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Abstract
Bioethanol production from lignocellulosic materials is hindered by the high costs of pretreatment and the enzymes. The 
present study aimed to evaluate whether co-cultivation of four selected cellulolytic fungi yields higher cellulase and xyla-
nase activities compared to the monocultures and to investigate whether the enzymes from the co-cultures yield higher 
saccharification on selected plant materials without thermo-chemical pretreatment. The fungal isolates, Trichoderma reesei 
F118, Penicillium javanicum FS7, Talaromyces sp. F113, and Talaromyces pinophilus FM9, were grown as monocultures 
and binary co-cultures under submerged conditions for 7 days. The cellulase and xylanase activities of the culture filtrates 
were measured, and the culture filtrates were employed for the saccharification of sugarcane leaves, Guinea grass leaves, 
and water hyacinth stems and leaves. Total reducing sugars and individual sugars released from each plant material were 
quantified. The co-culture of Talaromyces sp. F113 with Penicillium javanicum FS7 and of T. reesei F118 with T. pinophilus 
FM9 produced significantly higher cellulase activities compared to the corresponding monocultures whereas no effect was 
observed on xylanase activities. Overall, the highest amounts of total reducing sugars and individual sugars were obtained 
from Guinea grass leaves saccharified with the co-culture of T. reesei F118 with T. pinophilus FM9, yielding 63.5% sac-
charification. Guinea grass leaves were found to be the most susceptible to enzymatic saccharification without pre-treatment, 
while water hyacinth stems and leaves were the least. Accordingly, the study suggests that fungal co-cultivation could be a 
promising approach for the saccharification of lignocellulosic materials for bioethanol production.
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Introduction

Fossil fuel resources are limited, and their consumption 
results in global warming (Soeder 2021). Hence, it is neces-
sary to utilize renewable and eco-friendly alternatives. Even 
though ethanol produced from lignocellulosic materials such 
as invasive plants and crop wastes is an attractive alternative, 
its commercial production is hampered by lack of economic 
viability (Zhang 2019). The process of producing ethanol 

from lignocellulosic materials involves pretreatment, enzy-
matic hydrolysis, fermentation, and purification (Margeot 
et al. 2009). The costs of pretreatment and enzymes con-
tribute significantly to the overall cost of production. Thus, 
reducing the cost of the enzymes by enhancing the enzyme 
activities and minimizing the need for pre-treatment could 
help improve the economic viability of the process.

Cellulases and xylanases are the major enzymes needed 
for the hydrolysis of lignocellulosic materials (Gupta and 
Bisaria 2018). Enzymes degrading cellulose are collec-
tively known as cellulases (Wilson 2011). Based on their 
mode of action, they are classified into three types: exog-
lucanases, endoglucanases, and β-D-glucosidases. Exoglu-
canases act on the reducing or non-reducing terminals of 
cellulose, releasing either cellobiose (cellobiohydrolases, 
EC 3.2.1.91), or glucose (cellodextrinases, EC 3.2.1.74). 
Endoglucanases cleave randomly within amorphous regions, 
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but not crystalline regions, of cellulose (EC 3.2.1.4). β-D-
Glucosidases (EC 3.2.1.21) act on non-reducing ends of 
β-D-glucosyl residues, releasing beta-D-glucose (Lynd et al.  
2002). Based on the mode of action of xylanases, endoxy-
lanases and β-xylosidases are the two main enzymes which  
involve in xylan hydrolysis. Endoxylanases act on the homopol-
ymeric backbone of 1,4-linked ß-D-xylopyranose and pro-
duce xylooligomers while β-xylosidases release xylose by  
acting on those xylooligomers (Ahmed et al. 2009).

