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Twelve strains of fungi from residues of Agave durangensis were isolated 
and identified by molecular techniques for evaluation of their hydrolytic 
enzyme production capability. A proportion (50%) of the fungal strains 
belonged to the Aspergillus genus and the other strains used belonged to 
Alternaria, Neurospora crassa, Mucor sp, Rhizopus sp., Botryosphaeria 
sp., and Scytalidium sp. The isolated strains were evaluated for their 
potential to produce extracellular enzymes using different substrates 
(cellulose, xylan, inulin, Agave fructans, starch, and tannic acid). It was 
observed that most of the tested strains were capable of simultaneously 
secreting cellulases, xylanases, inulinases, fructanases, and laccases. 
Botryosphaeria sp. ITD-G6 was selected for its evaluation in the 
production of inulinase, using different substrates. Showing high inulinase 
activities (5.22 U / mL for Agave waste, 4.37 U/ mL for inulin and 5.00 U / 
mL for Agave fructans). 
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INTRODUCTION 
 

 Agave is the main genus of the Agavaceae family with about 200 different species. 

Agave durangensis Gentry is a plant belonging to this family that is used for the production 

of Mexican alcoholic beverages (Tequila and Mezcal), a process that generates various 

agroindustrial waste products. Approximately 1 million tons of Agave durangensis are 

produced and processed annually, generating large quantities of agricultural waste, of 

which about 1200 tons are Agave leaves; these are considered to have potential as 

agroindustrial residue (Contreras-Hernández et al. 2017). The waste leaves present a high 

content of cellulose (38 to 50%), whereas the lignin is 15 to 25% and the hemicellulose is 

23% to 32% (Vieira et al. 2002; Sun et al. 2016). Agave leaves also have a high fructan 

content (Orozco-Cortés et al. 2015). This agroindustrial waste has characteristics making 

it a substrate for the production of fungal enzymes with biotechnological interest. 

Fungi are remarkable microorganisms due to their plasticity and physiologic 

versatility. They have the capability to grow and develop in inhospitable habitats with 

extreme environmental conditions because of their efficient enzymatic system. Among the 
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varied mechanisms for adaptability of fungi to environmental extremes and for the 

utilization of their trophic niche, their ability to produce extracellular enzymes are of great 

survival value (Gopinath et al. 2005). New species research is of great importance for 

biotechnological research development. Approximately 1.5 to 3.5 million species of fungi 

have been identified in the world. 

Filamentous fungi have been used to produce important substances for 

pharmaceutical, food, and biotechnological industries; they have proved to be useful to 

produce primary and secondary metabolites such as peptides, organic acids, antibiotics, 

and extracellular enzymes (Valencia and Chambergo 2013). The production of 

extracellular enzymes has gained importance due to its wide commercial and industrial 

applications, which is successfully used to catalyze different chemical processes. These 

enzymes are often chosen as replacements for chemical catalysts because they are cheaper 

and environmental friendly (Sohail et al. 2009). Recently, enzymes have also been 

exploited in the production of biofuels (Haghighi Mood et al. 2013) 

Most extracellular enzymes in use are hydrolytic and are can degrade different 

natural agroindustrial residues. Proteases are the most employed enzymes due to their 

application in detergents and the dairy industry (Maurer 2004). The next most popular 

extracellular enzymes include amylases, pectinases, xylanases, and cellulases, which are 

used for the extraction and clarification of beverages and in the starch, textile, and detergent 

industries (Bhat 2000; Beg et al. 2001). The most studied fungi that have the capacity to 

produce these complex extracellular enzymes are Aspergillus, Penicillium, and 

Trichoderma (Chandra et al. 2007; Quintanilla et al. 2015; Novelli et al. 2016). 

Inulin enzymes are an important class of industrial enzymes, which act on the β-2, 

1 bonds of inulin to produce syrups with a high fructose content and fructooligosaccharides 

(Kango and Jain 2011). Fructose is used as a low-carbohydrate sweetener, and 

fructooligosaccharides are commonly used as a prebiotic source (Singh et al. 2015). The 

most studied fungi for inulinase production are Aspergillus niger and Rhizopus sp. (Kango 

2008; Rawat et al. 2015). 

Fungi are essential in nature because of their potential to produce extracellular 

enzymes, which are attributed to their ability to express and secrete proteins (Ferreira et al. 

2013, Quintanilla et al. 2015); therefore the search for new fungi species with demonstrated 

abilities to secrete enzymes is of interest in the area of biotechnological research. 

The objective of this study was to isolate and identify native strains of Agave 

durangensis agroindustrial residues (from Mezcal production process, typical Mexican 

alcoholic beverage) and to explore their enzymatic potential for possible future 

applications. 

 

 

EXPERIMENTAL 
 

Materials  
Sample origin 

The Agave leaves were donated by the Dolores Hidalgo Durango S.P.R. de R.L. 

