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ARTICLE INFO ABSTRACT

Keywords: Endophytic fungi are widely studied as producers of secondary metabolites of biotechnological interest. In recent
Endophytic fungi years, the interest in these fungi as new sources of enzymes, especially hydrolytic, has increased. In the present
Solid state fermentation study, 14 strains of endophytic fungi not yet explored as enzymes sources were randomly chosen and prospected
Cellulases

for cellulases and xylanases production by solid-state fermentation. Initially, fungi were cultivated in a mixture
(1:1 w/w) of sugarcane bagasse and wheat bran for 7 days, at 28 °C. In this initial screening, 4 fungi excelled in
endoglucanase activity (U/g): Cladosporium cladosporioides PAJ 03 (88.51 + 1.0), Phomopsis stipata SC 04
(83.44 = 7.7), Trichoderma viridae PAJ 01 (64.56 = 4.0) and Botryosphaeria sp. AM 01 (42.79 = 1.6). On the
other hand, the following 4 fungi stood out in relation to B-glucosidase activity (U/g): Saccharicola sp. EJC 04
(51.56 * 2.7), Paecilomyces sp. SF 021 (33.19 = 9.2), Ustilaginoidea sp. CV 04 (29.75 + 0.8) and
Ustilaginoidea sp. XYA 04 (21.72 + 3.05). Among these fungi, P. stipata SC 04 and Botryosphaeria sp. AM 01 were
the best producers of xylanase and p-xilosidase (694,33 and 4,87 U/g, respectively). These 8 fungi were then
cultured in new mixtures (1:1 w/w) of lignocellulosic substrates. Botryosphaeria sp. AMOland Saccharicola sp.
EJCO04 stood out regarding endoglucanase and B-glucosidase activities (184.74 = 6.0 and 92.28 + 9.57 U/g,
respectively) when cultivated on cotton seed meal and wheat bran and were selected to continue the study. The
influence of time cultivation, inoculum amount and substrate initial moisture content was evaluated and the best
condition for cellulases production was 192h, six mycelial plugs and 65%, respectively, for both fungi.
Cellulases and xylanases produced under these conditions were characterized and optimum pH and temperature
values were between 4.5-6 and 60-75 °C, respectively. The enzymes were stable over a wide pH range and under
30-70 °C. B-glucosidase from both isolates retained about 75-80% of their activity in the presence of glucose at
6 mM. The presence of ethanol stimulated (-glucosidase activity from Botryosphaeria sp. AMO1 (about 60%
higher in the presence of ethanol at 15%). On the other hand, the activity of B-glucosidase produced by
Saccharicola sp. EJC 04 was reduced at ethanol concentrations above 15%. A blend of the enzymatic extracts was
used to saccharify pretreated sugarcane bagasse and a face-centered central composite design was used to find
the best conditions. Under the predicted optimum condition (50 °C, 5% of sugarcane bagasse, 150 Ug~ " of
endoglucanase and 20 h), glucose and xylose concentrations obtained were 3.56 and 1.66 mgmL~", respec-
tively. These results show that the 14 endophytic fungi studied have potential to be explored as producers of
plant material degrading enzymes. Botryosphaeria sp. AMO1 and Saccharicola sp. EJC 04 are promising in relation

Xylanases
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to the production of cellulases and xylanases and their enzymatic extracts have potential for application in pre-
treated sugarcane bagasse saccharification processes.

1. Introduction

Endophytic fungi are a very diverse group of microorganisms pre-
sent in most (if not all) plants in the natural ecosystem without causing
external symptoms (Kogel et al., 2006) and have been intensively stu-
died due to their symbiotic relationship with plants and also due to
their biotechnological potential as pest control agents and as sources of
secondary metabolites, including bioactive substances (Chapla et al.,
2014). More recently, they have been reported as producers of plant
material degrading enzymes including hydrolases, such as cellulases,
xylanases, amylases and pectinases, and oxidative ligninolytic enzymes
(Amirita et al., 2012). By the production of these enzymes, they invade
and colonize plant tissues and also obtain nutrients. However, most
genera of endophytic fungi have been little explored as enzymes sources
for biotechnological applications (Corréa et al., 2014).

Cellulases especially have received attention in recent years, since
they are used to saccharify cellulose of lignocellulosic materials re-
leasing glucose that can be converted into cellulosic ethanol by fer-
menting microorganisms. Cellulosic ethanol is reported as the best al-
ternative biofuel to be used as a substitute for fossil fuels, which besides
not being renewable cause environmental impacts from its combustion
(Raj and Krishnan, 2018; Nguyen et al., 2017; Harris et al., 2014;
Pereira et al., 2016). Xylanases hydrolyze xylan, the main hemi-
cellulosic polysaccharide, which associated to other hemicelluloses
components binds to the surface of cellulose microfibrils by hydrogen
bonding and hinders cellulase action during saccharification (Farinas
et al.,, 2008). Therefore, the presence of xylanases in the enzymatic
cocktail is very important to disrupt xylan and to facilitate the access of
cellulases to their substrate, when the objective is to obtain glucose
from this cellulose, in the context of sugarcane bagasse saccharification
for second generation ethanol production (Kalim et al., 2015). Both
cellulases and xylanases can be used in several other industrial pro-
cesses, highlighting the textile, pulping, and animal nutrition sectors
(Goswami and Rawat, 2015; Kuhad et al., 2011).

Enzymatic hydrolysis of cellulose, the main polysaccharide of lig-
nocellulosic materials, to glucose involves the synergistic action of
three enzymes: endoglucanases (EC 3.2.1.4) that hydrolyze glycosidic
bonds randomly in the amorphous regions of cellulose, generating oli-
gosaccharides with reducing and non-reducing ends for action of exo-
glucanases or cellobiohydrolases (EC 3.2.1.91), which cleave oligo-
saccharides to cellobiose, to be hydrolyzed by [-glucosidases (EC
3.2.1.21) to glucose (Juturu and Wu, 2014).