Even though numerous fungi and bacteria are known 
to produce these enzymes (Bajaj and Mahajan 2019), only 
few fungal species produce high levels of cellulases capa-
ble of extensive saccharification of lignocellulosic material 
(Mandels 1975). The fungus Trichoderma reesei QM6 was 
identified as one of the best sources of cellulases for sac-
charification. Mutants of T. reesei QM6 with higher enzyme 
productivity such as T. reesei QM9414 and T. reesei Rut-
C30, have been well-studied for industrial production of cel-
lulases and xylanases (Peterson and Nevalainen 2012; Silva 
et al. 2020).

Different classes of cellulases, such as endoglucanases, 
exoglucanases and β-D-glucosidases, act synergistically dur-
ing the hydrolysis of cellulose (Bajaj and Mahajan 2019). 
Similarly, different classes of xylanases act in synergy dur-
ing the hydrolysis of xylan (Shallom and Shoham 2003). 
A single microbial isolate may not produce all the differ-
ent types of cellulases and xylanases in adequate amounts. 
Hence, mixed cultures of fungi may produce higher cellu-
lase and/or xylanase activities compared to the monocul-
tures. For instance, culture filtrates of Trichoderma reesei 
lack secreted β-glucosidases (Messner et al. 1990), whereas 
mixed culture of T. reesei and Aspergillus niger produce 
adequate amounts of secreted β-glucosidases, resulting in 
higher cellulase activity (Ahamed and Vermette 2008). If 
such efficient microbial enzyme cocktails can be used in 
the process, together with minimal need of pretreatment, 
it would be beneficial in making the bioethanol production 
economically viable.

Therefore, the present study aimed to determine whether 
the binary co-cultivation of the selected cellulolytic fun-
gal isolates, namely, Trichoderma reesei F118, Penicillium 
javanicum FS7, Talaromyces sp. F113, and Talaromyces 
pinophilus FM9, results in higher cellulase (FPU/mL) and/
or xylanase (U/mL) activities compared to the correspond-
ing monocultures and whether the culture filtrates from the 
co-cultures yield higher saccharification on three selected 
plant materials, namely sugarcane (Saccharum officinarum) 
leaves, Guinea grass (Megathyrsus maximus) leaves and 
water hyacinth (Pontederia crassipes) stems and leaves, 
without thermo-chemical pretreatment, compared to those 
from the corresponding monocultures. Through preliminary 
experiments, these fungal strains were screened and selected 
for binary co-cultivation based on their high cellulase and 

xylanase activities. Guinea grass and water hyacinth are 
highly invasive plants with a rapid growth (Kariyawasam 
et al. 2021; Amarasinghe 2021). Sugar cane leaf is an agri-
cultural waste with potential use as substrate for biofuel pro-
duction. Thus, they were selected as the plant materials for 
saccharification, with the aim of utilizing them as low cost 
substrates in bioethanol production.

Materials and methods

Microbial isolates, media, and culture conditions

The cellulolytic fungal isolates, Trichoderma reesei F118, 
Penicillium javanicum FS7, Talaromyces sp. F113, and Tal-
aromyces pinophilus FM9 (Genbank accession numbers 
OP295120.1, OP295121.1, OP295119.1, and OP295406.1, 
respectively) (Fig. 1), were obtained from the culture collec-
tion of the National Institute of Fundamental Studies, Kandy, 
Sri Lanka.

The four selected filamentous fungi were grown as 
monocultures and as co-cultures in an enzyme production 
medium. With the aim of forming fungal-fungal co-cultures, 
all possible pairs of the four fungi were used except the 
pair of Talaromyces sp. (F113) and Talaromyces pinophi-
lus (FM9) as they belonged to the same genus. The fun-
gal strains were initially inoculated on potato dextrose agar 