Mezcal Production Company (Durango, México), and originated from Ejido Paura in 

Mezquital, Durango, Mexico. They were approximately 12 years old. 
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Fungal strains 

The fungal strains were first isolated from the Agave leaves. A. durangensis leaves 

were moistened and incubated in the dark for ten days at 25 ºC. In places where fungal 

growth was observed, 0.1 cm2 of leaf was cut and used for the isolation in a petri dish 

containing 1% dehydrated ground Agave leaves passed through a 40-mesh screen (0.42-

mm), 2% agar-agar, and 0.000875% rose bengal (ALDRICH, Chemistry, St. Louis, MO, 

USA) and was incubated for 7 days at 37 ºC. Samples were reinoculated under the same 

conditions until isolated colonies were obtained, and these colonies were preserved in 10% 

glycerol. 

 

Methods 
Identification of fungal strains 

Morphological identification of the isolated strains was achieved at both 

macroscopic and microscopic levels using the microculture technique, in potato dextrose 

agar (PDA) (Difco™ Becton, Dickinson Company, Le Pont de Claix, France) (Baltz et al. 

2010). 

 

Molecular identification of fungal strains 

Fungal strains were inoculated in yeast extract peptone dextrose (YPD) media (1% 

yeast extract, 2% casein peptone, and 2% glucose; (BD Bioxon, México City, México) at 

37 ºC for 3 days. Subsequently, DNA was extracted using the method reported by 

Sambrook and Russell (2001). Polymerase chain reactions (PCR) were performed in a 12.5 

µL volume, using 0.50 µL of DNA template, and the following recombinant DNA primers 

464 fglITRS1: (5´AACTCATTGCAATGCYCTATCCCC´3) and 463 fgIITSR2: 

(5´TCAAGTTAGCATGGAATAATRRAATAG´3). These primers encode a fragment of 

the ribosomal region 18s. Amplification was performed with an initialization step with one 

cycle at 95 ºC for 5 min followed by denaturation at 95 ºC for 1 min and then 30 cycles at 

55 ºC for 1 min, at 72 ºC for 1 min, with a final elongation at 72 ºC for 10 min (Valinsky 

and Vedova 2002). The PCR product was observed by electrophoresis in 1% agarose gel 

with a TE-1X buffer (Promega Corporation, Madison, WI, USA), at 66 volts for 90 min. 

Gels were stained with ethidium bromide (Sigma-Aldrich Corporation, St. Louis, MO, 

USA) and observed with a UV transilluminator (Benchtop UV, Upland, CA, USA) (Zhang 

et al. 2000). The PCR product was purified using a Kit Wizard® SV Gel and PCR Clean-

Up System (Promega Corporation, Madison, WI, USA). The rRNA sequences were 

acquired using an ABI PRISM Model 3730XL sequencer (Applied Biosystems Inc., Foster 

City, CA, USA) in the National Genomics for Biodiversity Laboratory (Langebio) of 

Cinvestav Irapuato, México). The obtained sequences were aligned in the National Center 

for Biotechnology Information (NCBI) GeneBank using the Basic Local Alignment Search 

Tool (BLAST), which finds regions of local similarity between sequences. 

 
Detection of extracellular enzymes 

Agar media were inoculated with a 2-mm diameter agar plug from an actively 

growing culture. The incubation was at 25 °C to 37 °C for 2 to 5 days unless otherwise 

stated. 

 

Inulinase and fructanase 

The screening medium was a modification of that described by Kim (1975) and had 

the following composition: Chicory Inulin (Orafti®, Oreye, Belgium), 2%; potassium 
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phosphate (K2HPO4), 0.1%; magnesium sulfate heptahydrate (MgSO4·7H2O), 0.05%; 

sodium nitrate (NaNO3), 0.15%; potassium chloride (KCI), 0.05%; ferrous sulfate 

heptahydrate (FeSO4·7H2O), 0.01%; ammonium phosphate (NH4H2PO4), 0.2%; and Agar, 

1.8% (J. T. Baker, México City, México). The initial pH was 6.0. Isolated samples were 

inoculated in the medium and incubated at 28°C for 5 days. Agave of fructans (Agave 

tequilana Weber (American Foods, Jalisco, México) 2% was used for fructanases activity 

determination. 

 

Cellulases and xylanases 

Cellulolytic and xylanolytic activity was detected using minimal medium 

containing 0.1% (w/v) ammonium chloride (NH4Cl), 0.1% (w/v) potassium phosphate 

(KH2PO4), 0.04% (w/v) calcium chloride (CaCl·H2O), and 0.01% (w/v)magnesium sulfate 

heptahydrate (MgSO4·7H2O) (J.T. Baker, México City, México), supplemented with 1.5% 

(w/v) agar (J. T. Baker, México City, México) and 1% (w/v) Carboxymethylcellulase 

(CMC) (Sigma-Aldrich Corporation, St. Louis, MO, USA), for cellulases or 0.5% 

(w/v)xylan (Sigma-Aldrich Corporation, St. Louis, MO, USA), and 0.1% yeast extract 

(w/v)(MDC-LAB, México City, México) for xylanases detection (Leger et al. 1997). The 

initial pH of the medium was 6.0. After incubation for 48 h, the plates were flooded with 

Congo red (1mg/mL; 15 min) (Sigma-Aldrich Corporation, St. Louis, MO, USA) and 

destained with 1 M sodium chloride (NaCl) (J. T. Baker, México City, México). Activity 

was detected as a yellow halo around the mycelium (Teather and Wood 1982).  

