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Abstract
Liquor from pretreatment of sugarcane bagasse is a potential substrate for multiple purposes due to the high concentration of 
residual sugars. Nevertheless, several potentially toxic byproducts are also present. However, a few microorganisms are able 
to overcome this toxicity by growing on these liquors. Twenty-five filamentous fungi were evaluated in submerged cultivation, 
but none was able to grow using liquor at a concentration of 100% as the liquid medium. However, six fungi were selected 
for enzyme induction after being grown in diluted liquor at 50% (v/v) using two feed pulses. Induction experiments were 
performed using 1% untreated and pretreated sugarcane bagasse. FPase and xylanase activities were detected for all six fungi 
in submerged cultivation, whereas β-glucosidase was observed in four fungi. The highest xylanase activity (28.8 IU mL−1) 
was at 72 h for T. harzianum P49P11 using pretreated-SCB as an inducer. This work showed a successful alternative for the 
final destination of liquor residue as substrate for fungi cultivation prior to enzyme production.
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Introduction

An important concept related to efficient processing of 
renewable feedstock into bio-based products is the “biomass 
biorefinery”, which aims to convert lignocellulosic biomass 
into intermediate outputs (cellulose, hemicellulose, lignin) 
to be processed into a spectrum of products and bioenergy 
(Cherubini et al. 2009). In this context, a biorefinery must 
maximize biomass use, generating energy and chemicals 
of interest with minimum gas emissions and waste (Jong 
and Jungmeier 2015). For cellulosic ethanol production (2G 

ethanol) from sugarcane bagasse, pretreatment is practically 
compulsory to reduce crystallinity of cellulose and open up 
the overall structure of biomass by depolymerization and 
solubilization of hemicelluloses (Alvira et al. 2010).

Pretreatment characteristics should include: low cost, 
possibility to use on an industrial scale, effectiveness for a 
wide range of lignocellulosic materials, minimum require-
ments of preparation and handling prior to the process itself, 
complete recovery of the lignocellulosic components in 
usable form, and providing a cellulose fraction that can be 
enzymatically converted to glucose at a high rate (Kumar 
and Sharma 2017).

Several pretreatment approaches have been studied along 
the last decades for biomass deconstruction. Among them, 
the hydrothermal pretreatment has been one of the main pre-
treatments of low-cost performed without chemicals, which 
greatly improves the cellulose digestibility through the use 
of water at high temperature (160–200 °C) for several min-
utes in order to solubilize hemicellulose and, perhaps, lignin 
(Kim et al. 2009, 2011, 2013). Other pretreatments have 
been developed recently as emerging approaches, such as 
ozonolysis. This chemical pretreatment uses ozone to pro-
mote a selective delignification due to its high specificity of 
reaction for lignin radicals. Some advantages of ozonolysis 
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include the easy generation of ozone gas, a simplified pro-
cessing operated at atmospheric pressure and room tem-
perature, moderate cost of production and no generation of 
wastewater (Barros et al. 2013; Gitifar et al. 2013; Kumar 
and Sharma, 2017; Panneerselvam et al. 2013; Perrone et al. 
2016; Travaini et al. 2013).

The generation of liquor after pretreatment of sugarcane 
bagasse is common in many processes. These liquors gener-
ally contain residual concentrations of sugars, mainly xylose 
and/or xylooligosaccharides from xylan depolymerization. 
These liquors can be used as a substrate for enzyme pro-
duction. However, several byproducts with high toxicity for 
microorganism growth are potentially formed during the 
pretreatments using high temperatures, such as furan degra-
dation products of carbohydrates. Other byproducts may be 
released from lignin. These include phenolic compounds, 
for example. Considering these components in liquor, its 
application becomes limited for biological conversion.

To overcome the effects of lignocellulose-derived inhibi-
tors and lignin, different detoxification methods have been 
evaluated for transformation of inhibitors into inactivated 
compounds or reduce their concentration. These include 
physical, chemical and biological methods that differ sig-
nificantly related to effects on hydrolysate chemistry and 
fermentability (Jönsson et al. 2013).