The hydrolysis of xylan, the second most abundant natural poly-
saccharide of lignocellulosic materials, is accomplished by the sy-
nergistic action of endo-xylanases (EC 3.2.1.8) which hydrolyze in-
ternal glycosidic bonds randomly on the main chain and p-xylosidases
(EC 3.2.1.37) responsible for the hydrolysis of xylobiose and small
xylooligosaccharides from the non-reducing end, releasing xylose
(Moreira and Filho, 2016). In recent years, there has been increased the
interest in ethanol production from xylose fermentation by some mi-
croorganisms (Duangwang et al., 2016). Efficiently mixed fermentation
of both hexoses and pentoses may be a viable alternative for ethanol
production (Novy et al., 2015).

Considering the potential for biotechnological applications of cel-
lulases and xylanases, the prospect of new microbial sources is im-
portant, especially regarding filamentous fungi that are excellent pro-
tein secretors. In this sense, endophytic fungi are a promising group
considering that most genera have been little explored as hydrolases
producers and they most likely produce enzymes with interesting
characteristics in terms of access and attack to the polysaccharides of

plant cell walls, since they have to invade and colonize plant tissues
(Corréa et al., 2014).

Most of the studies regarding the production of plant degrading
enzymes by endophytic fungi involve cultivation on solid media and
qualitative evaluation of substrates hydrolysis (Sunitha et al., 2013)
(Katoch et al., 2014). Quantitative analysis by submerged fermentation
is also cited (Katoch et al., 2014). However, studies using solid-state
fermentation (SSF) for this purpose are scarce and involve only some of
the most commonly studied endophytic genera such as Acremonium,
Alternaria, Aspergillus, Chaetomium and Penicillium (Almeida et al., 2011;
Onofre et al., 2013). SSF is advantageous when compared to submerged
fermentation in some aspects, including higher yields in a shorter time
and the use of widely available and inexpensive lignocellulosic residues
as substrates (Ghoshal et al., 2012).

In this context, the aim of the present study was to explore the
production of cellulases and xylanases by 14 strains of endophytic
fungi, belonging to 13 genera, by SSF using different mixtures of lig-
nocellulosic materials as substrates. Botryosphaeria sp. AM01 and
Saccharicola sp. EJC04 were selected and the influence of cultivation
time, inoculum concentration and substrate initial moisture content
was evaluated, since they are important parameters for enzymes pro-
duction (Bansal et al., 2012; Yoon et al., 2014). Cellulases and xyla-
nases from the selected fungi were characterized and the crude enzy-
matic extracts were used to saccharify sugarcane bagasse submitted to
alkaline hydrothermal pretreatment.

2. Material and methods
2.1. Microorganisms, maintenance and inoculum

The endophytic fungi used in this study belong to the working
collection of the Center for Bioassays, Biosynthesis and Ecophysiology
of Natural Products (NUBBE), IQ/UNESP, Araraquara, Sao Paulo State,
Brazil. Stock cultures were maintained on PDA, in cryovials, at —80 °C,
under a 20% aqueous glycerol solution. Fourteen strains of the different
genera were randomly chosen (Table 1), cultured on potato dextrose
agar (PDA) at 28 °C, until complete mycelial growth (about 7 days) and

Table 1

Enzymes activities obtained by endophytic fungi cultivation, by SSF, at 7 days,
under 28 °C, using a mixture (5g; 1:1 w/w) of sugarcane bagasse and wheat
bran as substrates, with the initial moisture of 70% and 5 mycelial discs as
inoculum. EG: endoglucanase; BG: B-glucosidase; XYL: xylanase; BX: B-xylosi-
dase.

Fungi Enzymes activities (Ug™")

EG BG Fpase XYL BX
Acremonium sp. CSF 17 11.66 4.22 0.07 144.87  0.20
Myrothecium gramineum CSF 23 1790 1.03 0.08 145.48  0.02
Colletotrichum crassipes CSY 02 5.32 0.43 0.08 8.33 ND
Coniothyrium minitans CV 03 13.02  8.27 0.06 407.24  0.08
Ustilaginoidea sp. CV 04 18.70 29.74  0.08 367.43 1.20
Trichoderma viridae PAJ 01 64.56  2.97 0.26 351.74  0.53
Cladosporium cladosporioides PAJ 03 ~ 88.50 11.88  0.20 569.48 1.52
Phomopsis stipata SC 04 83.43 2476 0.16 694.33  0.24
Paecilomyces sp. SF 021 1.43 33.19 0.02 7.06 2.15
Chaetomium sp. TCF 01 12.13 381 0.09 39.75 0.21
Coniella petrakii PM 02 14.66 16.58 0.10 21.54 13.07
Botryosphaeria sp. AMO1 4278 13.76  0.25 424.73  4.87
Saccharicola sp. EJC04 39.22 51.56 0.155 103.80 4.24
Ustilaginoidea sp. XYA 04 14.61 21.72  0.06 299.28 0.76

“ND: not detected.
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then mycelial plugs of 8.0 mm diameter were used as inoculum, as
described below.

2.2. Lignocellulosic substrates for solid-state fermentation (SSF)

Sugarcane bagasse (SCB) was donated by the Usina Virgolino de
Oliveira S/A, located in José Bonifacio, Sao Paulo, Brazil. Wheat bran
(WB), cottonseed meal (CSM), and soybean meal (SBM) were donated
by Nutreco Brasil, located in Mirassol, Sao Paulo, Brazil, and oat (OT)
was purchased from the local market. All the lignocellulosic substrates,
except OT, were washed and dried in advance under air circulation, at
40 °C. Sugarcane bagasse was triturated with a crusher and passed
through a sieve to select particles with a 0.59 mm mesh.