 

Amylases 

Amylolytic activity was detected using starch agar (1% peptone (w/v) (Mayer, 

México City, México), 0.5% yeast extract (w/v) (MDC-LAB, México City, México), 0.5% 

sodium chloride (NaCl) (J. T. Baker, México City, México) (w/v), and 0.2% starch 

(National Starch Chemical Company, Bridgewater, NJ, USA) (w/v)). After incubation for 

48 h, the plates were flooded with lugol solution (Sigma-Aldrich Corporation, St. Louis, 

MO, USA). Activity was detected as a yellow halo on a dark background (Hankin and 

Anagnostakis 1975).  

 

Laccases 

For laccase activity detection, strains were grown on a tannic acid malt extract 

medium (Rigling 1995). A solution of 1% tannic acid (Sigma-Aldrich Corporation, St. 

Louis, MO, USA) in water was sterilized separately and was added to 1.5% malt extract 

(Difco™Becton, Dickinson Company, Le Pont de Claix, France) and 2% agar (w/v) (J.T. 

Baker, México City, México), with a pH of 4.5, after cooling to 50 °C. After incubation for 

48 h, activity was detected as a change of color (to brown) around the mycelium. 

 

Submerged fermentation 

Botryosphaeria sp. (ITD-G6) was selected to evaluate inulinase activity in the 

fermentation liquid using different carbon sources. Three cultivating media were prepared 

to contain each of the following carbon sources: 1) A. durangensis leaves, 2) Agave 

fructans, and 3) chicory inulin (3%) (Öngen-Baysal et al. 1994) with ammonium sulphate 

((NH₄)₂SO₄) (0.5%) as the nitrogen source (Kim 1975; Cruz-Guerrero et al. 2006). The 

media were then sterilized and adjusted to a pH of 5; these were inoculated with 1 × 107 

spores/mL of the selected strain. Agitation was done at 150 rpm and 30 °C for a period of 

120 h (Zhang et al. 2004; Ge and Zhang 2005). The enzymes were extracted from the 
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fermented growth medium. The suspended materials and fungal biomass were separated 

by centrifugation (10,000 × g) (Eppendorf® AG 5452, Eppendorf Inc., Enfield, 

Connecticut, USA) for 15 min and the clarified supernatant was used for enzyme activity 

quantification. Experiments were conducted in duplicate. 

 

Enzymatic activity quantification 

Enzymes were assayed by measuring the concentration of reducing sugars released 

from inulin. The reaction mixture containing 1 mL of diluted crude enzyme and 15 mL of 

5% Chicory inulin (dissolved in 0.05 M acetate buffer (Sigma-Aldrich Corporation, St. 

Louis, MO, USA) (, pH 5.0) was incubated at 50 °C for 30 min. Aliquots of 0.5 mL were 

then withdrawn and the increase in reducing sugar was estimated by a 3,5-dinitrosalicylic 

acid method (Miller 1959), a standard dextrose curve was used to quantify the enzymatic 

activity (Sigma-Aldrich Corporation, St. Louis, MO, USA) as standard. Absorbance was 

read at 540 nm. A higher absorbance indicated a high level of reducing sugar produced 

and, consequently, high enzyme activity. One inulinase unit is the amount of enzyme that 

forms 1 mmol of fructose per min (Jing et al. 2003). 

 
 
RESULTS AND DISCUSSION 
 

Twelve fungal strains were isolated from A. durangensis leaves and were labeled 

with the ITD-G1 code to ITD-G12 for identification (Fig. 1). 

 

 
 

Fig. 1. Isolated fungi from A. durangensis (inoculated in Agave leaf medium as the carbon 
source) 
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Each of the strains showed different characteristics according to the morphological 

analysis. General characteristics and structures of sporulation of fungal strains are 

presented in Tables 1a, and 1b, which correspond to the macroscopic and microscopic 

(40×) images of fungal strains.  

The predominantly isolated microorganism was Aspergillus sp. with a presence 

percentage of 50%, of which 25% of the strains presented physical and microscopical 

features typically assigned to the genus Aspergillus fumigatus. Scytalidium sp. (16.6%) and 

Mucor sp. (16.6%), Neurospora (8.3%) and Alternaria sp. (8.3%), taking into account that 

the 12 isolated strains were 100%. 

 

Table 1a. Morphological Identification of Fungal Strains Isolated from Agave 
durangensis Leaves 

Fungal Isolated 

General Characteristics of Fungi Isolated Genus 

Color of 
Mycellium 

Spore color 
Pigmenta-

tion 
 

ITD-G1 Black Black Yellow 

Aspergillus 
 

ITD-G5 Black Black Yellow 

ITD-G11 Yellow-Green Yellow-Green - 

ITD-G3 White White Purple 

Aspergillus 
fumigatus 

ITD-G9 Green Green Purple 

ITD-G10 Green Green Purple 

ITD-G6 Green-White Green - 
Scytalidium 

 
ITD-G4 Dark Green Dark Green - 

ITD-G7 Orange Orange - 
Neurospora 

crassa 

ITD-G8 Brown Brown Blank Alternaria 

ITD-G2 Yellow Grey - 
Mucor 

 
ITD-G12 Grey Grey - 
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Table 1b. Macro and Microscopic Images of Isolated Fungal Strains of 
A. durangensis Leaves 

Fungal Isolate 

Observation of Fungi Isolated (PDA) 

Macroscopic Microscopic (40×) 

ITD-G1 

  

ITD-G3 

 
 

ITD-G5 
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ITD-G9 

  

ITD-G10 

  

ITD-G11 

 
 

ITD-G6 
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ITD-G4 

  

ITD-G7 

  

ITD-G8 

  

ITD-G2 
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ITD-G12 

 
 

 

The macro and microbiological identification data obtained supports strain 

identification by molecular techniques, corroborated by phylogenetic analysis (data not 

shown). When the isolated fungal strains 18s DNA ribosomal (rDNA) sequences were 

obtained, they were compared to those previously reported in GeneBank, and most were 

very similar to strains associated with their morphologic characterization (Table 2). 