Fig. 1   Colonies of the selected cellulolytic fungal isolates grown 
on potato dextrose agar: a Trichoderma reesei F118, b Penicillium 
javanicum FS7, c Talaromyces sp. F113, and d Talaromyces pinophi-
lus FM9
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slopes in glass tubes and incubated at room temperature 
(~ 25 °C) for 10 days and the spores were harvested by add-
ing a sterile 0.1% (v/v) tween 80 (aq) solution. The spore 
concentrations were estimated by using an improved Neu-
bauer counting chamber and were adjusted to 107/mL. For 
fungal monocultures of each strain, 100 µL of fungal spore 
suspensions was inoculated whereas for fungal-fungal co-
cultures consisting of two fungi, 50 µL of spore suspension 
from each component fungus was inoculated into 20 mL of 
the enzyme production medium (Mandels and Weber 1969) 
in 100 mL Erlenmeyer flasks. The medium contained (per 
liter): 2 g of KH2PO4, 1.4 g of (NH4)2SO4, 0.3 g of urea, 
0.3 g of MgSO4·7H2O, 0.3 g of CaCl2·2H2O, 0.1 g of yeast 
extract, 10 mL of trace elements solution, 0.5 g of glycerol, 
and 10 g of cellulose powder (pH = 5.5). The trace elements 
solution contained per liter: 500 mg of FeSO4·7H2O, 200 mg 
of CoCl2·6H2O, and 160 mg of MnSO4·H2O. The cultures 
were incubated at 28 °C with orbital shaking at 100 rpm in 
a shaking incubator (JeioTech Lab Companion ISF-7100R) 
for 7 days. The cultures were then filtered with a Whatman 
No. 42 filter paper, and the filtrates were used for enzyme 
assays. The culture filtrates were filter-sterilized by using 
syringe filters with Nylon membrane (0.22 µm) before  
being used for the saccharification of the plant materials.

Enzyme assays

The cellulase activities of monocultures and co-cultures 
were determined by using a Whatman No. 1 filter paper as 
the substrate according to Mandels et al. (1976) as described 
by Ghose (1987). In brief, to 50 mg of a Whatman No. 1 
filter paper (1 cm × 6 cm) fully immersed in 1 mL of 50 mM 
citrate buffer (pH 4.8), 0.5 mL of culture filtrate was added 
and incubated at 50 °C for 60 min. Then, 300 µL of the reac-
tion mixture was transferred to a separate test tube contain-
ing 600 µL of 3,5-dinitrosalicylic acid (DNS) reagent (Miller 
1959), and the tube was kept in a boiling water bath for 
5 min. The tube was quickly cooled to ambient temperature; 
4 mL of distilled water was added and mixed thoroughly. 
Absorbance was measured at 540 nm. The amount of sugars 
released from filter paper was determined by using a calibra-
tion curve plotted with glucose standards. Total cellulase 
activity was expressed in filter paper units/mL (FPU/mL), 
which is the amount of reducing sugar released, in micro-
moles, by 1 mL of culture supernatant per minute.

Xylanase assay was carried out by using beechwood xylan 
(Sigma, USA) as the substrate according to Gottschalk et al. 
(2010). In brief, to 100 µL of 10 mg/mL xylan solution in 
50 mM citrate buffer (pH 4.8), 50 µL of culture filtrate was 
added and incubated at 50 °C for 5 min. Then 300 µL of 
3,5-dinitrosalicylic acid (DNS) reagent (Miller 1959) was 
added, and the tube was kept in a boiling water bath for 
5 min. The tube was quickly cooled to ambient temperature, 

4 mL of distilled water was added and mixed thoroughly. 
Absorbance was measured at 540 nm. In order to determine 
the amount of reducing sugar released from xylan due to 
boiling, a xylan blank was also included by adding 50 µL 
of distilled water instead of culture filtrate. Xylose stand-
ards were used to plot the calibration curve which was used 
to determine the amounts of xylose released. The xylanase 
activity was expressed as units/mL (U/mL), which is the 
amount of xylose released due to enzyme activity, in micro-
moles, by 1 mL of culture supernatant per minute.