2.3. Endophytic fungi screening for enzymes production by SSF

Fungi were initially cultured by SSF in a mixture (5.0 g; 1:1 w/w) of
SCB and WB as sole carbon sources, in autoclavable polypropylene bags
(16 x 22 cm) sealed with cotton stoppers (Merheb-Dini et al., 2010).
Each fermentation bag was inoculated with 5 mycelial plugs from a
preculture on a PDA plate and a moisture content of 70% (w/v) was
standardized using a nutrient solution composed of (g.L’l) (NH)4SO4
(3.5), KH,PO,4 (3.0), MgSO,. 7H50 (0.5), CaCl, (0.5) and Tween 80
(10.0), with pH adjusted to 5.0 (NaOH 1 M) (MANDELS; STERNBERG,
1976). Fungi were cultivated at 28 °C for 7 days, time considered sui-
table for fungal growth (visual evaluation) and within the range fre-
quently cited in literature (Yoon et al., 2014, Mangalanayaki and
Madhavan, 2015). Then, 50.0 mL of distilled water were added to each
fermentation bag for enzymes extraction, the material was manually
homogenized, transferred to a 250 mL Erlenmeyer flask and maintained
at 150 rpm, for 1h, at room temperature. The mixture was filtered
through nylon cloth, centrifuged at 10.000 x g, at 4 °C, for 15 min, and
the supernatant was used as the crude enzymatic extract (Moretti et al.,
2012; Pereira et al., 2015). All cultivations were performed in dupli-
cate. At this stage, eight fungi were preselected based on their cellulases
production.

2.4. Influence of different substrates on enzymes production by SSF

Preselected fungi were cultivated, by SSF, using other mixtures
(5.0g; 1:1w/w) of lignocellulosic materials as substrates (CSM:WB;
SCB:OT; SCB:CSM; SCB:SBM) and the enzymatic activities were quan-
tified. Solid state fermentation was performed as described above, all
cultivations were performed in duplicate and, at this stage, two fungi
were selected based on cellulases production, to continue the study.

2.5. Influence of cultivation time, inoculum concentration and substrate
moisture content on enzymes production by SSF

The two selected fungi were cultivated by SSF in the appropriate
substrate, for 14 days, in order to determine the peak of cellulases and
xylanases production. Every 48h, a fermentation bag was taken for
enzymes extraction and quantitative evaluation of enzymatic activities.
Then, the influence of inoculum amount (3, 6, 9 or 12 mycelial plugs of
8.0 mm diameter) and substrate initial moisture content (60, 65, 70, 75
or 80%) on the enzymes production was evaluated. The levels of in-
oculum amount and substrate initial moisture used were defined within
the range commonly reported in literature (Acharya et al., 2008; Zilly
et al., 2012; Delabona et al., 2013).

2.6. Enzymatic assays

Cellulase activity on filter paper (FPase) was determined as de-
scribed by Ghose (1987) and expressed as filter paper unit (FPU), [3-
glucosidase activity was assayed according to Leite et al. (2008), en-
doglucanase, exoglucanase (avicelase), P-xylosidase and xylanase
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activities were determined as described by Cassia Pereira et al. (2015).
Enzymes activities expressed as Ug~ ' refer to unit per gram of dry
substrate.

2.7. Enzymes physicochemical characteristics

Optimal pH for enzymes activities was determined according to
Cassia Pereira et al. (2015) by incubating the reaction mixtures with
different pH values at 45°C, for 10 min. The temperature effect on
enzymes activities was evaluated by incubating the reaction mixtures,
at optimum pH, at 30-80 °C, for 10 min. For optimum pH and tem-
perature, the highest value obtained was considered to be 100%. The
effects of pH and temperature on enzymes stability were evaluated
according to Cassia Pereira et al. (2015). For pH and thermal stability,
the enzymatic activity before treatments was defined as 100%.

2.8. Glucose and ethanol effects on f-glucosidases activities

B-glucosidases activities were quantified according to Leite et al.
(2008), at 45 °C, with the addition of glucose (2.0-12.0 mmolL™1) or
ethanol (5-25%) to the reaction mixture.

2.9. Sugarcane bagasse hydrothermal pretreatment

Sugarcane bagasse was autoclaved (5% w/v in 0.5M NaOH solu-
tion) in a 250 mL Erlenmeyer flask, sealed with aluminum foil, at 120 °C
and 1 atm, for 1 h. After this, the flask was cooled and then kept at room
temperature for stabilization. The material was washed thoroughly
with tap water and distilled water, filtered manually with a cotton
fabric and the solid phase was stored at 4 °C. Pretreated bagasse was
characterized for total lignin, cellulose and xylan using the NREL
(National Renewable Energy Laboratory — USA) procedure (Sluiter
et al., 2008). The composition of in natura sugarcane bagasse was
38.6 £ 2.1, 16.33 + 0.8 and 27.47 *= 1.6% of cellulose, xylan and
lignin, respectively. After pretreatment, the composition was
63.32 = 1.3,14.00 = 0.9 and 17.24 = 1.9%, respectively.