Sequences from this study have been deposited in GenBank under the accession 

numbers KM057746 through KM057754. 

 

Table 2. Molecular Identification of Fungal Isolate 

Fungal 
Isolate 

Molecular 
Identification 

GeneBank 
Accession No. 

Closest Identified Relative 
Species 

% 
Identity 

ITD-G1 Aspergillus niger KM057746 
Aspergillus niger ANOS12 

KP036601 
99 

ITD-G2 Rhizopus sp. KM057747 
Rhizopus oryzae A2 

KM527239 
99 

ITD-G4 Scytalidium sp. KM057748 
Scytalidium hyalinum IP151783 

AF258606 
99 

ITD-G5 Aspergillus niger KM057746 
Aspergillus niger ANOS12 

KP036601 
99 

ITD-G6 Botryosphaeria sp. KM057750 
Botryosphaeria Agaves  MFLUCC 

11-0125 
JX646825 

98 

ITD-G7 
Neurospora 

crassa 
KM057753 

Neurospora crassa OR74A 
XR898033 

99 

ITD-G8 Alternaria sp. KM057752 
Cochliobolus eragrostidis NBRC 

100188 
JN941622 

99 

ITD-G11 Aspergillus flavus KM057751 
Aspergillus flavus HKF30 

HM773230 
99 

ITD-G12 Mucor sp. KM057754 
Mucoromycotina clone S2-070 

JQ321018 
98 

 

There were two exceptions to the foregoing description, namely Isolate ITD-G6, 

which presented a similarity with several Botryosphaeria sequences, and ITD-G2, which 

presented a sequence similarly with Rhizopus sequences.  

The ITD-G6 present strain similarity of 98% with the strain reported in the database 

as Botryosphaeria Agaves MFLUCC 11-0125. However, this strain morphology is 

different from that previously reported; therefore, complementary studies should be carried 

out to achieve its identification. This type of microorganism belongs to the 
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Botrysphaeriaceae family, most of which are endophytic and phytopathogenic (Phillips et 

al. 2013). Taxonomic studies have shown that a morphological characterization is 

insufficient for the clear identification of this species; thus, sequencing methods should be 

used as an important tool for their identification. Other researchers (Phillips et al. 2013; 

Abdollahzadeh et al. 2013; Liu et al. 2012) made a reclassification of these fungi by 

undertaking other regions of highly conserved ribosomal DNA genes, such as: 5.8s, 28s, 

and also the β-tubulin gene, so it is recommended to perform a deeper identification study 

in this strain. 

The strains ITD-G12 and ITD-G2 were identified as of the genus Mucor at the 

macroscopic and microscopic morphology levels (Table 1a and 1b), while strain ITD-G2 

molecular analysis showed a similarity of 99% with respect to Rhizopus oryzae A2 (Table 

2). This may be due to the morphological similarity that exists between these two species; 

however, by molecular identification, these fungi are separated into two distinct species. 

Fungal species are characterized by their abilities to produce and secrete enzymes 

to the external environment. Their potential to produce different enzymes depends 

significantly on the natural environment where they are obtained. The enzymatic activities 

evaluated in the different filamentous fungi isolated from residues of A. durangensis are 

presented in Table 3. 

In the evaluation of extracellular enzyme expression of the isolated strains, it was 

observed that most of the tested strains were capable of simultaneously secreting cellulases, 

xylanases, inulinases, fructanases, and laccases. This can be attributed to the cellulose, 

hemicellulose, lignin, and fructans contents in the Agave leaves where they were isolated, 

using it as source of carbon for its growth (Mancilla-Margalli and López 2006; Contreras-

Hernandez et al. 2017). The least frequently detected enzymes were amylases (including 

proteases, data not shown), this is probably due to the absence of these compounds in the 

leaves of Agave, such that there would be no evolutionary advantage to production of 

amylases. 

 

Table 3. Strains Used in this Study and Detection of Extracellular Activity 

Strains 
Cellula-

ses 

Xyla-

nases 

Inulina-

ses 

Fructana-

ses 

Amyla-

ses 

Lacca-

ses 

Aspergillus niger ITD-G1 + + +++ +++ + - 

Rhizopus sp. ITD- G2 ++ + ND ND - - 

Aspergillus fumigatus ITD-
G3 

+ + ++ ++ ++ + 

Scytalidium sp. ITD- G4 + + +++ +++ + +++ 

Aspergillus niger ITD-G5 + + +++ +++ ++ - 

Botryosphaeria sp. ITD-G6 ++ + +++ +++ - +++ 

Neurospora crassa ITD-G7 +++ - +++ +++ - + 

Alternaria sp ITD-G8 + + ++ + - + 

Aspergillus fumigatus ITD-
G9 

+ + ++ + - ++ 

Aspergillus fumigatus ITD-
G10 

+ + ++ + + ++ 

Aspergillus flavus ITD-G11 + + ++ ++ + - 

Mucor sp. ITD-G12 + + +++ +++ - - 
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The Aspergillus genus is the most studied and reported fungi in industrial enzyme 

production, mainly Aspergillus niger for amylases and proteases expression (Lubertozzi 

and Keasling 2009). In recent years, Aspergillus niger and Aspergillus oryzae have been 

used to produce cellulases and inulinases (de Vries and Visser 2001; Percival Zhang et al. 

