nocellulosic residues in nature. If the lignin complex is removed, cellulose and other carbohy-

drates can be released for use in industrial processes and to meet the nutritional needs of

ruminants [5]. Fungi also produce enzymes that facilitate polysaccharide degradation in rumi-

nants, and cultures of Aspergillus oryzae and their extracts have been used as supplements in

ruminant diets to improve productivity [6].

Anaerobic fungi in the rumen may be important for tropical forage degradation, as they

produce enzymes that hydrolyze the cellulose and hemicellulose in lignified pastures [7, 8].

However, little is known about the population of aerobic fungi that naturally occur in the

bovine rumen.

An earlier study of the cellulolytic activity of fungi in the digestive tract of dairy cattle

revealed Aspergillus and Paecilomyces isolates that degrade microcrystalline cellulose [9]. In

addition, rumen fluid from beef cattle fed only in lignified tropical pastures predominantly

contained isolates of the genus Aspergillus [10], which have shown potential for supplementa-

tion of animal diets and industrial purposes [11, 12]. Supplementation of ruminant diets with

microbial additives containing exogenous fungi and their enzymes has been reported to

increase milk production by optimizing digestion [13, 14].

We believe that, the rumen of cattle fed exclusively in lignified pastures can be a source of

fungi strains showing high-level production of enzymes that degrade lignified cell wall. The

inclusion of selected autochthonous fungi or their hydrolytic enzymes during dry periods

could favor the degradation of plant cell walls of forages, thus reducing production costs. In

the present study, we evaluated the enzyme activity (EA) of Aspergillus spp. isolates from the

digestive tract of cattle grazing on lignified tropical pasture to select strains with the optimal

ability to degrade plant cell walls.

Materials and methods

Strain collection

Samples were collected from Nellore (Zebu) beef cattle on farms in Montes Claros and Cor-

ação de Jesus in northern Minas Gerais State, Brazil. This region is located at approximately

16˚ 51’ S and 44˚ 55’ W, and it has a humid tropical climate with a dry summer (As), according

to the Köppen classification [15], marked by a dry season from May to September and a rainy

season from December to February.

The study evaluated 113 cattle: 32 adult cows, 31 steers (24–40 months), and 50 calves (6–8

months). The cattle were raised in an extensive system on Brachiaria spp. pasture, supple-

mented with a mineral mixture for beef cattle, containing urea, according to age category.

Rumen fluid and feces were collected during the dry season, which had an average rainfall

of 136.9 mm according to the Fifth District of Instituto Nacional de Meteorologia of Brazil.

After eight hours of fasting, calves were immobilized in a restraint chute to obtain rumen fluid

using a sterile catheter as described by Abrão et al. [10]. After eight hours of fasting, steers and

cows were slaughtered by brain concussion and bleed in a slaughterhouse under sanitary

inspection. Approximately 15 mL of rumen fluid was collected through an incision in the ven-

tral rumen sac. Fecal samples were obtained directly from the rectal ampulla with a sterile
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swab. All samples were transported to the laboratory at 4˚C and stored for up to 1 h in sealed

sterile test tubes [10].

All procedures in this study were approved by the Ethics Committee on Animal Experi-

mentation (CETEA) of the Federal University of Minas Gerais (UFMG; registration no.

CETEA 128/2013), which is regulated by the National Council for the Control of Animal

Experimentation of Brazil.

Isolation and identification of fungi

Rumen fluid and feces were inoculated with sterile swabs onto C medium agar plates contain-

ing 1% microcrystalline cellulose (Avicel), 0.5% ammonium sulfate, magnesium sulfate hepta-

hydrate 0.05%, and 2% agar-agar in distilled water [16].

The fungal genera of the 110 mycelial isolates were determined by microculture tests.

Micro-morphological characteristics were observed under an optical microscope and were

compared to those described for fungi of biotechnological and veterinary interest [17]. Positiv-

ity rates were compared by the χ2 test using the R statistical program (v.3.2.2).

After the fungal cultures grew, they were replated on C agar medium in isolate tubes for

enzyme assays [18]. These isolates were preserved by the Castellani method and were stored at

room temperature [19].

Molecular identification

One hundred and ten isolates were identified by molecular biological methods. Aspergillus spp.

with black pigmentation (N = 13) were identified by microculture test [17] due to difficulties

in DNA extraction and PCR amplification.