2.10. Enzymatic saccharification of pretreated sugarcane bagasse

Saccharification of pretreated SCB was performed using a blend
(1:1v/v) of the enzymatic extracts from the selected fungi
Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04. A face centered
central composite design (CCD) (2*, including 8 axial points and 4 re-
petitions of central points, totaling 28 trials) was used to evaluate the
influence of: biomass loading (3, 5 and 7% of dry basis), enzyme
loading (100, 150 and 200U g~ ! of endoglucanase), temperature (50,
55 and 60 °C) and incubation time (16, 20 and 24 h) and the response
evaluated was glucose concentration in the hydrolysates. The experi-
ments were carried out in 125 mL Erlenmeyer flasks, and a final volume
of 20 mL was reached with a citrate buffer (0.1 mol L™}, pH 5.0). The
flasks were sealed with latex caps, incubated in an orbital shaker, at
200 rpm. At defined time intervals, individual flasks were taken, as
duplicates, cooled in an ice bath, their contents were filtered through a
nylon cloth and glucose in the liquid phase was quantified by high
pressure liquid chromatography (HPLC) according to Cassia Pereira
et al. (2015). Xylose was also quantified as additional data, by the same
procedure.

Variance analysis (ANOVA) was performed to estimate the effect of
biomass loading, enzyme loading, temperature and incubation time,
and their interactions for glucose concentration. Hence, p < 0.05 was
considered statistically significant. Regression and graphical analysis
were accomplished using the Statistica 10 software (StatSoft Inc., Tulsa,
Oklahoma, USA).
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3. Results and discussion
3.1. Endophytic fungi screening for enzymes production by SSF

As an initial screening, fungi were cultivated by SSF using sugarcane
bagasse and wheat bran as substrates, good inducers for several plant
material degrading enzymes (Moretti et al., 2014). Enzymes activities
obtained are shown in Table 1.

Endoglucanases and B-glucosidases activities obtained in the pre-
sent study are similar to or even higher than some reported in literature
regarding SSF using endophytic fungi (Almeida et al., 2011; Damaso
et al., 2012). Cellulases activities on filter paper obtained were lower
than those frequently reported in literature. According to Dashtban
et al. (2010), this activity varies widely among microbial cellulases. On
the other hand, good activities of endoglucanase and [-glucosidase
were obtained. Exoglucanase activity was not detected in the enzymatic
extracts.

Expressive xylanase activities were observed in the first screening of
the present study: 694.33; 569.48; 424.62 and 407.23 U g~ ! for isolates
SC 04, PAJ 03, AMO1 and CV 03, respectively.

Eight fungi were preselected from this first screening, based on
cellulases production: T. viridae PAJ 01, P. stipata SC 04, Paecilomyces
sp. SF 021, C. cladosporioides PAJ 03, Ustilaginoidea sp. CV 04,
Ustilaginoidea sp. XYA 04, Botryosphaeria sp. AM 01 and Saccharicola sp.
EJC 04. Due to the problems related to FPase activity cited above, the
selection was based on endoglucanase and/or (3-glucosidase activities.
Xylanase activities were also determined throughout the study.

3.2. Influence of other lignocellulosic substrates on enzymes production

The eight preselected fungi were cultivated by SSF on other mix-
tures of lignocellulosic substrates in order to evaluate the influence on
cellulases production (Table 2). The initial culture conditions were
maintained. Activities that increased, when compared to the first
screening, are highlighted in bold (Table 2).

The most pronounced increases of endoglucanases and (-glucosi-
dases production were observed for Botryosphaeria sp. AM 01, when
grown on CSM:WB. In general, SCB:OT led to lower cellulases pro-
duction, except for Paecilomyces sp. 021, Ustilaginoidea sp. XYA 04
(endoglucanase) and for Ustilaginoidea sp. CV 04 (both enzymes)
(Table 2). Xylanases production was slightly improved for Botryo-
sphaeria sp. AMO1 and Paecilomyces sp. SF 021. B-xylosidases produc-
tion was improved for all fungi, except for Saccharicola sp. EJC 04
(Table 2).

Based on these results and on cellulases activities obtained,
Botryosphaeria sp. AMO1, Paecilomyces sp. SF 021 and Saccharicola sp.
EJC04 were chosen and then were cultivated by SSF on two new mix-
tures of substrates: SCB:CSM and SCB:SBM. The initial culture condi-
tions (as described in Section 2.3) were maintained and enzymes

Table 2
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Table 3

Enzymes activities obtained by the cultivation of the 3 preselected strains, by
SSF, under 28 °C, at 7 days, using the mixture (5g, 1:1 w/w) of sugarcane ba-
gasse and cottonseed meal (SCB:CSM) or sugarcane bagasse and soybean meal
(SCB:SBM) as substrates. Values in parenthesis represent how many times the
enzyme activity was increased when compared to the highest previously ob-
tained.

Strains and enzymatic activities

wg™
Enzymes Substrates Botryosphaeria Paecilomyces Saccharicola
sp. AM 01 sp. SF 021 sp. EJC04

Endoglucanase SCB + CSM  144.07 4.8 (2.07) 27.16

SCB + SBM  130.45 5.42 (2.34) 21.50
B-glucosidase SCB + CSM  20.06 5.42 51.47

SCB + SBM  157.57 (3.43) 6.36 33.91
Xylanase SCB + CSM  85.25 1.55 21.66

SCB + SBM  48.45 0.91 9.96
B-xylosidase SCB + CSM  2.83 1.55 2.74

SCB + SBM  2.23 1.39 1.09

activities are shown in Table 3. Enzymatic activities higher than those
obtained by the cultivation on mixtures of SCB:WB (Table 1) are
highlighted in bold in Table 3.