Biological detoxification involves the use of microorgan-
isms and/or their enzymes to decrease the inhibitory effects 
of degradation compounds (Alvira et al. 2010). In compari-
son to physicochemical detoxification processes, biological 
detoxification methods are advantageous. For example lower 
energy requirements, because they take place at milder reac-
tion conditions, no need of chemical additives and fewer 
side-reactions (Parawira and Tekere 2011). Among differ-
ent microorganisms, Trichoderma and Aspergillus have the 
ability to remove different inhibitory compounds (Fillat et al. 
2017). In the literature, Delabona et al. (2016) used liquor 
from hydrothermal pretreatment of sugarcane bagasse as a 
substrate for growth and induction of Trichoderma harzi-
anum. Michelin and Polizeli (2012) used liquor from hydro-
thermal pretreatment of wheat straw to produce xylanase by 
Aspergillus ochraceus. Robl et al. (2015) used liquor from 
hydrothermal pretreatment of sugarcane bagasse to produce 
xylanase with Aspergillus niger.

Most studies found in the literature on liquor inhibition 
have had a focus on the alcoholic fermenting microorgan-
isms while strategies using liquor for filamentous fungi 
growth and inducing “on-site” enzymes for degrading bio-
mass so far have received relatively little attention. There-
fore, the aim of this study was to evaluate filamentous fungi 
capable of metabolizing liquor as a substrate in pre-culture 
medium and sequentially produce cellulolytic enzymes 
using sugarcane bagasse as a low-cost inducer in submerged 
cultivation.

Materials and methods

Substrate and pretreatments

Liquor from ozonolysis and hydrothermal process pretreat-
ments was collected as a liquid byproduct of sugarcane 
bagasse (SCB). Ozonolysis pretreatment was performed at 
room temperature and atmospheric pressure. The moisture 
level of 25 g of dry untreated-SCB was adjusted to 50% 
(w/v) with distilled water. Then, ozonolysis was conducted 
in a fixed bed glass column (2.7 × 50 cm) kept under satu-
rated O3 gas (flux of 32 mg min−1) for 60 min (Travaini 
et al. 2013). Ozone was produced from atmospheric air by 
the Corona process (Radast 10C, Ozoxi-Ozonio). Hydro-
thermal pretreatment was carried out in batches with 3.5 g 
of dry ozonized-SCB mixed in distilled water at a con-
centration of 10% solids (w/v), placed in a metal column 
(2.2 × 13.5 cm). In a sand bath, the temperature was raised 
to 190 °C and kept for 15 min (Kim et al. 2009; Ko et al. 
2015). After cooling, the pretreated material was vacuum 
filtered using Whatman No. 1 filter paper to separate the 
pretreated solids from liquor. The initial pH of liquor was 
quite acid (around 2.0) and required adjustment to pH 5.0, 
prior to fungal cultivations.

Liquor composition was determined by HPLC analy-
sis (Dionex Ultimate 3000, equipped with an Aminex 
HPX-87 H 300 mm × 7.8 mm × 9 μm column, at 50 °C, 
0.5 mL min−1 flow rate, mobile phase 0.005 M H2SO4, 
Shodex RI detector at 40 °C, 50 μL injection volume) as 
described (Robl et al. 2015).

Microorganisms

Twenty-five filamentous fungi from the CTBE (National 
Laboratory of Science and Technology of Bioethanol) cul-
ture collection were submitted to a preliminary screening 
in order to evaluate the ability to grow in the described 
liquor without performing procedures for detoxification of 
residue. Only six microorganism isolates were capable of 
developing mycelial growth using two pulses of liquor at 
50% (v/v) in pre-culture medium. None was able to grow 
in 100% liquor, even when salts and peptone were added 
to the medium (data not shown). Amounts of acetic acid, 
carboxylic acids, furfural, hydroxylmethylfurfural and 
soluble lignin are found in higher concentration in liquor 
and are known to be inhibitors and to have negative effects 
on microorganism growth (Robl et al. 2015; Klinke et al. 
2004).