2006; Chi et al. 2009).  

Mucor sp. and Rhizopus sp. are fungi characterized by their ability to express a 

diverse variety of enzymes (amylases, cellulases, xylanases, proteases, and lipases) that are 

necessary to degrade plant carbohydrates (Ferreira et al. 2013). Studies have reported the 

use of Neurospora crassa for the production of cellulases (Yazdi et al. 1990; Dogaris et al. 

2009), and it is one of the most commonly used species in industry.  

Alternaria sp. ITD-G8 secreted most of the enzymes evaluated, demonstrating its 

ability to degrade different substrates and setting the stage for in depth studies in the 

biotechnology area; this species has only been studied for the production of secondary 

metabolites (Andersen et al. 2015). 

The strains Scytalidium sp.ITD-G4 and Botryosphaeria sp.ITD-G6 isolated from A. 

durangensis demonstrated high percentages of enzymatic activity (cellulases, inulinases, 

amylases, xylanases, and laccases). This type of microorganism is related to the production 

of lacasses and cellulases mainly associated with the degradation of lignin and cellulose 

(Bahrin et al. 2011; Barbosa et al. 1996). It is well known that there are few studies on this 

type of microorganism concerning their capability to express extracellular enzymes. Such 

information is reported in this work for the first time, noting its potential to express the 

enzymes inulinase and fructanase. 

From the isolates, strain Botryosphaeria sp. ITD-G6 was selected to evaluate its 

capability to produce inulinase enzymes using waste of Agave, commercial inuline, and 

Agave fructans as the sole carbon source. The strain was evaluated in three different 

mediums previously mentioned and incubated at 30 °C for 120 h at 150 rpm. The activity 

of inulinase in different substrates is shown in Table 4.  

 

Table 4. Quantification of Inulinase Activity of the Botryophaeria sp. ITD-G6 Strain 
Using Different Substrates 
 

Strains Substrate Inulinases Activity (U/mL) 

Botryosphaeria  sp. ITD-G6 

Agave leaves 5.22 ± 0.37 

Agave fructans 4.37 ± 0.19 

Chicory inulin 5.00 ± 0.06 

 

This type of enzyme activity has already been reported in other microorganisms 

such as Aspergillus niger, Rhizopus, and Penicillium (Huitron et al. 2008; Flores-Gallegos 

et al. 2015; Rawat et al 2015). And it is currently reported in native strains of Agave 

durangensis residues (Contreras-Hernández et al. 2017). Filamentous fungi are known for 

being excellent producers of industrial enzymes (Li et al. 2014; Quintanilla et al. 2015). 

The ability of this strain to secrete inulinase enzymes is advantageous over other 

microorganisms currently in literature, making it a strong candidate for application in the 

food and pharmaceutical industries. Inulinases have many biotechnological applications, 

from medical ones to the food industry (Pandey et al. 1999; Kirk et al. 2002; Bonciu and 

Bahrim 2011), and they represent almost 60% of the industrial enzyme world market 

(Singh and Gill 2006; Chi et al. 2009).  
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This research has added interesting strains. This is the first report on inulinase 

activity for a Botryosphaeria strain. Among them, Botryosphaeriales strains are able to 

isolate enzymes with industrial and biotechnological application potential. To make strides 

towards food industry applications, future studies should focus on increasing the 

production rate and characterization of these enzymes. However, most of these enzymes 

are obtained from Aspergillus, Penicillium, Rhizopus, and Thricoderma. Researching and 

characterizing new and more efficient microorganisms for enzyme production is a growing 

demand. 

 

 

CONCLUSIONS 
 
1. Twelve fungi were isolated and identified from Agave durangensis leaves. 

2. The native fungal strains of A. durangensis residues have promising enzymatic 

potential by fructanase and inulinase. 

3. The Botryosphaeria sp.ITD-G6 is reported for the first time was potential production 

of inulinase enzymes. 

 

 
ACKNOWLEDGMENTS 
 

Maria G. Contreras-Hernández thanks the Consejo Nacional de Ciencia y 

Tecnología (CONACYT) for financially supporting this study (Ph.D. scholarship No. 

489313). The authors are grateful for the financial support of the Tecnologico Nacional de 

Mexico in the Project "Potential production of cellulytic enzymes from Agave leaves with 

native fungi" (No. 5321.14). 