Preparation of the plant materials

Sugar cane leaves, Guinea grass leaves, and water hyacinth 
stems and leaves were oven-dried at 50 °C to constant weight, 
ground by using a plant grinder and sieved (pore size: 80 µm). 
The resultant powder was used for compositional analysis 
and for saccharification. An amount of 500 mg of the resulted 
dry powder was initially used to remove extractives from the 
plant material. Then the extractive-free plant material was 
used for compositional analysis.

Compositional analysis of the plant materials

Extractive contents of the plant materials were determined 
according to Foster et al. (2010). The plant materials remain-
ing after the removal of the extractives were used for the 
determination of polysaccharide and lignin contents. The 
total insoluble polysaccharide contents and acid insoluble 
lignin contents were determined according to Sluiter et al. 
(2008), using 100 mg of the extractive-free plant material. 
The non-cellulosic insoluble polysaccharide contents were 
determined using 10 mg of extractive-free plant material 
as described by Foster et al. (2010). The ash contents were 
measured using 300 mg of extractive-free plant material 
according to Sluiter et al. (2005).

Saccharification of the plant materials 
by the culture filtrates

To 50 mL screw-capped culture bottles, 250 mg of each 
powdered plant material was added followed by 5 mL of 
100 mM acetate buffer (pH 4.8). The bottles were sterilized 
by autoclaving at 121 °C for 20 min with the aim of killing 
any microbial contaminants. To each bottle, 5 mL of sterile 
culture filtrate was added and incubated for 7 days at 40 °C 
with rotary shaking at 70 rpm.

For controls, 5 mL of sterile distilled water was added 
instead of culture filtrates. At the end of the incubation, the 
hydrolysates were sampled and were checked for microbial 
contamination by sub-culturing on nutrient agar and potato 
dextrose agar. Any replicate found to be contaminated was 
repeated. The hydrolysates were centrifuged at 10000 g for 
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5 min, and the supernatants were used for the measurement 
of total reducing sugars and individual sugars released.

Measurement of the total reducing sugars 
and individual sugars released

The amounts of total reducing sugars present in the enzy-
matic hydrolysates were determined by using DNS rea-
gent against glucose standards (Miller 1959). The indi-
vidual sugars present in the enzymatic hydrolysates were 
quantified by HPLC according to Ball et al. (2011), under 
the following conditions: Column: Agilent Hi-plex H 
(7.7 × 300 mm, 8 µm, part number-PL1170-6830), mobile 
phase: 0.005 M H2SO4, flow rate: 0.7 mL per minute, col-
umn temperature: 60 °C, detector type: refractive index, 
detector temperature: 55 °C.

Statistical analysis

Statistical comparisons were made by ANOVA followed 
by Fisher’s pairwise comparison, using Minitab Software. 
The cultures and saccharification were carried out in trip-
licates (p < 0.05). Compositional analysis was carried out 
in duplicates.

Results

Enzyme activities of the culture filtrates

The cellulase and xylanase activities of the fungal co-cultures 
and the corresponding monocultures are shown in Figs. 2 
and 3, respectively. The co-culture of Talaromyces sp. F113 
with Penicillium javanicum FS7 and the co-culture of T. 
reesei F118 with T. pinophilus FM9 produced significantly 
higher cellulase activities compared to both corresponding 
monocultures. The highest mean cellulase activity of 0.29 

FPU/mL was produced by the co-culture of Talaromyces sp. 
F113 and Penicillium javanicum FS7 (Fig. 2). Even though 
the xylanase activities of the co-cultures containing T. reesei 
F118 were significantly higher compared to the monoculture 
of T. reesei F118, they were not significantly higher than 
the xylanase activities of the remaining corresponding 
monocultures. Similarly, none of the other co-cultures 
produced xylanase activities that were significantly higher 
than those produced by both corresponding monocultures 
(Fig. 3). The highest mean xylanase activity was produced 
by the co-culture of T. reesei F118 and T. pinophilus FM9 
(7.9 U/mL).