Among the fungi, one fungus (code P49P11) was iden-
tified as Trichoderma harzianum (Delabona et al. 2012), 
and the other five fungi were ascribed to wild-type cultures 



445Brazilian Journal of Chemical Engineering (2020) 37:443–450	

1 3

and encoded as MC08, 826, 839, 840, and 848. Stock cul-
tures of each fungus were prepared by inoculating a piece 
of mycelial block (20 × 20 mm) on the surface of PDA 
(potato dextrose agar) plates and incubated for 5–7 days at 
29 ± 1 °C and kept at 4 °C for 20 days (Fig. 1).

Pre‑culture preparation

The mycelial block (20 × 20  mm) of each fungus was 
inoculated in 15 mL of pre-culture medium, composed 
of a low amount of glucose (4 g.L−1), peptone (1 g L−1), 
urea (0.3 g L−1), and salts (2.0 g L−1 KH2PO4, 1.4 g L−1 
(NH4)2SO4, 0.4 g L−1 CaCl2·2H2O, 0.3 g L−1 MgSO4, 
5 mg L−1 FeSO4, 1.6 mg L−1 MnSO4, 1.4 mg L−1 ZnSO4, 
2.0 mg L−1 CoCl2), adapted from the Mandels and Weber 
formulation (Delabona et al. 2016). The broth was adjusted 
to initial pH 5.2 followed by sterilization through 0.22 µm 
membrane filters. After fungal inoculation, pre-culture 
media were incubated at 29 ± 1 °C in an orbital shaker 
(150 rpm) for pellet formation before starting the addi-
tion of liquor as substrate. Then, five milliliters of liquor 
at a concentration of 50% (v/v) was added at 96 h and at 
120 h of cultivation as pulse feeding substrate. All the 
strains were kept under cultivation conditions to promote 
hyphae growth in the presence of liquor at 50% (v/v) until 
the carbon source was almost exhausted. Total reducing 
sugars were monitored along the cultivation by the DNS 
(3,5-dinitrosalicylic acid) method (Miller 1959). Thus, a 
final volume of 25 mL of each flask containing mycelia 
pellets was obtained as inoculum for the next step.

Induction procedures

The composition of the induction medium was the same as 
the pre-culture medium, except the carbon source. Two types 
of SCB were applied as substrates for enzyme induction: 
untreated and pretreated-SCB (ozonolysis and hydrothermal 
pretreatments), both added at a concentration of 10 g L−1, 
separately. The induction media were adjusted to pH 5.2 
and autoclaved (15 min at 121 °C). The inoculation was 
performed using 25 mL of pre-cultured media in 225 mL of 
fresh induction medium (10% v/v inoculum ratio). Flasks 
were incubated in an orbital shaker at 200 rpm, 29 ± 1 °C for 
144 h in duplicate for induction assays. Analyses of enzyme 
activities, including FPase (filter paper assay) for cellulase, 
xylanase (birchwood xylan 0.5%), and β-glucosidase (ρNPG 
1 mM) were carried out using traditional methodologies 
adapted to a microplate scale (reduced scale by a factor of 
ten), as previously described (Delabona et al. 2016).

Results and discussion

Liquor composition characterization

The chemical composition of acid liquor was essentially a 
mixture of three main residual components from pretreated 
sugarcane bagasse: (1) sugars released from carbohydrate 
polymer breakdown, especially those from xylan, which 
were solubilized and hydrolyzed at the high temperatures of 
hydrothermal conditions; (2) phenolic compounds released 
due to delignification promoted by ozone gas and, later, solu-
bilized to the liquid fraction in the hydrothermal step; and 