 

 

REFERENCES CITED 
 

Abdollahzadeh, J., Zare, R., and Phillips, A. J. L. (2013). “Phylogeny and taxonomy of 

Botryosphaeria and Neofusicoccum species in Iran, with description of 

Botryosphaeria scharifii sp. nov.,” Mycologia 105(1), 210-220. DOI: 10.3852/12-

107 

Andersen, B., Nielsen, K. F., Fernández Pinto, V., and Patriarca, A. (2015). 

“Characterization of Alternaria strains from Argentinean blueberry, tomato, walnut 

and wheat,” International Journal of Food Microbiology, 196, 1-10. DOI: 

10.1016/j.ijfoodmicro.2014.11.029 

Bahrin, E. K., Seng, P. Y., and Abd-aziz, S. (2011). “Effect of oil palm empty fruit bunch 

particle size on cellulase-production by Botryosphaeria sp. under solid state 

fermentation,” Australian Journal of Basic and Applied Sciences 5(3), 276-280. 

Baltz, R. H., Davies, J. E., and Demain, A. L. (2010). Manual of Industrial Microbiology 

and Biotechnology, American Society for Microbiology Press, Washington D. C., 

USA. 

Barbosa,  a M., Dekker, R. F. H., and Hardy, G. E. S. (1996). “Veratryl alcohol as an 

inducer of laccase by an ascomycete, Botryosphaeria sp., when screened on the 

polymeric dye Poly R-478,” Letters in Applied Microbiology 23(2), 93-96. DOI: 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Contreras-Hernández et al. (2018). “Agave fungi,” BioResources 13(1), 569-585.  582 

10.1111/j.1472-765X.1996.tb00038.x 

Beg, Q. K., Kapoor, M., Mahajan, L., and Hoondal, G. S. (2001). “Microbial xylanases 

and their industrial applications: A review,” Applied Microbiology and 

Biotechnology 56(3–4), 326-338. DOI: 10.1007/s002530100704 

Bhat, M. K. (2000). “Cellulases and related enzymes in biotechnology,” Biotechnology 

Advances 18(5), 355-383. DOI: 10.1016/S0734-9750(00)00041-0 

Bonciu, C. N., and Bahrim, G. (2011). “Inulinases - A versatile tool for biotechnology,” 

Innovative Romanian Food Biotechnology 9, 1-11. 

Chandra, M. S., Viswanath, B., and Reddy, B. R. (2007). “Cellulolytic enzymes on 

lignocellulosic substrates in solid state fermentation by Aspergillus niger,” Indian 

Journal of Microbiology 47(4), 323-328. DOI: 10.1007/s12088-007-0059-x 

Chi, Z., Chii, Z., Zhang, T., Liu, G., and Yue, L. (2009). “Inulinase-expressing 

microorganisms and applications of inulinases,” Applied Microbiology and 

Biotechnology 82(2), 211-220. DOI: 10.1007/s00253-008-1827-1 

Contreras-Hernández, M. G., Ochoa-Martínez, L. A., Rutiaga-Quiñones, J. G., Rocha-

Guzmán, N. E., Lara-Ceniceros, T. E., Contreras-Esquivel, J. C., Prado Barragán, L. 

A., and Rutiaga–Quiñones, O. M. (2017). “Effect of ultrasound pre-treatment on the 

physicochemical composition of Agave durangensis leaves and potential enzyme 

production,” Bioresource Technology, Elsevier. DOI: 

10.1016/j.biortech.2017.10.009 

Cruz-Guerrero, A. E., Olvera, J. L., García-Garibay, M., and Gómez-Ruiz, L. (2006). 

“Inulinase-hyperproducing strains of Kluyveromyces sp. isolated from aguamiel 

(Agave sap) and pulque,” World Journal of Microbiology and Biotechnology 22(2), 

115-117. DOI: 10.1007/s11274-005-9005-4 

de Vries, R. P., and Visser, J. (2001). “Aspergillus enzymes Involved in degradation of 

plant cell wall polysaccharides,” Microbiology and Molecular Biology Reviews 

65(4), 497-522. DOI: 10.1128/MMBR.65.4.497 

Dogaris, I., Vakontios, G., Kalogeris, E., Mamma, D., and Kekos, D. (2009). “Induction 

of cellulases and hemicellulases from Neurospora crassa under solid-state 

cultivation for bioconversion of sorghum bagasse into ethanol,” Industrial Crops 

and Products 29(2–3), 404-411. DOI: 10.1016/j.indcrop.2008.07.008 

Ferreira, J. A., Lennartsson, P. R., Edebo, L., and Taherzadeh, M. J. (2013). 

“Zygomycetes-based biorefinery: Present status and future prospects,” Bioresource 

Technology 135, 523-532. DOI: 10.1016/j.biortech.2012.09.064 

Flores-Gallegos, A. C., Contreras-Esquivel, J. C., Morlett-Chávez, J. A., Aguilar, C. N., 

and Rodríguez-Herrera, R. (2015). “Comparative study of fungal strains for 

thermostable inulinase production,” Journal of Bioscience and Bioengineering 

119(4), 421-426. DOI: 10.1016/j.jbiosc.2014.09.020 

Ge, X. Y., and Zhang, W. G. (2005). “A shortcut to the production of high ethanol 

concentration from jerusalem artichoke tubers,” Food Technology and 

Biotechnology 43(3), 241-246. 