Filamentous fungi were grown on Sabouraud agar for seven days, and DNA was extracted

according to the method of Rosa et al. [20]. The ITS region of rDNA was amplified from the

extracted DNA by polymerase chain reaction (PCR) using primers ITS1 (TCCGTAGGTGAAC
CTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC),according to the method of White et al.

[21]. The amplified product was quantified with a NanoDrop 1000ND (NanoDrop Technolo-

gies), and the concentration was adjusted to 100 ng μL-1 for use in sequencing reactions.

Sequencing was performed with DYEnamic (Amersham Biosciences, USA) in a Mega-

BACE 1000 automated sequencing system at the Genome Analysis Center and Gene Expres-

sion of UFMG. The obtained DNA sequences were analyzed using BLASTn (v.2.215) of

BLAST 2.0 at the NCBI website [22]. Isolates with�99% sequence similarity to deposited

sequences were considered the same species.

Qualitative enzyme assays on solid media

Cellulolytic and xylanolytic activity assay. After incubation at 37˚C for seven days in C

medium agar, fungus colony discs (5-mm diameter of each fungi isolate were seeded, in tripli-

cate, at the center of Petri dishes (140 x15 mm) containing 30 mL of C agar medium contain-

ing 1% microcrystalline cellulose (Avicel) as the sole carbon source as previously described. To

assess xylanolytic activity, fungal inoculates were seeded onto medium containing 1% xylan,

0.5% ammonium sulfate, 0.05% magnesium sulfate heptahydrate, and 2% agar-agar in distilled

water.

The three replicates were incubated at 37˚C, and EA activities were evaluated by a method

adapted from Theater and Wood [16]. After incubation, plates were washed with 30 mL of

Congo red solution (1 mg mL-1) for 15 min. Excess dye was removed by rinsing three times

with 15 mL of 1 M NaCl solution. After 2 h, the diameter of the clearing around the colony,

indicative of cellulose or xylan degradation, was measured. The enzyme activity (EA) index at
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24, 48, 72 h and 96 h were calculated by dividing the diameter of the hydrolysis zone by the col-

ony diameter [23]. The diameters of each plate were measured at eight equidistant points to

produce a mean.

The Wilcoxon nonparametric test, at 5% significance, was used to compare mycelial fungal

EA indices according to carbon source. Concomitantly, the EAs of each species and incubation

period were analyzed using the non-parametric Kruskal–Wallis test, at 5% significance. We

evaluated the correlation between the EA indices for xylan and cellulose by Spearman correla-

tion. The R software package (v.3.2.2) was used for data analysis.

Ligninolytic activity. Fungal isolates were inoculated in triplicate on agar medium con-

taining 15 g of malt extract, 1 g of dextrose-peptone, 5 g of gallic acid, and 20 g of agar in 1 L of

distilled water as previously described [24].

After incubation at 37˚C for 5 days, hydrolysis, as indicated by color intensity, was classified

as weak, moderate, or intense, according to Conceição et al. [25]. For negative controls, plates

containing the medium without a fungal isolate were incubated. The χ2 test was used to evalu-

ate the results using R (v.3.2.2).

Quantitative carboxymethyl cellulase (CMCase) assay in liquid medium. The 20 Asper-
gillus spp. isolates showing the highest EA indices in the previous step were selected for quanti-

fication of CMCase activity in a completely randomized test with three replicates.

The selected fungal isolates were grown in yeast nitrogen base medium (Sigma-Aldrich)

containing 1% sodium carboxymethyl cellulose in sodium acetate buffer (50 mM, pH 5.5) at

30˚C for 48 h. Then, the culture was centrifuged at 5,000 × g for 15 min, and the supernatant

was used to quantify EA based on reducing sugar measurement, according to the 3,5-dinitro-

salicylic acid (DNS) method as described by Miller [26].

The enzyme assays were performed in 96-well plates. The reaction mixture, containing

40 μL of 50 mM sodium acetate buffer (pH 5.0), 10 μL of microbial culture supernatant, and

50 μL of 1% sodium carboxymethyl cellulose, was incubated in a thermal cycler (Veriti

96-Well; Applied Biosystems) at 50˚C for 30 min. The mixture was then cooled to 4˚C to stop

the reaction, and 100 μL of DNS solution (1% DNS, 1% sodium hydroxide, and 20% potassium

sodium tartrate) was added. The microplates were incubated at 99˚C for 5 min and at 4˚C for

15 min. Then, the absorbance at 550 nm was determined on a microplate reader (Thermo Sci-

entific MultiSkan Spectrum). For the control, DNS solution was added only at the 0 time point

[26].