The use of SCB:SBM improved endoglucanase and p-glucosidase
production by Paecilomyces sp. SF 021 and Botryosphaeria AM 01, re-
spectively. However, cultivations on this mixture of substrates did not
provide expressive xylanases production (Table 3). Lower production of
endoglucanase by the endophytic fungus Rhizopus oryzae PR7, culti-
vated by SSF on sugarcane bagasse and/or cotton seed (1.8 and
0.1 UmL ™Y, respectively), was reported by Karmakar and Ray (2010).
A significant increase in cellulases activities was reported by Rodriguez-
Zuniga et al. (2011) with the increase of wheat bran and soybean meal
proportion in the mixture of substrates, when compared to the culti-
vation using only sugarcane bagasse.

Several studies regarding cellulolytic enzymes production using
different microorganisms, substrates and culture conditions are found
in literature, with a wide variation in the activities obtained (Hansen
et al., 2015; de Oliveira et al., 2016; Yadav et al., 2016).

Since Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04 were the
best cellulases producers in all cultivations, they were ultimately se-
lected to continue the study.

3.3. Cellulases production by the selected fungi Botryosphaeria sp. AM01
and Saccharicola sp. EJC04 under different culture conditions

3.3.1. Cultivation time influence

Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04 were cultivated
by SSF on CSM:WB, most suitable substrates for cellulases production,
for up to 14 days, in order to determine the peaks of enzymes activities.

Enzymes activities obtained by the cultivation of the 8 preselected fungi, by SSF, under 28 °C, at 7 days, using a mixture (5 g, 1:1 w/w) of cottonseed meal (CSM) and
wheat bran (WB) or sugarcane bagasse (SCB) and oat (OT) as substrates. Values in parenthesis represent how many times the enzyme activity is higher than that

obtained in the screening.

Strains and enzymatic activities (Ug™")

Enzymes Substrates  Botryosphaeria sp. Paecilomyces sp. Saccharicola sp. Phomopsis Ustilaginoidea sp. Cladosporium Ustilaginoidea sp.
AM 01 SF 021 EJC04 stipata SC04 CV 04 cladosporioides PAJ 03  XYA 04

Endoglucanase CSM + WB  184.74 (4.31) 1.60 (1.10) 22.27 15.25 5.11 33.59 11.46

SCB + OT  9.23 2.31 (1.61) 5.53 4.11 19.70 (1.05) 5.96 24.25 (1.66)
B-glucosidase CSM + WB  45.95 (3.34) 91.29 (2.75) 92.04 (1.80) 23.10 25.95 14.57 (1.20) 27.41 (1.26)

SCB + OT  4.69 27.58 55.92 (1.08) 7.58 35.45 (1.20) 3.70 19.74
Xylanase CSM + WB  442.58 (1.04) 8.93 (1.26) 19.25 21.42 15.87 26.97 11.83

SCB + OT  51.62 9.66 (1.37) 8.57 83.59 153.92 48.31 187.09
B-xylosidase CSM + WB  10.42 (2.13) 7.51 (3.5) 2.64 2.25 (9.37) 1.42 (1.18) 2.00 (1.31) 1.95 (2.56)

SCB + OT 1.11 3.85 (1.8) 0.59 0.25 1.74 (1.45) 0.93 1.12 (1.47)

69



N.P. Marques et al.

Maximum endoglucanase activities were obtained at 192 and 96 h, for
Botryosphaeria sp. AM 01 (251.12U g™ ") and Saccharicola sp. EJC 04
(28.84U g™ 1), respectively (Fig. 1a and b). These activities are higher
than those obtained in the previous cultivation in the same substrates
(Table 2), which was maintained for 168 h. Besides this peak of en-
doglucanase production by Saccharicola EJC 04 was observed at a very
short time when compared to the previous cultivation in the same
substrates. Regarding B-glucosidase, Saccharicola sp. EJC 04 stood out
with an activity of 107.28 Ug ™!, at 192 h (Fig. 1a and b). The highest
FPase activities were achieved at 192 and 144 h, by Botryosphaeria sp.
AM 01 (2.78 FPU g™ ) and Saccharicola sp. EJC 04 (0.42 FPUg™ 1),
respectively (Fig. 1a and b).

Maximum xylanases activities were observed at 192h
(187.17 U g~ 1) for Botryosphaeria sp. AM 01 and at 96 h (25.47 Ug™ 1)
for Saccharicola sp. EJC 04. The highest B-xylosidase activities were
observed at 288h (19.96 U g™ and 144h (3.19U g_l) (Fig. 1a and b).
Highest enzymes productions were obtained at 192h or near what
usually occurs with mesophilic fungi, after its complete development,
including mesophilic endophytic fungi, when cultivated by SSF
(Delabona, 2011; Kang et al., 2004; Muthezhilan et al., 2007; Zhang
and Sang, 2012), so this period was defined for further experiments.

3.3.2. Influence of the inoculum size

To evaluate the effect of the inoculum amount on cellulases pro-
duction, Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04 were
cultivated by SSF, on cottonseed meal and wheat bran, using 3, 6, 9 or
12 mycelial plugs as inoculum. Enzymes activities obtained are shown
in.

For Botryosphaeria sp. AMO1, the most pronounced effect was ob-
served for endoglucanase when the amount of inoculum increased from
3 to 6 myecelial plugs (Fig. 2a). Enzyme activity obtained from Sac-
charicola sp. EJC04 was very close in all inoculum amounts evaluated
(Fig. 2b).

Most literature data concerning the influence of inoculum con-
centration on fungal cellulases production by SSF cites the use of spores
(Zhang and Sang, 2012; Xu et al., 2018). Therefore, it is difficult to
compare these data to the results of the present study. Acharya et al.
(2008) cultivated Aspergillus niger by submerged fermentation, using
sawdust as a substrate, and noted that a high amount of inoculum (15
or 20 mycelial plugs) decreased endoglucanase production. Zilly et al.
(2012), in order to obtain hydrolytic enzymes from Pleurotus pulmo-
narius by SSF using wheat bran as substrate and 3 mycelial plugs of
10 mm diameter as inoculum, obtained a B-glucosidase production of
22Ug™ !, lower than that obtained from some fungi of the present
study, using the same amount of inoculum.