Fig. 1   Six selected fungi culti-
vated on PDA agar plates
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(3) the byproducts from carbohydrate degradation, such as 
organic and furanic acids, as side effects from the pretreat-
ments. The composition of liquor is presented in Table 1. 
Total reducing sugars accounted for around 20 g L−1, and 
xylose was the most concentrated. Only monomeric carbo-
hydrates were quantified instead of oligomers. Generally, 
liquors from hydrothermal pretreatments present more xyl-
ooligosaccharides than xylose, as observed by Robl et al. 
(2015). However, the absence of oligomers in this liquor is 
suggested to be associated with the acidic condition result-
ing from the combination of ozonolysis prior to the hydro-
thermal pretreatment step, which potentially promoted its 
hydrolysis to monomeric carbohydrates. Also, it was noted 
that the monomer concentration from this liquor corre-
sponded to a complete conversion of hemicellulose com-
pounds. Michelin et al. (2016) performed similar hydrother-
mal pretreatment conditions for sugarcane bagasse at 180 °C 
and 200 °C for 30 min. However, at 200 °C the amount of 
oligomers was decreased but the amount of monomers was 
increased. The severity of ozonolysis pretreatment applied 
in this work was similar to the 200 °C treatment of Michelin 
and Polizeli (2016), but instead of 30 min it was for 15 min. 
Michelin and Polizeli (2016) and this work resulted in a 
similar liquor composition, with totals of 21.5 g L−1 and 
21.3 g L−1, respectively. But the difference was clearly 
observed between the amount of oligomers and monomers. 
Another difference was the ozonolysis step applied pre-
viously to the biomass. Also, it is known that oligomers 
are obtained in milder conditions of pretreatment. Thus, 
Michelin and Polizeli (2016) obtained a higher amount of 
XOS and low concentration of xylose compared to liquor 

from this work, which presented a very low concentration 
of oligomers because almost all the xylan available in the 
biomass was released as monomers (xylose, arabinose, ace-
tic acid) or degradation product (furfural).

Use of acid liquor for xylose assimilation 
by filamentous fungi

The chemical characterization of liquor showed that the 
byproduct still contains a concentration of sugars capable 
of supporting microbial cultivation as substrate. Initially, 
the liquor was assessed at different concentrations in order 
to check the possibility of growing strains in 100% of crude 
liquor, regarding the presence of inhibitors and minimized 
by dilutions. However, none of the liquor dilutions evaluated 
allowed the fungal growth (data not shown), probably due to 
the high complexity of the components, including furfural, 
organic acids, and soluble phenols, besides the sugars. To 
mitigate this effect at the beginning of the cultivation, a two-
step strategy was used starting without liquor (only glucose 
as carbon source), followed by sequential feeds of liquor at 
50% (v/v) into the pre-culture medium. This strategy was 
successful for six fungi. The use of glucose as the first sub-
strate promoted the pellet formation at 96 h (Fig. 2a), then 
the liquor was added and it became a homogeneous suspen-
sion of dispersed mycelia (Fig. 2b).

The carbon source is directly related to the morphology 
of filamentous fungi that influences the rheology of the cul-
ture medium. The pre-culture broth with dispersed mycelia 
increased the viscosity of the medium, and interfered in the 
production of biomass and metabolites such as proteins, 

Table 1   Byproducts in the 
liquor composition

*Estimated final concentration considering two feeds of 5 mL each liquor at 50% (v/v) in the experimental 
assays

Component group Compound Concentration

Crude liquor (g L−1) Diluted liquor 
medium 
(g L−1)*

Carbohydrate monomers Xylose 15.3 –
Glucose 3.6 –
Arabinose 1.8 –

Carbohydrate byproducts Furfural 2.1 0.42
Hydroxymethylfurfural 0.5 0.1
Acetic acid 2.1 0.42
Formic acid 1.2 0.24

Lignin by products p-Hydroxybenzoic acid 0.18 0.036
4-Hydroxybenzaldehyde 0.15 0.03
Syringic acid Not detected
Vanillic acid 0.016 0.0032
Vanillin 0.04 0.008
Total phenolics (as gallic acid) 2.2 0.44
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antibiotics, organic acids, polysaccharides, pigments, alka-
loids and mycotoxins (Callow and Ju 2012, 2007). Also, the 
morphological growth forms of filamentous fungi have a 
significant effect on the rheological properties in submerged 
cultivation, related to excretion of different metabolites. The 
growth of dispersed mycelia is effectively equivalent to uni-
cellular cells with a homogeneous distribution of biomass, 
substrate, and products. On the other hand, pellet formation 
has major drawbacks because the oxygen concentration in 
the center of the pellet drops, restricting cell growth (El-
Enshasy 2007).

Figure 3 shows the total reducing sugars consumption 
of fungi using two liquor feeding strategies in pre-culture 
medium. For the six fungi isolates, glucose was totally 
consumed by 96 h of cultivation, as expected. For the first 
pulse containing liquor at 50% (v/v), the total reducing 
sugars were quickly consumed in 24 h. However, when the 
second pulse of liquor at 50% (v/v) was added, the time 
demanded for metabolization ranged between 48 and 72 h 
among the different strains. It suggested distinct physiologi-
cal responses to potential accumulation of toxic compounds 
on the biomass production.