All samples were tested in triplicate, and a standard glucose curve was constructed using

0–270 μM glucose solutions. One unit of cellulase activity was defined as the quantity required

to produce 1 μmol of glucose per microgram of total protein per minute (1 U = μmol min-1),

as previously described [26, 27]. EA was expressed as U mL-1.

Fungal biomass was based on the dry weight obtained after filtration through Whatman

No. 2 filter paper followed by drying to a constant weight [28]. The protein concentration of

the supernatant was determined by the Bradford method using bovine serum albumin as a

standard. The standard curve was fit to the absorbance at 595 nm of protein concentrations of

0, 25, 50, 100, 200, and 300 μg mL-1 measured in a microplate reader [29]. After exploratory

data analysis, the variables were compared using the nonparametric Kruskal–Wallis test at 5%

significance level in R (v.3.2.2).

Results

Positivity and identification of cellulolytic filamentous fungi

Aerobic filamentous fungi that can grow on a medium containing cellulose as the sole carbon

source were detected in 60–96% of the cattle, and ruminal detection rate was not influenced by
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animal age. However, compared to rectum samples this rate was higher in calves than in cows

and steers. The positivity was higher in ruminal samples than rectal samples, when considering

the adult cattle (Fig 1, P< 0.05).

Sequencing of rRNA gene fragments revealed 34 isolates of Aspergillus fumigatus (100%

identity, GenBank accession number: KF781534) and 63 isolates of Aspergillus terreus (100%

identity, GenBank accession number: KF781532). Thirteen black fungal isolates were not iden-

tifiable by molecular techniques because of low quality DNA after repeated extraction and

amplification attempts. For these isolates, identifications were made by macro-morphological

characteristics observed on potato agar medium and micro-morphology revealed by micro-

culture. The characteristics of this fungus clearly corresponded with the characteristics of

Aspergillus niger (Fig 2). Considering the total number of fungi isolated, the most frequently

occurring species was A. terreus (P< 0.05), followed by A. fumigatus and A. niger for the tree

bovine category.

Qualitative assay of enzyme production on solid medium

In this study, the mean EA of avicelase and xylanase at 48 h was higher (P< 0.05) than at

other time periods and significantly higher than the xylanase EA at 48 24 h (P<0.05), which

indicates no correlation between the activity of theses enzymes (Table 1). Aspergillus terreus
showed significantly higher EA for avicelase (3.96 ±1.77, Fig 3) and xylanase (3.13 ±.091) than

the other Aspergillus species after 48 h of incubation.

In order to demonstrate intraspecific differences for avicelase activity, five isolates of A. ter-
reus from cow rumens showed higher EA indexes than other evaluated fungi (Fig 4, P<0.05).

The EA showed linear increase during the evaluated periods (R = 0.92).

Fig 1. Detection rate of cellulolytic fungi (%) in samples obtained from the gastrointestinal tract of

beef cattle that grazed on tropical lignified pastures. Lowercase letters indicate significant difference

between organ origins and uppercase letters indicate significant difference between categories as determined

by χ2 test with a 5% significance cutoff.

https://doi.org/10.1371/journal.pone.0183628.g001
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A large number of fungal isolates produced phenoloxidases (P< 0.05). In fact, only 8.9% of

the isolates did not produce phenoloxidases, whereas 38.9%, 23.3%, and 28.9% showed weak,

moderate, and intense production, respectively.

Quantification of CMCase activity

The concentration of CMCase produced varied significantly among the species and strains

tested (Table 2), demonstrating both inter- and intra specific differences. The EAs of isolates

AT13 and AF69 was high, and the enzymes in these isolates were capable of converting sub-

strate to product faster and more efficiently than the enzymes in other isolates.

Discussion

Identification and quantification of cellulolytic filamentous fungi

The aerobic filamentous fungal isolates from Nellore cattle fed on lignified pastures grew well

in cellulose-containing medium, and their detection rate was greater than 90% for rumen sam-

ples and not influenced by age. This shows the relevance of this microorganism. The detection

rate was lower in the rectum of cows and steers, and we suggest that a more stable microbiota

of the large intestine of adult cattle resulted in a reduction in these fungi.