Since 6 myecelial plugs provided satisfactory cellulases activities by
both fungi, this amount of inoculum was used in further experiments.

3.3.3. Substrate initial moisture content influence

For Botryosphaeria sp. AMO01, endoglucanase activity decreased at a
substrate moisture content higher than 65%, and other enzymes ac-
tivities remained nearly at the same level (Fig. 3a). In general, the in-
itial substrates moisture content evaluated did not markedly influence
enzymes production by Saccharicola sp. EJC 04 (Fig. 3b). These results
are in accordance with certain literature data where higher enzymes
production by SSF were obtained from a substrate moisture content
around 70% (Liang et al., 2012; Maurya et al., 2012). Therefore, 65%
was fixed as the moisture content to be used in the next experiments.

3.4. Enzymes physicochemical characteristics

3.4.1. Effect of pH and temperature on enzymes activity and stability
Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04 were cultivated
by SSF, at 28 °C, on CSM:WB as substrates (1:1 w/w), for 192 h, using 6
mycelial plugs as inoculum and an initial substrate moisture content of
65% and the enzymatic extracts were used to evaluate physicochemical
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characteristics of cellulases and xylanases (Table 4). An interesting fact
to consider is that, after determining optimum pH and temperature
conditions, there was a significant increase of all enzymes activities,
especially regarding B-glucosidase from EJC 04 (488Ug~?, 4 fold
higher than that determined before characterization). Similar results
were reported by Almeida et al. (2011) and Wipusaree et al. (2011).

Regarding stability, endoglucanase produced by Botryosphaeria sp.
AMO1 was more resistant to pH variation, maintaining 81-94% of its
activity after 24 h of incubation at pH 3.5-8.5. Endoglucanase from
Saccharicola sp. EJC 04 lost approximately 50% of its activity after 24 h
of incubation at pH 3.5-9.0. B-glucosidases from both strains showed
similar performance after incubation at different pH values, retaining
approximately 50-85% of activity at pH 3.5-10.5. Xylanases from
Botryosphaeria sp. AMO01 and Saccharicola sp. EJC 04 maintained around
90 and 50% of their activities at pH 3.5-7.0. 3-xylosidases from these
fungi were stable at a pH range of 3.5-7.0 (90% of activity) and a 3.5-
9.0 range (87% of activity), respectively. Endoglucanase from
Botryosphaeria sp. AMO1 was very stable after 1h of incubation at
30-50°C (97% of the original activity). On the other hand, en-
doglucanase from Saccharicola sp. EJC 04 maintained about 67% of its
activity after incubation at 45 °C. B-glucosidase from Botryosphaeria sp.
AMO1 was stable under a broad temperature range (30-60 °C), re-
taining about 100% of its activity when incubated at 40 °C. (3-glucosi-
dase from Saccharicola sp. EJC 04 drastically lost its stability when
incubated at temperatures above 70 °C. Cellulases from the present
study were more stable to pH and temperature variations when com-
pared to those reported by Song and Wei (2010) and Almeida et al.
(2011).
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Fig. 1. Time course of cellulases and xylanases production by Botryosphaeria sp.
AMO1 (a) and Saccharicola sp. EJC04 (b), by SSF, on mixture (5g, 1:1 w/w) of
cottonseed meal and wheat bran, at 28 °C. Endoglucanase (-A-), B-glucosidase
(-@-), FPase (-/\-), Xylanase (-ll-) and B-xylosidase (-[]-).
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Fig. 2. Influence of inoculum amount on cellulases and xylanases production by
Botryosphaeria sp. AMO1 (a) and Saccharicola sp. EJC04 (b), by SSF, at 28 °C, for
192h, using a mixture (5g, 1:1 w/w) of cottonseed meal and wheat bran as
substrates.

The enzymes from Botryosphaeria sp. AM 01 and Saccharicola sp.
EJC 04 showed optimal activity at pH around 5.0-6.0 and high op-
timum temperatures and were stable at a broad range of pH and tem-
perature. These enzymes characteristics are very important for some
industrial processes (Nigam, 2013).

3.4.2. Glucose and ethanol effects on B-glucosidases activities

In Fig. 4a we can observe that when glucose concentration is in-
creased, B-glucosidases activities decreased, indicating that enzymes
are inhibited by the product. In the enzymatic hydrolysis of lig-
nocellulose biomass to fermentable sugars, an inevitable consequence is
the accumulation of hydrolysis products at high concentrations, which
may result in cellulases inhibition (Kuusk and Valjaméde, 2017), as
observed in this study for B-glucosidases from the two selected fungi.
According to (Guimaraes et al., 2006), glucose inhibition is commonly
cited in studies regarding microbial 3-glucosidases. Alcohol inhibition
is also an important topic in the study of B-glucosidases (Sun and
Cheng, 2002) especially when these enzymes are used for simultaneous
saccharification and fermentation processes. The activity of (3-glucosi-
dase from Saccharicola sp. EJC04 was reduced at ethanol concentrations
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Fig. 3. Influence of substrate initial moisture content on cellulases and xyla-
nases production by Botryosphaeria sp. AMO1 (a) and Saccharicola sp. EJC04 (b),
by SSF, at 28 °C, for 192 h, using a mixture (5g; 1:1 w/w) of cottonseed meal
and wheat bran as substrates and 6 mycelial plugs as inoculum.

above 15% (Fig. 4b). Ethanol alters medium polarity and this most
likely causes conformational changes on enzyme structure or enzyme
denaturation (Barbagallo et al., 2004). On the other hand, ethanol in-
creased Botryosphaeria sp. AMO1 (-glucosidase’s activity (Fig. 4b) and
similar data were reported by Krisch et al. (2012) and Leite et al.
(2008). The increase in enzymatic activity observed at low ethanol
concentrations could be due to the action of B-glucosidase as a (3-gly-
cosyltransferase (Villena et al., 2006). In this case, ethanol, in addition
to water, acts as an acceptor for an intermediary glycosyl group
(Pemberton et al., 1980). The glucosyltransferase activity of -gluco-
sidase is a very interesting characteristic for use in simultaneous sac-
charification and fermentation (Leite et al., 2008).