The strategy of two liquor pulses has been used for 
many years to produce cellulolytic fungal enzymes and this 

operational mode is known to minimize catabolite repres-
sion. In principle, the use of this cultivation strategy should 
also help to mitigate the effects of inhibitors in the liquor. 
Responses observed in this study agreed with this effect, 
because other efforts of continuous cultivation (without liq-
uor pulses) were unsuccessful for the same fungi growth.

Enzymes induction by sugarcane bagasse

The possibility of inducing the synthesis of cellulolytic 
enzymes under submerged fermentation using SCB as a 
sole substrate has been proven by other authors in the lit-
erature (Cunha et al. 2012; Delabona et al. 2012). Based on 
this, the six selected strains were cultivated in 1% (w/v) of 
both untreated-SCB and pretreated-SCB in order to assess 
FPase, β-glucosidase, and xylanase activities. In general, 
pretreated-SCB demonstrated a higher capability of improv-
ing enzyme synthesis when compared to titers from induc-
tion using untreated-SCB. The natural recalcitrance of 
the cellular wall of SCB represents the main challenge for 
enzymes to access their substrates, resulting in lower activi-
ties due to a restricted surface area of catalysis (Payne et al. 
2015). Aguiar et al. (2018) sucessufully demonstrated that 
SCB pretreatment is an essential step for the complete SCB 
hydrolysis and facilitates the access to cellulolytic enzymes.

The results of FPase activity obtained for the strains 
under induction with pretreated and untreated-SCB are pre-
sented in Fig. 4.

The strain code 840 presented the highest cellulolytic 
activity (0.45 ± 0.02 FPU mL−1) using filter paper as sub-
strate at 144 h of fermentation. The FPase activity increment 
during the fermentation showed the enhanced activity of 
this fungus to metabolize and degrade compounds in bio-
mass. Another three isolates (T. harzianum P49P11; MC08 
and 826) produced around 0.30 ± 0.01 FPU mL−1 at 144 h. 
Delabona et al. (2013) found that FPase activity could be 
improved up to three-fold by increasing the carbon source 
concentration from 2 to 3% during submerged cultivation of 
T. harzianum P49P11.

Fig. 2   Pellet formation of 
filamentous fungi in pre-culture 
medium using the two-step 
strategy: a glucose as a sub-
strate; b liquor as a substrate

0

0.5

1

1.5

2

2.5

3

3.5

4

0 24 48 72 96 120 144 168 192

To
ta

l r
ed

uc
in

g 
su

ga
rs

 (g
/L

)

Time of incubation (h)

MC08 826 839

840 848 P49P11

Glucose consumption

1st liquor 

pulse

2nd liquor 

pulse

Fig. 3   Strategy to produce fungi biomass using liquor



448	 Brazilian Journal of Chemical Engineering (2020) 37:443–450

1 3

The strains 839 and 848 presented the lowest FPase 
activities during the fermentation. None of the strains was 
able to use substrate without pretreatment for FPase deter-
mination. However, it is important to note that FPase activ-
ity may provide an incomplete evaluation of the hydrolysis 
potential of enzyme extract because filter paper differs sub-
stantially from biomass waste in terms of its structure and 
chemical composition. On the other hand, this traditional 
method proposed by Ghose in 1987 is widely adopted as an 
estimate of total cellulase activity because the degradation 
of paper requires the action of endo- or exoglucanase, and 
β-glucosidase. Thus, FPase is a well-accepted evaluation, but 
it may lead to unrepresentative data and, perhaps, artificially 
low hydrolysis results. Complementary analysis of Avicelase 
and CMCase can be performed for a complete evaluation of 
hydrolysis potential for a crude enzyme extract.