Fig 2. Distribution of Aspergillus species (%) from the rumen and rectal ampulla of cattle that grazed

on Brachiaria sp. during the dry season.

https://doi.org/10.1371/journal.pone.0183628.g002

Table 1. Mean enzyme activities (EAs) of Aspergillus spp. isolated from the gastrointestinal tract of beef cattle that grazed on tropical pastures.

Enzymes EA 24 h EA 48 h EA 72 h EA 96 h

Avicelase 2.51±1.22Aab 3.51±2.01Ab 2.00±0.32Aa 2.03±0.43Aa

Xylanase 2.66±1.40Aab 2.80±1.00Bb 2.04±0.15Aa 2.04±0.28Aa

Note: Lowercase superscripts in row indicate significant difference by Kruskal-Wallis test and uppercase superscript in column indicate significant difference

by nonparametric Wilcoxon test (P<0.05). EA = hydrolysis zone diameter/colony diameter.

https://doi.org/10.1371/journal.pone.0183628.t001
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In another study, the positive rate in the C medium for dairy cows fed on pasture during

the rainy season was significantly lower (86.7%) when compared to the rates observed for cows

fed with sorghum silage (100%). The tender pasture in the rainy season had lower fiber con-

tents than the silage, explaining this lower rate [18].

In this study, Aspergillus spp. was the only genus isolated, and A. terreus was the most fre-

quently identified species. A similar study using Sabouraud agar medium also demonstrated

the predominance of Aspergillus spp., which represented 56% of the rumen fungal isolates

from dairy cows fed sorghum silage or on Brachiaria brizantha pasture [18]. In our previous

study of Nellore beef cattle that fed only on lignified tropical pastures, a Sabouraud agar test

showed higher frequencies of aerobic fungi in the rumen of cows and calves than in the rumen

of steers, and a significantly higher frequency in cows than in calves. Aspergillus spp. was also

the most frequent genus among the isolates from rumen fluid. Aspergillus fumigatus and A. ter-
reus were observed in all bovine categories [10].

In the analysis of fungal population in the rumen contents of steers raised on lignified pas-

tures or in feedlots without forage and after microculture, the genus Aspergillus was the most

frequently identified, and A. terreus was detected in both bovine groups [30].

In a study of the aerobic fungi of the ruminal fluid of five cows, five sheep, and five goats

from Nigeria, a higher proportion was detected in the samples from cows than other rumi-

nants. The genera Mucor, Aspergillus, Fusarium, and Penicillium were detected. However,

Mucor spp. (40.6%) was the most common genus among the fungi isolates [31]

Aspergillus isolates can be selected by their versatility and efficiency in catabolizing different

carbon sources [32]. All fungal isolates in this study showed cellulolytic activity and have

potential for use in biotechnological applications. Reports on the effects supplementation with

Fig 3. Avicel degradation at 48 h by Aspergillus terreus isolated from cow rumen fluid.

https://doi.org/10.1371/journal.pone.0183628.g003
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Fig 4. Linear increase of the avicelase activity for five selected Aspergillus terreus isolates from

rumen fluid collected from Nellore cows. Avicelase activity = hydrolysis zone diameter/colony diameter.

https://doi.org/10.1371/journal.pone.0183628.g004

Table 2. Quantification of carboxymethyl cellulase (CMCase) activity produced by Aspergillus spp. isolates from the gastrointestinal tract of cattle

that grazed on lignified pastures.

Isolates Concentration

(U ml-1 extract)

Specific activity

(U mg-1 protein)

Productivity

(U mg-1 biomass)