Composition of the plant materials

The compositions of the three plant materials selected for 
saccharification are shown in Table 1. Sugarcane leaves con-
tained the highest insoluble polysaccharide content (65.7% 
w/w) followed by Guinea grass leaves (54.7% w/w) and 

Fig. 2   Cellulase activities of the 
culture filtrates from the fungal 
monocultures and co-cultures. 
Codes: F113: Talaromyces sp. 
F113, F118: Trichoderma reesei 
F118, FS7: Penicillium javani-
cum FS7, FM9: Talaromyces 
pinophilus FM9. Error bars 
indicate standard errors of the 
means. Means that do not share 
a letter are significantly different

Fig. 3   Xylanase activities of the culture filtrates from the fungal mon-
ocultures and co-cultures. Codes: F113: Talaromyces sp. F113, F118: 
Trichoderma reesei F118, FS7: Penicillium javanicum FS7, FM9: 
Talaromyces pinophilus FM9. Error bars indicate standard errors of 
the means. Means that do not share a letter are significantly different
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water hyacinth stems and leaves (44.1% w/w). Thus, based 
on the polysaccharide content per unit mass, sugarcane 
leaves could be considered as the most suitable for biofuel 
production. Water hyacinth leaves contained the lowest acid-
insoluble lignin content (10.1% w/w), as can be expected 
from an aquatic plant. They also contained the highest ash 
content (15.5% w/w). Guinea grass leaves and sugarcane 
leaves contained similar acid-insoluble lignin and ash con-
tents (Table 1). The results of the compositional analysis of 
the three selected plant materials were found to be similar 
to previously published data (Hodgson-Kratky et al. 2019; 
Premaratne et al. 1993; Guna et al. 2017).

Saccharification of the plant materials

Total reducing sugars released from the plant materials

The amounts of total reducing sugars released from 250 mg 
of the plant materials are shown in Fig. 4. The co-culture 
of T. reesei F118 with T. pinophilus FM9 released signifi-
cantly higher amounts of total reducing sugars from sugar-
cane leaves, compared to both corresponding monocultures. 
This is in correlation with the observed cellulase activi-
ties (Fig. 2). The highest amount of total reducing sugars 
released from sugarcane leaves was 60.4 mg, released by the 
co-culture of T. reesei F118 with T. pinophilus FM9.

Three of the co-cultures, namely, T. reesei F118 with T. 
pinophilus FM9, Penicillium javanicum FS7 with T. pino-
philus FM9, and T. reesei F118 with Penicillium javani-
cum FS7, released significantly higher amounts of total 
reducing sugars from Guinea grass leaves compared to 
the corresponding monocultures. The highest amount of 
total reducing sugars released from Guinea grass leaves 
was 86.8 mg, released by the co-culture of T. reesei F118 
with T. pinophilus FM9.

The co-culture of T. reesei F118 with T. pinophilus FM9 
released significantly higher amount of total reducing 
sugars from water hyacinth stems and leaves compared to 
both corresponding monocultures. However, the highest 
amount of total reducing sugars released from water 
hyacinth stems and leaves (29 mg) was released by the 
co- culture of Talaromyces sp. F113 with Penicillium 
javanicum FS7 (Fig. 4).

Table 2 shows the percentages of saccharification of the 
three plant materials achieved with the cultures. Overall, 
the highest amount of total reducing sugars released from 
250 mg of the three plant materials was 86.8 mg, released 
from Guinea grass leaves by the co-culture of T. reesei F118 
and T. pinophilus FM9, which amounts to 63.5% saccharifi-
cation. Thus, among the three plant materials, Guinea grass 
leaves could be considered as the most suitable for biofuel 
production without thermochemical pre-treatment.