3.5. Optimization of sugarcane bagasse saccharification

For saccharification experiments, the blend (1:1 v/v) of enzymatic
extracts produced by Botryosphaeria sp. AMO1 and Saccharicola sp.
EJCO04, under the culture conditions selected for each fungus (as de-
scribed in Section 3.3), was used. Twenty-eight runs were performed
based on CCD, as shown in Table 5. Glucose was the response
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Table 4
Cellulases and xylanases physicochemical characteristics.
Enzymes
Endoglucanase B-glucosidase Xylanase B-xylosidase
Botryosphaeria sp. AMO1 pH Optimum 6.0 5.0 5.5 4.5
Stability 3.5-9.0 3.5-8.5 3.5-8.5 3.5-7.0
Temperature (°C) Optimum 60 60 60 70
Stability 30-50 30-60 30-55 30-70
Saccharicola sp. EJC04 pH Optimum 5.0 4.5 5.0 4.5
Stability 3.5-8.5 3.5-6.0 3.5-8.5 3.5-9.0
Temperature (°C) Optimum 65 75 60 65
Stability 30-50 30-65 30-55 30-60
(@ Table 5
120 - Variables and the glucose concentration according to the face-centered 2*
factorial design. Coded values of the variables were indicated in parenthesis.
o Variables Response
S 100 P
N
> Runs X; X, X3 X, Glucose (mgmL ')
=2 804
é 1 50 (—-1) 3(-1 100 (-1) 16 (1) 0.247
O 2 60 (+1) 3(-1 100 (-1) 16 (-1) 0.329
© 60+ 3 50(-1)  7(+1) 100(-1) 16(-1)  0.397
© 4 60 (+1) 7 (+1) 100 (-1) 16 (-1) 0.675
.g 404 5 50 (—-1) 3(-1) 200 (+1) 16 (—-1) 0.205
) 6 60 (+1) 3(-1 200 (+1) 16 (-1) 0.393
(0] 7 50 (—-1) 7 (+1) 200 (+1) 16 (-1) 0.748
o 20 - 8 60 (+1) 7 (+1) 200 (+1) 16 (1) 0.855
9 50 (-1) 3(-1 100 (—1) 24 (+1) 0.454
10 60 (+1) 3(-1) 100 (—-1) 24 (+1) 0.213
0 i T i T i T i T i T i T 11 50 (—-1) 7 (+1) 100 (-1) 24 (+1) 0.589
0 2 4 6 8 10 12 12 60 (+1)  7(+1) 100(-1) 24(+1) 0311
Glucose (mmol.L‘W) 13 50 (—1) 3(-1) 200 (+1) 24 (+1) 0.373
14 60 (+1) 3(-1) 200 (+1) 24 (+1) 0.070
15 50 (—-1) 7 (+1) 200 (+1) 24 (+1) 0.959
16 60 (+1) 7 (+1) 200 (+1) 24 (+1) 0.513
(b) 17 50 (—-1) 5(0) 150 (0) 20 (0) 4.022
18 60 (+1) 5(0) 150 (0) 20 (0) 2.351
1604 19 55 (0) 3(-1) 150 (0) 20 (0) 1.938
| 20 55 (0) 7 (+1) 150 (0) 20 (0) 2.171
—~ 1404 21 55 (0) 5 (0) 100 (-1) 20 (0) 0.215
°\° J 22 55 (0) 5(0) 150 (+1) 20 (0) 0.102
~ 120 23 55 (0) 5(0) 150 (0) 16 (-1) 2.136
_é‘ 1 24 55 (0) 5 (0) 150 (0) 24 (+1) 2.253
= 100 25 55 (0) 5(0) 150 (0) 20 (0) 2.889
"G 1 26 55 (0) 5(0) 150 (0) 20 (0) 2.863
© 80+ 27 55 (0) 5(0) 150 (0) 20 (0) 2.899
© 1 28 55 (0) 5 (0) 150 (0) 20 (0) 2.868
S5 604
-8 40_' X;: temperature (°C); X»: [SCB] (%); X3: [enzyme] (U g’l) and X,: time (h).
[0)
o 204 concentration were studied by plotting a 3-D response surface curve to
1 determine the optimum level of each variable for maximum response.
0 0 ) é ) 1'0 1'5 2'0 ) 2'5 The response surface between enzyme load and the temperature is

Ethanol (%)

Fig. 4. Effect of glucose (a) and ethanol (b) on fB-glucosidases activities from
(W) Botryosphaeria sp. AMO1 and (@) Saccharicola sp. EJC04.

evaluated, taking into account that Saccharomyces cerevisiae, the yeast
better adapted to the industrial processes of ethanol production does
not ferment pentoses (Radecka et al., 2015).

According to the analysis of variance (ANOVA) (Table 6), the
quadratic effects of temperature (0.006) and enzyme load (0.000) were
significant at a 95% confidence level (p < 0.05) for glucose con-
centration. Interactions between variables were not statistically sig-
nificant at a 95% confidence level. The coefficient of determination (R?)
(0.95) indicates that the quadratic model represents the experimental
data.