AT7 27.73± 7.64ab 0.69±0.25ab 1456.93±344.58 ab

AT8 18.87± 0.58ab 0.45± 0.03ab 770.33±274.71 ab

AT13 22.34±4.03ab 54.84±10.99a 1094.81±347.68 ab

AT15 43.26±15.06a 1.08±0.38ab 2216.34±502.33 a

AT17 7.68±1.03ab 18.44 ±3.01ab 369.78±65.91 ab

AT19 23.51±4.67 ab 0.65±0.23 ab 852.16 ±175.59ab

AT22 35.62±16.48 ab 0.61±0.23ab 224.41±206.88 ab

AT40 7.99±0.35 ab 20.03±1.28 ab 374.24±42.64 ab

AT42 39.43±20.90 ab 0.66±0.41ab 1662.86±881.04 ab

AT43 1.26±0.05 b 0.02±0.002b 58.25±1.65 ab

AT45 12.00±10.50 ab 0.26± 0.24ab 503.57±455.1 ab 4

AT46 28.06±9.69 ab 0.66±0.33ab 81.74±28.68 ab

AT50 20.09±2.04 ab 0.46±0.05ab 830.97±83.69 ab

AT51 29.11±2.99 ab 0.89±0.16ab 1275.86±229.25 ab

AT52 9.43±1.12 ab 23.08 ±3.24ab 232.54±375.06 ab

AT53 6.16±0.46 ab 0.17±0.025ab 17.52 ±1.18 b

AN54 21.57±1.32 ab 0.52±0.022ab 893.12±64.04 ab

AF69 13.66±1.35 ab 33.03±4.43 a 271.95±21.08 ab

AT79 24.23±1.82 ab 0.42± 0.06ab 1059.78±219.91 ab

AF83 20.99±20.29 ab 0.41±0.55ab 63.20±90.02 ab

Note: Different superscript letters in a column indicate significant difference by the nonparametric Kruskal–Wallis test at 5% probability. AT = Aspergillus

terreus; AN = Aspergillus niger; AF = Aspergillus fumigatus. U = quantity of enzyme required to produce 1 μmol of glucose per microgram per minute (U =

μmol ml-1 min-1).

https://doi.org/10.1371/journal.pone.0183628.t002
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microbial enzymes on animal productivity have been inconsistent, possibly due to the com-

plexity of factors affecting enzyme activity and enzyme-substrate interactions [33].

Qualitative analysis of cellulose xylanase and lignin hydrolytic enzyme

production on solid medium

Avicelases play a fundamental role in the bioconversion of agricultural wastes to useful prod-

ucts [34]. Theses enzymes can catalyze most of the bond-cleavages in the saccharification of

crystalline cellulose and is one of the major components of cellulase preparations, especially

for fungus derived commercial enzymes [34]. Of the number of microorganisms producing

cellulases, the report of avicelase production is remarkably scarce in comparison to that of

endoglucanase and beta glucosidase [35].

In this study, avicelase EA was higher at 48 h than at 24 h of incubation, probably due to an

adjustment period (or lag phase) in fungal growth on cellulose. This adaptation can be ex-

plained by the production fungal cellulase only occurring in the presence of its substrate [36].

For the evaluated fungal strains, in vitro avicelase production did not depend on xylanase

production, and 28.9% of these fungal isolates showed high production of phenoloxidases,

which solubilize lignin. High phenoloxidase production could promote the degradation of cell

wall carbohydrates in lignified pasture vegetation during the dry season.

Many Aspergillus species are known to be good producers of cellulases [37], but few

research reports are available on the production of cellulase from Aspergillus terreus [38].

The EA of avicel degradation observed in this study for the five selected A. terreus isolates

from cows was higher than that reported for other aerobic fungi. For aerobic mycelial fungi

isolated from dairy cattle fed no lignified tropical forage, the genus Aspergillus showed higher

avicelase EA compared to the Rhizopus genus. Eight isolates of Aspergillus spp. and six of Paeci-
lomyces spp. showed EA�1.0, indicating potential for utilization in ruminant nutrition. How-

ever, only one Aspergillus isolate showed EA greater than 2.0 after 48 h of incubation [9]. In a

study of eight mycelial fungi strains isolated from soils in the Brazil, the highest value for EA

was 1.847 after 96 h of incubation [39].

Aspergillus spp. are well known for production of extracellular cellulases and has been the

predominant genera in agricultural wastes [35]. A study of twenty-nine fungal strains that

were isolated from agricultural wastes evaluated the cellulase production on different waste

substrates. The isolated strain Aspergillus MAM-F23 gave the highest avicelase activity (45 U/ml)

on wheat straw [40].

In this study, the isolates of A. fumigatus from cattle rumen showed an avicelase EA of 3.2 at 48

h of incubation on a poor culture medium. Previously, an isolate of this species also produced avi-

celase from the solid-state fermentation of wheat straw at 55˚C and pH 5.5 after 72 h [37].

Another Aspergillus species has also produced CMCase and xylanases. The EA of Aspergillus
caesiellus, which is considered a moderate halophile, was evaluated using CMC as the sole

carbon source. The highest production was observed on the sixth day of culture [41]. For

Aspergillus japonicus isolates from soil, dried grass, and barnyard manure, the production of

endocellulase and endoxylanase were stable from pH 4–7 and increased in the presence of cop-

per and Magnesium [11].