Gopinath, S. C. B., Anbu, P., and Hilda, A. (2005). “Extracellular enzymatic activity 

profiles in fungi isolated from oil-rich environments,” Mycoscience 46(2), 119-126. 

DOI: 10.1007/s10267-004-0221-9 

Haghighi Mood, S., Hossein Golfeshan, A., Tabatabaei, M., Salehi Jouzani, G., Najafi, G. 

H., Gholami, M., and Ardjmand, M. (2013). “Lignocellulosic biomass to bioethanol, 

a comprehensive review with a focus on pretreatment,” Renewable and Sustainable 

Energy Reviews 27, 77-93. DOI: 10.1016/j.rser.2013.06.033 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Contreras-Hernández et al. (2018). “Agave fungi,” BioResources 13(1), 569-585.  583 

Hankin, L., and Anagnostakis, S. L. (1975). “The use of solid media for detection of 

enzyme production by fungi,” Mycologia 67(3), 597. DOI: 10.2307/3758395 

Huitron, C., Perez, R., Sanchez, A. E., Lappe, P., and Zavaleta, L. R. (2008). 

“Agricultural waste from the tequila industry as substrate for the production of 

commercially important enzymes,” Journal of Environmental Biology 29(1), 37-41. 

Jing, W., Zhengyu, J., Bo, J., and Augustine, A. (2003). “Production and separation of 

exo- and endoinulinase from Aspergillus ficuum,” Process Biochemistry 39(1), 5-11. 

DOI: 10.1016/S0032-9592(02)00264-9 

Kango, N. (2008). “Production of inulinase using tap roots of dandelion (Taraxacum 

officinale) by Aspergillus niger,” Journal of Food Engineering 85(3), 473-478. DOI: 

10.1016/j.jfoodeng.2007.08.006 

Kango, N., and Jain, S. C. (2011). “Production and properties of microbial inulinases: 

Recent advances,” Food Biotechnology 25(3), 165-212. DOI: 

10.1080/08905436.2011.590763 

Kim, K.-C. (1975). “Studies on the hydrolysis of inulin in Jerusalem artichoke by fungal 

inulase,” J. Korean AgriculturalChemical Society 18, 42-51. 

Kirk, O., Borchert, T. V., and Fuglsang, C. C. (2002). “Industrial enzyme applications,” 

Current Opinion in Biotechnology 13(4), 345-351. DOI: 10.1016/S0958-

1669(02)00328-2 

Leger, R. J. S., Joshi, L., and Roberts, D. W. (1997). “Adaptation of proteases and 

carbohydrases of saprophytic, phytopathogenic and entomopathogenic fungi to the 

requirements of their ecological niches,” Microbiology 143(6), 1983-1992. DOI: 

10.1099/00221287-143-6-1983 

Li, L., Singh, P., Liu, Y., Pan, S., and Wang, G. (2014). “Diversity and biochemical 

features of culturable fungi from the coastal waters of Southern China,” AMB 

Express 4, 1-13. DOI: 10.1186/s13568-014-0060-9 

Liu, J., Phookamsak, R., Doilom, M., and Wikee, S. (2012). “Towards a natural 

classification of Botryosphaeriales," Fungal Diversity (December). DOI: 

10.1007/s13225-012-0207-4 

Lubertozzi, D., and Keasling, J. D. (2009). “Developing Aspergillus as a host for 

heterologous expression,” Biotechnology Advances 27(1), 53-75. DOI: 

10.1016/j.biotechadv.2008.09.001 

Mancilla-Margalli, N. A., and López, M. G. (2006). “Water-soluble carbohydrates and 

fructan structure patterns from Agave and Dasylirion Species,” Journal of 

Agricultural and Food Chemistry 54(20), 7832-7839. DOI: 10.1021/jf060354v 

Maurer, K. H. (2004). “Detergent proteases,” Current Opinion in Biotechnology 15(4), 

330-334. DOI: 10.1016/j.copbio.2004.06.005 

Miller, G. L. (1959). “Use of dinitrosalicylic acid reagent for determination of reducing 

sugar,” Analytical Chemistry 31(3), 426-428. DOI: 10.1021/ac60147a030 

Novelli, P. K., Barros, M. M., and Fleuri, L. F. (2016). “Novel inexpensive fungi 

proteases: Production by solid state fermentation and characterization.,” Food 

Chemistry 198, 119-124. DOI: 10.1016/j.foodchem.2015.11.089 

Öngen-Baysal Gaye, Ş., and Suha Sukan, N. V. (1994). “Production and properties of 

inulinase from Aspergillus niger,” Biotechnology Letters 16(3), 275-280. 

Orozco-Cortés, A. D., Álvarez-Manilla, G., Gutiérrez-Sánchez, G., Rutiaga-Quiñones, O. 

M., Lópe- Miranda, J., and Soto-Cruz, N. O. (2015). “Characterization of fructans 

from Agave durangensis,” African Journal of Plant Science 9(9), 360-367. DOI: 

10.5897/AJPS2013.1007 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Contreras-Hernández et al. (2018). “Agave fungi,” BioResources 13(1), 569-585.  584 

Pandey, A., Soccol, C. R., Selvakumar, P., Soccol, V. T., Krieger, N., and Fontana, J. D. 