Table 1   Compositions of the 
three plant materials selected 
for the study

SC sugarcane leaves, GG Guinea grass leaves, WH water hyacinth stems and leaves
a Percentages based on dry weights obtained by oven drying at 50 °C

Composition (% w/w)a

Plant material Extractives Total insoluble 
polysaccharides

Non cellulosic insoluble 
polysaccharides

Acid insoluble 
lignin

Ash

SC 10 65.7 24.4 18.8 10.3
GG 13.7 54.7 22.8 19.4 10.1
WH 17.4 44.1 17.9 10.1 15.5

Fig. 4   Amounts of total 
reducing sugars released from 
the plant materials by the 
culture filtrates. Codes: F113: 
Talaromyces sp. F113, F118: 
Trichoderma reesei F118, FS7: 
Penicillium javanicum FS7, 
FM9: Talaromyces pinophilus 
FM9, SC: sugarcane leaves, 
GG: Guinea grass leaves, WH: 
water hyacinth stems and leaves. 
Error bars indicate standard 
errors of the means. For each 
plant material, means that do 
not share a letter are signifi-
cantly different
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Individual sugars released from the plant materials

Among the different types of sugars released by sacchari-
fication, glucose can be fermented to ethanol by most fer-
menting micro-organisms while xylose can be fermented 
to ethanol by some micro-organisms (Margeot et al. 2009). 
Cellobiose can be converted to glucose by fermenting micro-
organisms possessing β-glucosidase activity.

The amounts of glucose + cellobiose (the amount of glu-
cose plus the amount of glucose equivalent of cellobiose) 
released from the three plant materials are shown in Fig. 5. 
The co-culture of T. reesei F118 with T. pinophilus FM9 
released significantly higher amounts of glucose + cellobi-
ose from all three plant materials compared to the corre-
sponding monocultures. The co-cultures of T. reesei F118 

with Penicillium javanicum FS7 and Penicillium javanicum 
FS7 with T. pinophilus FM9 released significantly higher 
amounts of glucose + cellobiose from Guinea grass leaves 
whereas the co-culture of Talaromyces sp. F113 with Peni-
cillium javanicum FS7 released significantly higher amounts 
of glucose + cellobiose from water hyacinth stems and 
leaves, compared to the corresponding monocultures. These 
findings are similar to those made with the amounts of total 
reducing sugars released.

The amounts of xylose released from the three plant 
materials are shown in Fig. 6. All the co-cultures released 
significantly higher amounts of xylose from Guinea grass 
leaves compared to the corresponding monocultures. The 
co-culture of T. reesei F118 with T. pinophilus FM9 released 
significantly higher amounts of xylose from sugarcane 
leaves compared to the corresponding monocultures. None 
of the co-cultures released significantly higher amounts of 
xylose from water hyacinth stems and leaves compared to 
the corresponding monocultures. However, it was noted that 
the monocultures of the fungi Talaromyces sp. F113 and 
Penicillium javanicum FS7 and their co-culture released 
significantly higher amounts of xylose from water hyacinth 
stems and leaves compared to the other cultures.

The amounts of arabinose released from the three plant 
materials are shown in Fig. 7. The co-culture of T. reesei 
F118 with T. pinophilus FM9 released significantly higher 
amounts of arabinose from sugarcane leaves and Guinea 
grass leaves, compared to the corresponding monocultures, 
whereas the co-culture of Penicillium javanicum FS7 with 
T. pinophilus FM9 released significantly higher amounts  
arabinose from Guinea grass leaves compared to the cor-
responding monocultures. It was noted that only the mono-
cultures of the two fungi Talaromyces sp. F113 and Penicil-
lium javanicum FS7 and their co-culture released detectable 

Table 2   Percentages of saccharification of the three plant materials 
achieved with the culture filtrates

Codes: SC sugarcane leaves, GG Guinea grass leaves, WH water hya-
cinth stems and leaves. F113 Talaromyces sp. F113, F118 Tricho-
derma reesei F118, FS7 Penicillium javanicum FS7, FM9 Talaromy-
ces pinophilus FM9