In this study, intense phenoloxidase production was observed in 28.9% of the Aspergillus
spp. isolates from bovine rumen, suggesting their potential for lignified forage degradation

during the dry season. In another study, an isolate of A. caesiellus from sugarcane bagasse fer-

mentation was not a lignin peroxidase producer [41]. The characterization of filamentous fun-

gal isolates from soil producing lignin peroxidase reported showed that glucose inclusion

favored the enzyme production [42].
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Quantification of CMCase activity

The enzymes in isolates AT13 and AF69 more efficiently converted substrate to product, and

these isolates produced more units of enzyme per microgram of protein than the other isolates.

Isolate AT15 incubated during 48 h showed the highest expression (43.26 U mL-1 of extract).

Therefore, the potential of these fungal isolates for use as probiotics for cattle or additives to

cattle feed should be assessed.

High CMCase expression may lead to efficient plant fiber degradation, and in this study,

isolates of A. terreus and A. fumigatus from rumen fluid showed high CMCase activity. These

findings differ from the results of previous studies, which reported the highest cellulolytic

activity belonging to Trichoderma spp. and A. niger [43–45].

In other research, one selected isolate of Aspergillus sp. from agriculture wastes showed,

after seven days of incubation, the highest CMCase production (233 U/mL) [40]. Gomes et al.

[12] studied the kinetics of enzymes in Aspergillus spp. isolated for industrial purposes and

reported 16.06–226.51 U of total cellulase activity/mg, highlighting the biotechnological poten-

tial of Aspergillus species.

However, in another study, Aspergillus niger had the lowest level of produced cellulase

(0.300 U mL-1) when grown in culture medium containing sugarcane bagasse pretreated with

NaOH [43].

The CMCase production observed in this study was higher than that reported during the

fermentation of lignocellulosic wastes by Trichoderma viride, which produced 0.374 U mL-1 of

cellulase and 0.776 U mL-1 of CMCase [46]. Khan et al. [47] observed an overall CMCase activ-

ity of 0.10 U mL-1 in Trichoderma spp. cultured with rice straw as a substrate.

One strain of A. terreus, M11, from Zhengzhou, China was also promising for cellulase pro-

duction in short time periods. In solid-state fermentation of lignocellulosic materials, 581 U

CMCase activity per gram of carbon source were obtained in solid-state fermentation. The cel-

lulases were stable in acidic pH at 70˚C and might be used as key enzymes in the production of

bioethanol from cellulose [38].

Studies have demonstrated that supernatants derived from A. terreus cultures were free of

mycotoxins, suggesting that it is safe for consumption [48]. Additionally, the sustainable

potential of utilizing purified statins has led to a number of studies analyzing natural sources

of statins for mitigating ruminant CH4 production [49].

Considering other possible benefits, lovastatin is produced by A. terreus, and it reduced

total gas and CH4 production in a mixed culture of ruminant microorganisms in vitro. How-

ever, it did not alter H2 production. This metabolite decreased the total population of metha-

nogens in ruminant culture, specifically lowering the numbers of Methanobacteriales and

aerobic fungi [50]. These results point to the potential for future studies using A. terreus iso-

lates from bovine rumen to mitigate CH4 production and improve the energy efficiency of

ruminants fed in lignified pastures.

The high-level production of enzymes degrading lignified cell walls by these Aspergillus iso-

lates of this study could reflect the selective pressure in the rumen of host cattle raised on tropi-

cal lignified pastures. The supplementation of diets with these fungi from rumen or their

enzymes could promote more consistent production and adaptation to the conditions of the

ruminal ecosystems of ruminants feeding on tropical lignified pastures.

Conclusions

In this study, most Aspergillus spp. isolates from the bovine rumen were remarkable producers

of cellulases, xylanases, and phenoloxidases for the degradation of lignin even after only two

days of incubation. The activities of avicelase, xylanase, and CMCase showed evidence of
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inter- and intraspecific differences. Selected isolates of A. terreus and A. fumigatus from rumen

fluid show potential use as probiotics for cattle fed in lignified pastures and for the commercial

production of enzymes for biotechnology purposes.
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Ferreira da Silva Hughes, Norberto Mário Rodriguez.
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de fungos aeróbios isolados do rúmen de bovinos leiteiros alimentados com forragens tropicais. Rev

Caat. 2014; 27: 202–07.