(1999). “Recent developments in microbial inulinases,” Applied Biochemistry and 

Biotechnology 81(1), 35-52. DOI: 10.1385/ABAB:81:1:35 

Percival Zhang, Y.-H., Himmel, M. E., and Mielenz, J. R. (2006). “Outlook for cellulase 

improvement: Screening and selection strategies,” Biotechnology Advances 24(5), 

452-481. DOI: 10.1016/j.biotechadv.2006.03.003 

Phillips, A. J. L., Alves, A., Abdollahzadeh, J., Slippers, B., Wingfield, M. J., 

Groenewald, J. Z., and Crous, P. W. (2013). “The Botryosphaeriaceae: genera and 

species known from culture,” Studies in Mycology, 76, 51-167. DOI: 

10.3114/sim0021 

Quintanilla, D., Hagemann, T., Hansen, K., and Gernaey, K. V. (2015). “Fungal 

morphology in industrial enzyme production—Modelling and monitoring,” in: 

Advances in Biochemical Engineering/Biotechnology, pp. 29-54. DOI: 

10.1007/10_2015_309 

Rawat, H. K., Ganaie, M. A., and Kango, N. (2015). “Production of inulinase, 

fructosyltransferase and sucrase from fungi on low-value inulin-rich substrates and 

their use in generation of fructose and fructo-oligosaccharides,” Antonie van 

Leeuwenhoek, International Journal of General and Molecular Microbiology 

107(3), 799-811. DOI: 10.1007/s10482-014-0373-3 

Rigling, D. (1995). “Isolation and characterization of Cryphonectria parasitica mutants 

that mimic a specific effect of hypovirulence-associated dsRNA on laccase activity,” 

Canadian Journal of Botany 73(10), 1655-1661. DOI: 10.1139/b95-179 

Sambrook, D. W. R. (2001). Molecular Cloning: A Laboratory Manual, (C. S. H. L. 

Press, ed.), New York. 

Singh, P., and Gill, P. K. (2006). “Production of inulinases: Recent advances,” Food 

Technology and Biotechnology 44(2), 151-162. 

Singh, R. D., Banerjee, J., and Arora, A. (2015). “Prebiotic potential of oligosaccharides: 

A focus on xylan derived oligosaccharides,” Bioactive Carbohydrates and Dietary 

Fibre 5(1), 19-30. DOI: 10.1016/j.bcdf.2014.11.003 

Sohail, M., Naseeb, S., Sherwani, S. K., Sultana, S., Aftab, S., Shahzad, S., Ahmad, A., 

and Khan, S. A. (2009). “Distribution of hydrolytic enzymes among native fungi: 

Aspergillus the pre-dominant genus of hydrolase producer,” Pakistan Journal of 

Botany 41(5), 2567-2582. 

Sun, S., Sun, S., Cao, X., and Sun, R. (2016). “The role of pretreatment in improving the 

enzymatic hydrolysis of lignocellulosic materials,” Bioresource Technology 199, 49-

58. DOI: 10.1016/j.biortech.2015.08.061 

Teather, R. M., and Wood, P. J. (1982). “Use of Congo red-polysaccharide interactions in 

enumeration and characterization of cellulolytic bacteria from the bovine rumen,” 

Applied and Environmental Microbiology 43(4), 777-780. DOI: 0099-

2240/82/040777-04$02.00/0 

Valencia, E. Y., and Chambergo, F. S. (2013). “Mini-review: Brazilian fungi diversity for 

biomass degradation,” Fungal Genetics and Biology 60, 9-18. DOI: 

10.1016/j.fgb.2013.07.005 

Valinsky, L., and Vedova, G. D. (2002). “Oligonucleotide fingerprinting of rRNA genes 

for analysis of fungal community composition,” Applied Environ. Microbiol. 68(12), 

5999-6004. DOI: 10.1128/AEM.68.12.5999 

Vieira, M. C., Heinze, T., Antonio-Cruz, R., and Mendoza-Martinez, A. M. (2002). 

“Cellulose derivatives from cellulosic material isolated from Agave lechuguilla and 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Contreras-Hernández et al. (2018). “Agave fungi,” BioResources 13(1), 569-585.  585 

fourcroydes,” Cellulose 9(2), 203-212. DOI: 10.1023/A:1020158128506 

Yazdi, M. T., Woodward, J. R., and Radford, A. (1990). “Cellulase production by 

Neurospora crassa: The enzymes of the complex and their regulation,” Enzyme and 

Microbial Technology 12(2), 116-119. DOI: 10.1016/0141-0229(90)90083-3 

Zhang, L., Zhao, C., Zhu, D., Ohta, Y., and Wang, Y. (2004). “Purification and 

characterization of inulinase from Aspergillus niger AF10 expressed in Pichia 

pastoris,” Protein Expression and Purification 35(2), 272-275. DOI: 

10.1016/j.pep.2004.02.015 

Zhang, Z., Schwartz, S., Wagner, L., and Miller, W. (2000). “A greedy algorithm for 

aligning DNA sequences,” Journal of Computational Biology 7(1–2), 203-214. DOI: 

10.1089/10665270050081478 

 

Article submitted: August 22, 2017; Peer review completed: October 15, 2017; Revised 

version received: November 10, 2017; Accepted: November 12, 2017; Published: 

November 27, 2017. 

DOI: 10.15376/biores.13.1.569-585 

 