Figure  5 shows the β-glucosidase activity from six 
fungal strains evaluated in submerged fermentation. 
Only three strains (848, P49P11, 840) presented relevant 
β-glucosidase production using pretreated-SCB as an 
inducer. The 840 strain showed the highest β-glucosidase 
activity (3.46 ± 0.38 IU mL−1) at 144 h. Also, T. harzianum 

strain P49P11 achieved a higher β-glucosidase production 
of 3.12 ± 0.09 IU mL−1 at 96 h.

An enzyme production that provides greater productiv-
ity offers an alternative option for the on-site production. 
Therefore, the production of β-glucosidase by P49P11 and 
the 840 strain showed consistent induction for the carbon 
source and strategy tested in comparison to Robl et  al. 
(2015). Maximal β-glucosidase production using a strain of 
A. niger in optimized media composed of pretreated-SCB 
and soybean bran was 1.16 IU mL−1 (Robl et al. 2015). 
Aspergillus sp. is known worldwide for its good ability to 
produce β-glucosidase.

Figure 6 displays xylanase activity over time in sub-
merged fermentation. All strains were able to produce 
xylanases, but the xylanase activity peak was observed at 
72 h (28.80 ± 1.77 IU mL−1) for the P49P11 strain using 
pretreated-SCB as an inducer. Several studies have sug-
gested that T. harzianum is a potential producer for hydro-
lytic enzymes (Delabona et al. 2012, 2016). Lee et al. (2018) 
studied the profile of fungal growth and production of xyla-
nase by a fungus isolated from decayed wood (DWA1) in 
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submerged cultivation using sugarcane bagasse and palm 
kernel cake as substrate/support and obtained a maximum 
of 452.3 IU mL−1 of xylanase in 72 h of fermentation. Also, 
Delabona et al. (2016) obtained 67.00 ± 0.6 IU mL−1 of xyla-
nase after 120 h of cultivation with T. harzianum P49P11 
using 10 g L−1 of glucose as an initial carbon source, fol-
lowed by 10 g L−1 of delignified steam-exploded bagasse 
addition. Robl et al. (2015) studied endophytic fungi using 
liquor from hydrothermal pretreatment of sugarcane bagasse. 
The best strain (Aspergillus niger DR02) produced 458 
U mL−1 of xylanase for constant fed-batch mode cultivation.

The MC08 strain can also produce high xylanase activity 
levels at 144 h of fermentation (24.40 ± 1.83 IU mL−1). For 
other four strains (826, 839, 840 and 848) xylanase activity 
was lower than 15 IU mL−1. Differently from other activities, 
the production of xylanases was also inducted by untreated-
SCB, reaching around 25 IU mL−1 with T. harzianum at 
120 h of cultivation. This result was close to the peak of 
production observed using pretreated-SCB as an inducer and 
it may be explained by the composition of each bagasse. 
The availability of substrate for xylanases is quite different 
between them. For pretreated-SCB, there was a low amount 

of residual xylan (less than 4%) in the solid substrate after 
the pretreatments. On the other hand, the untreated-SCB had 
a much greater amount of xylan, but the substrate was inac-
cessible due to tge natural recalcitrance of biomass without 
pretreatment, as explained previously. A similar result has 
been also observed when evaluating commercial cellulolytic 
enzymatic hydrolysis of untreated and chemical pretreated 
SCB (Aguiar et al. 2018). From this point of view, both 
samples of bagasse were capable of inducing a moderate 
production of xylanase in submerged cultivation.

Conclusions

The liquor resulted from ozonolysis and hydrothermal pre-
treatments of sugarcane bagasse present a high amount of 
xylose free of xylo-oligosaccharides, which allows assimila-
tion as a primary substrate for fungi growth. However, the 
presence of byproducts, including furfural, HMF, and low 
molecular weight phenolics arising from lignin fragmenta-
tion required a fed-batch strategy to reduce their toxicity. A 
successful pre-cultivation starting with low concentration 
of glucose, followed by two pulses of 50% diluted liquor 
allowed the growth of the six filamentous fungi, which dem-
onstrated tolerance to inhibitory compounds and were also 
able to produce cellulolytic enzymes under induction. There-
fore, the use of xylose-rich liquor is suggested as a low-cost 
substrate for hyphae growth prior to enzyme production, and 
pretreated-SCB is suggested to be an inducer for the produc-
tion of enzymes, including cellulases and xylanase.
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