10. Abrão FO, Duarte ER, Freitas CES, Vieira EA, Geraseev LC, Silva-Hughes AF et al. Characterization

of fungi from ruminal fluid of beef cattle with different ages and raised in tropical lignified pastures. Curr

Microbiol. 2014; 69: 649–59. https://doi.org/10.1007/s00284-014-0633-5 PMID: 24962597.

11. Facchini FDA, Vici AC, Reis VRA, Jorge JA, Terenzi HF, Reis RA et al. Production of fibrolytic enzymes

by Aspergillus japonicus C03 using agro-industrial residues with potential application as additives in ani-

mal feed. Bioproc. Biosys Engin. 2011; 34: 347–55. https://doi.org/10.1007/s00449-010-0477-8 PMID:

21046416.

12. Gomes JEG, Nascimento TCES, Queiroz AESF, Júnior JISS, Souza-Motta CM, Medeiros EV et al.

Characterization and evaluation of in vitro digestion of phytases, xylanases and cellulases for feed

industry. African J Microbiol Res. 2014; 8: 551–58. https://doi.org/10.5897/AJMR2013.6299

13. Kung L, Treacher R, Nauman G, Smagala A, Endres K, Cohen M. The effect of treating forages with

fibrolytic enzymes on its nutritive value and lactation performance of dairy cows. J Dairy Sci. 2000; 83:

115–22. https://doi.org/10.3168/jds.S0022-0302(00)74862-4 PMID: 10659971.

14. Yang WZ, Beauchemin KA, Rode LM. A comparison of methods of adding fibrolytic enzymes to lactat-

ing cow diets. J Dairy Sci. 2000; 83: 2512–20. https://doi.org/10.3168/jds.S0022-0302(00)75143-5

PMID: 11104270.
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hı́gidos ou com acidose ruminal. Rev Bras de Med Vet, 2015; 37(1): 7–14.

31. Oyeleke SB, Okusanmi TA. Isolation and characterization of cellulose hydrolyzing microorganism from

the rumen of ruminants. African J Biotechnol, Nairobi, 2008; 7: 1530–1504.

32. Flipphi M, Sun J, Robellet X, Karaffa L, Fekete E, Zeng AP, et al. Biodiversity and evolution of primary

carbon metabolism in Aspergillus nidulans and other Aspergillus spp. Fung Gen Biol. 2009; 46: 19–44.

PMID: 19610199.

Fibrolytic enzymes in Aspergillus spp. from bovine rumen

PLOS ONE | https://doi.org/10.1371/journal.pone.0183628 August 29, 2017 12 / 13

https://doi.org/10.1007/s00284-014-0633-5
http://www.ncbi.nlm.nih.gov/pubmed/24962597
https://doi.org/10.1007/s00449-010-0477-8
http://www.ncbi.nlm.nih.gov/pubmed/21046416
https://doi.org/10.5897/AJMR2013.6299
https://doi.org/10.3168/jds.S0022-0302(00)74862-4
http://www.ncbi.nlm.nih.gov/pubmed/10659971
https://doi.org/10.3168/jds.S0022-0302(00)75143-5
http://www.ncbi.nlm.nih.gov/pubmed/11104270
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1590/S1516
https://doi.org/10.1007/s00300-008-0515-z
https://doi.org/10.1007/s00300-008-0515-z
https://doi.org/10.5585/exacta.v8i3.2269
http://www.ncbi.nlm.nih.gov/pubmed/19610199
https://doi.org/10.1371/journal.pone.0183628


33. Adesogan AT, Ma ZX, Romero JJ, Arriola KG. Ruminant nutrition symposium, Improving cell wall diges-

tion and animal performance with fibrolytic enzymes. J Anim Sci. 2014; 92: 1317–330,. https://doi.org/

10.2527/jas.2013-7273 PMID: 24663173.

34. Liu YS, Baker JO, Zeng Y, Himmel ME, Haas T, Ding SY. Cellobiohydrolase hydrolyzes crystalline cel-

lulose on hydrophobic faces. J Biol Chem. 2011; 286(13): 11195–11201. https://doi.org/10.1074/jbc.