Culture % Saccharification 
of SC

% Saccharification 
of GG

% Saccharification 
of WH

F113 28.4 45.8 24.9
F118 6.3 12.7 8.3
FS7 20.5 32 21.9
FM9 22.3 38.8 15.4
F113 + F118 26.3 45.3 18
F113 + FS7 32.9 52.4 26.3
F118 + FS7 24 42.2 18.3
F118 + FM9 36.8 63.5 22.9
FS7 + FM9 24.7 55.2 18
Control 4.2 4.5 1.3

Fig. 5   Amounts of glucose + cellobiose released from 250 mg of the 
plant materials by the culture filtrates. Codes: F113: Talaromyces sp. 
F113, F118: Trichoderma reesei F118, FS7: Penicillium javanicum 
FS7, FM9: Talaromyces pinophilus FM9, SC: sugarcane leaves, GG: 
Guinea grass leaves, WH: water hyacinth stems and leaves. Error bars 
indicate standard errors of the means. For each plant material, means 
that do not share a letter are significantly different

Fig. 6   Amounts of xylose released from 250 mg of the plant materi-
als by the culture filtrates. Codes: F113: Talaromyces sp. F113, F118: 
Trichoderma reesei F118, FS7: Penicillium javanicum FS7, FM9: 
Talaromyces pinophilus FM9, SC: sugarcane leaves, GG: Guinea 
grass leaves, WH: water hyacinth stems and leaves. Error bars indi-
cate standard errors of the means. For each plant material, means that 
do not share a letter are significantly different
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amounts of arabinose from water hyacinth stems and leaves. 
Interestingly, the amounts of arabinose released by them from 
water hyacinth stems and leaves were significantly higher 
than the amounts released by them from the other two plant 
materials. Also, the release of arabinose from water hyacinth 
stems correlates with the release of higher amounts of glu-
cose + cellobiose and xylose.

Discussion

Several previous studies have found that co-culture of differ-
ent species of cellulolytic fungi under submerged or solid-
state conditions could lead to enhanced cellulase activity 
(Ahamed and Vermette 2008; Deshpande et al. 2008; Fatma 
et al. 2021; Peláez et al. 2022; Morilla et al. 2023). In the 
present study, significantly higher cellulase activity was 
observed from two of the co-cultures without concurrent 
effect on xylanase activity. This suggests that the effect is 
probably not caused by better growth of the fungi in co-
culture. In the case of the co-culture of T. reesei F118 and T. 
pinophilus FM9, synergy between the cellulases of the two 
fungi could be the cause for enhanced cellulase activity, as 
T. pinophilus is known to produce high amounts of secreted 
β-glucosidase (Trollope et al. 2018), which is lacked by T. 
reesei (Ahamed and Vermette 2008).

Another possible reason for enhanced cellulase activity 
in fungal co-cultures is better induction of cellulases in 
co-culture. The cellulases and xylanases of most fungi 
are induced by the degradation products of cellulose 
and xylan as well as their transglycosylation products 
(Amore et al. 2013). Gentiobiose, a transglycosylation 
product of cellobiose, induces cellulases and xylanases in 
species of Pencillium (Kurasawa et al. 1992). The genus 
Talaromyces was initially considered as a teleomorph of 

Penicillium and was later classified as a closely related 
but separate genus (Yilmaz et al. 2014). Hence, it is quite 
likely that the cellulases and xylanases of the isolates 
Talaromyces pinophilus (F113) and Penicillium javanicum 
(FS7) are induced by the same inducer molecules such as 
gentiobiose. Thus, the production of inducer molecule 
by any one of the two fungi through transglycosylation 
may result in increased induction of the enzymes by 
the other, which may explain the significantly higher 
production of cellulases by their co-cultures. Trichoderma 
and Penicillium are somewhat distantly related (Gusakov 
and Sinitsyn 2012). The cellulases and xylanases of 
Trichoderma species, but not Pencillium species, are 
induced by the transglycosylation product sophorose. 
Similarly, gentiobiose is not an inducer of cellulases 
from Trichoderma (Gusakov and Sinitsyn 2012). Hence 
enhanced induction of cellulases by the co-culture of T. 
reesei F118 and T. pinophilus FM9 is less likely.