The interaction effects

of significant variables on glucose
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shown in Fig. 5, while the other variables were maintained constant at
their central values.

It was noticed through response surface analysis that the highest
glucose concentration was observed when the variable temperature was
at its lowest level (50 °C) and the enzyme load (endoglucanase) was
150 U g-1. With the increase in temperature and enzyme loading, there
was a decrease in sugar concentration. It was observed that enzyme
loads exceeding 150 U g-1 did not improve saccharification efficiency.
High enzyme loads may cause unproductive adsorption of it on cellu-
lose fiber, thereby reducing the available surface area and, conse-
quently, becoming a limiting factor in the hydrolysis rate (Bommarius
et al., 2008). There may also be the inhibition of enzyme activity by
hydrolysis products (Griggs et al., 2012). Literature reports that in-
creasing the enzyme load on hydrolysis promotes an increase in the
concentration of glucose but elevated enzyme loads lead to decreased
concentration (Pandiyan et al., 2014; Zhang et al., 2012).
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Table 6

Analysis of variance (ANOVA) for the model representing glucose concentration
in the hydrolysates obtained from enzymatic saccharification of pretreated
sugarcane bagasse according to the face-centered 2* factorial design.

Variables Sum of Degrees of Mean square F value p value®
squares freedom
(1) Temperature 0.28968 1 0.28968 2.1910 0.1626
[QOXB]
Temperature 1.42272 1 1.42272 10.7608 0.0059
[QOR(0)]
(2) SCB load (%)  0.49837 1 0.49837 37694 0.0741
@
SCB load (%) 0.39106 1 0.39106 2.9578 0.1091
Q
(3) Enzyme load 0.03455 1 0.03455 0.2613 0.6178
g Hw
Enzyme load 13.47705 1 13.47705 101.9343  0.0000
UgHQ@
(4) Time (h) (L) 0.00343 1 0.00343 0.0260 0.8744
Time (h) (Q) 0.16064 1 0.16064 1.2150 0.2903
1L by 2L 0.00028 1 0.00028 0.0021 0.9641
1L by 3L 0.00539 1 0.00539 0.0408 0.8430
1L by 4L 0.23106 1 0.23106 1.7476 0.2089
2L by 3L 0.10655 1 0.10655 0.8059 0.3856
2L by 4L 0.00354 1 0.00354 0.0267 0.8726
3L by 4L 0.00264 1 0.00264 0.0200 0.8897
Error 1.71877 13 0.13221
Total sum of 35.96028 27
squares

p values highlighted in bold are statistically significant for a confidence level of
95% (p < 0.05).

Fig. 5. Response surface described by the model that represents the conversion
of cellulose to glucose (mg.mL~1!) as a function of enzyme load and tempera-
ture.

The predicted optimum conditions for the highest saccharification
from the experimental design, calculated with the desirability function
(Statistica 10.0), were temperature at 50 °C, SCB load of 5%, 150 U g71
of enzyme load and 20h, with maximum glucose and xylose con-
centrations of 3.48 and 1.54 mg mL ™7, respectively. For model valida-
tion, three saccharification experiments were performed under the
predicted optimum conditions, glucose and xylose concentrations in the
hydrolysates were 3.56 + 0.08 and 1.66 + 0.11 mgmL™", respec-
tively, indicating that the model proposed has successfully modeled the
saccharification of pretreated sugarcane bagasse in the present study.
Glucose and xylose concentrations obtained in the present study were
close to those cited by Pereira et al. (2016) in the saccharification of
ozonated sugarcane bagasse using the commercial enzymes Celluclast
1.5L and Novozym 188 or the enzymatic extract from Miceliophthora
thermophila JCP 1-4. Maitan-Alfenas et al. (2016) and Qu et al. (2017)
also cited similar xylose concentrations in the hydrolysates obtained at
approximately 24 h of saccharification of sugarcane bagasse submitted
to alkaline pretreatment, using commercial enzymes.

73

Industrial Crops & Products 122 (2018) 66-75

4. Conclusions

All the evaluated endophytic fungi are potential producers of cel-
lulases and xylanases by SSF when using lignocellulosic materials as
substrates. The use of different lignocellulosic materials as substrates
for SSF was important since some of them markedly induced enzymes
productions by some of the fungi used in this study. Botryosphaeria sp.
AMO1 and Saccharicola sp. EJC04 were the most versatile regarding the
production of all the enzymes evaluated, and the mixture of cotton seed
meal and wheat bran as substrates significantly induced cellulases
production by both fungi. This is an interesting finding, since both
genera are not among those commonly cited in studies involving
quantitative analysis of these enzymes production, mainly by solid state
fermentation. The evaluation of different culture conditions for en-
zymes production was important since endoglucanase activities were
increased approximately 12 and 95%, for Botryosphaeria sp. AMO1 and
Saccharicola sp. EJC 04, respectively. B-glucosidase activities for these
fungi were also increased, around 30 and 32%, respectively. The phy-
sico-chemical characteristics of the cellulases and xylanases produced
by both fungi are suitable for application in the saccharification of
pretreated sugarcane bagasse and the use of the enzymes blend and
experimental design for saccharification was an interesting strategy,
since glucose and xylose concentrations obtained in the hydrolysates
are close to some reported in scientific literature. Thus, the results
obtained from the present study encourage further studies regarding
saccharification of pretreated sugarcane bagasse, involving the influ-
ence of other parameters, with the objective of using hydrolysates as
glucose and/or xylose source for second generation ethanol production.
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