M110.216556 PMID: 21282110

35. Ray RR, Microbial Avicelase: an Overview. Bull. Env Pharmacol Life Sci., 2015; 4(4): 03–13.

36. Suto M, Tomita F. Induction and catabolite repression mechanisms of cellulases in fungi. J Biosci

Bioeng. 2001; 92: 305–311doi. PMID: 16233102

37. Mahmood RT, Asad MJ, Mehboob N, Mushtaq M, Gulfraz M, Asgher M, Minhas NM, Hadri SH. Produc-

tion, purification, and characterization of exoglucanase by Aspergillus fumigates. Appl Biochem Bio-

technol. 2013; 170(4): 895–908 74. https://doi.org/10.1007/s12010-013-0227-x PMID: 23615734

38. Gao J, Weng H, Zhu D, Yuan M, Guan F and Xi Y. Production and characterization of cellulolytic

enzymes from thermoacidophilic fungal Aspergillus terreus M11 under solid-state cultivation of corn sto-

ver. Bioresour Technol, 2008; 99: 7623–7629. https://doi.org/10.1016/j.biortech.2008.02.005 PMID:

18346891

39. Colonia BSO, Chagas Junior AF. Screening and detection of extracellular cellulases (endo- and exo-

glucanases) secreted by filamentous fungi isolated from soils using rapid tests with chromogenic dyes.

2014; 13: 4694–4701. https://doi.org/10.5897/AJB2014.14221

40. Abo-State MAM, Hammad AL, Serlim M, Gannam RB. Enhanced production of cellulase(S) by Asper-

gillus spp. Isolated From Agriculture Wastes by Solid State Fermentation. American-Eurasian J Agric

Environ Sci. 2010; 8(4): 402–410.
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fase sólida de Trichoderma sp. sobre los racimos vacı́os de palma de aceite como sustrato. Vitae.

2007; 14: 1–8.

47. Khan MH, Ali S, Fakhru’l Razi A, Alam Z. Use of fungi for the bioconversion of rice straw into cellulose

enzyme. J Environm Sci and Health Part B, Pestic Food Contamin and Agric Wastes. 2007; 42: 381–

86. https://doi.org/10.1080/10934520601144691 PMID: 17474017.

48. Ahmed SA, Saleh SAA, Mostafa SA, Abd EL, Aty AA, Ammar HAM. Characterization and valuable

applications of xylanase from endophytic fungus Aspergillus terreus KP900973 isolated from Corchorus

olitorius. Biocatal and Agric Biotechnol. 2016; 7: 134–44. https://doi.org/10.1016/j.bcab.2016.05.015

49. Faseleh-Jahromi M, Liang JB, Ho YW, Mohamad R, Goh YM., Shokryazdan P. Lovastatin production

by Aspergillus terreus using agro-biomass as substrate in solid state fermentation. J. Biomed. Biotech-

nol. 2012;196264. https://doi.org/10.1155/2012/196264.

50. Faseleh-Jahromi M, Liang JB, Mohamad R, Goh YM, Shokryazdan P, Ho YW (Lovastatin-enriched rice

straw enhances biomass quality and suppresses ruminal methanogenesis. BioMed Res Intern. 2013:

1–13. https://doi.org/10.1155/2013/39793

Fibrolytic enzymes in Aspergillus spp. from bovine rumen

PLOS ONE | https://doi.org/10.1371/journal.pone.0183628 August 29, 2017 13 / 13

https://doi.org/10.2527/jas.2013-7273
https://doi.org/10.2527/jas.2013-7273
http://www.ncbi.nlm.nih.gov/pubmed/24663173
https://doi.org/10.1074/jbc.M110.216556
https://doi.org/10.1074/jbc.M110.216556
http://www.ncbi.nlm.nih.gov/pubmed/21282110
http://www.ncbi.nlm.nih.gov/pubmed/16233102
https://doi.org/10.1007/s12010-013-0227-x
http://www.ncbi.nlm.nih.gov/pubmed/23615734
https://doi.org/10.1016/j.biortech.2008.02.005
http://www.ncbi.nlm.nih.gov/pubmed/18346891
https://doi.org/10.5897/AJB2014.14221
https://doi.org/10.1371/journal.pone.0105893
http://www.ncbi.nlm.nih.gov/pubmed/25162614
https://doi.org/10.4025/actascitechnol.v33i4.10204
https://doi.org/10.1590/S1517-83822012000200006
https://doi.org/10.1007/s13399-013-0100-8
https://doi.org/10.1080/10934520601144691
http://www.ncbi.nlm.nih.gov/pubmed/17474017
https://doi.org/10.1016/j.bcab.2016.05.015
https://doi.org/10.1155/2012/196264
https://doi.org/10.1155/2013/39793
https://doi.org/10.1371/journal.pone.0183628