The co-culture of T. reesei F118 with T. pinophilus FM9 
produced significantly lower cellulase activity compared 
to the co-culture of Talaromyces sp. F113 with Penicil-
lium javanicum FS7 (Fig. 2). However, it released signifi-
cantly higher amounts of total reducing sugars from sugar-
cane leaves and Guinea grass leaves compared to the latter 
(Fig. 4). This could be due to its higher xylanase activity 
(Fig. 3), as the action of xylanase would remove the xylans 
and expose the cellulose fibrils embedded in them to the 
action of cellulases. In contrast, the highest saccharifica-
tion of water hyacinth stems and leaves was caused by the 
co-culture of Talaromyces sp. F113 with Penicillium javani-
cum FS7 (Fig. 2). This could be due to structural differences 
between the cell walls of water hyacinth stems and leaves 
and those of sugarcane leaves and Guinea grass leaves. Sugar 
cane and Guinea grass belong to the family Poaceae whereas 
water hyacinth belongs to the family Pontederiaceae (Global 

Fig. 7   Amounts of arabinose 
released from 250 mg of the 
plant materials by the cul-
ture filtrates. Codes: F113: 
Talaromyces sp. F113, F118: 
Trichoderma reesei F118, FS7: 
Penicillium javanicum FS7, 
FM9: Talaromyces pinophilus 
FM9, SC: sugarcane leaves, 
GG: Guinea grass leaves, WH: 
water hyacinth stems and leaves. 
Error bars indicate standard 
errors of the means. For each 
plant material, means that do 
not share a letter are signifi-
cantly different
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Biodiversity Information Facility 2019). The primary cell 
walls of the family Poaceae are rich in glucoronoarabinoxy-
lan and contain less than 10% of pectin whereas those of the 
other families of monocotyledons contain xyloglucan and/
or glucomannan and 20–35% pectin (Carpita and Gibeaut 
1993; O’Neill and York 2003).

Overall, the highest amounts of the fermentable sugars, 
namely, glucose + cellobiose (33.9 mg) and xylose (20.0 mg) 
released in the present study, were from Guinea grass leaves 
by the co-culture of T. reesei F118 and T. pinophilus FM9. 
Hence, the highest concentration of glucose + cellobiose 
and xylose obtained in the present study were 3.39 g/L and 
2.0 g/L, respectively. This could be further increased by 
increasing the substrate and/or enzyme loadings.

Saccharification of sugarcane leaves following micro-
wave assisted (MA) inorganic salt pretreatment by Mood-
ley and Kana (2017) resulted in a reducing sugar yield of 
0.406 g/g. Odorico et al. (2018) reported 54.2% saccharifi-
cation of Guinea grass pre-treated with an ionic liquid. In 
the present study, even though 63.5% saccharification was 
achieved from Guinea grass, it was only from the leaves of 
the plant. In a study reported by Santana et al. (2020), water 
hyacinth was hydrolyzed without chemical pre-treatment 
resulting in about 9% saccharification. In the present study, 
a maximum saccharification of 26.3% was achieved with 
the co-culture of Talaromyces sp. F113 with Penicillium 
javanicum FS7. Since switchgrass (Panicum virgatum) is 
a plant species which is phylogenetically closely related to 
Guinea grass (Burke et al. 2016), it would be interesting 
to study the enzymatic saccharification of switchgrass with 
no or minimal thermochemical pretreatment. Zhang et al. 
(2007) achieved about 13% of saccharification of untreated 
switchgrass (Panicum virgatum) in 3 days, using a commer-
cial cellulase and a β-glucosidase. Extrapolation of the sac-
charification curve from their study suggests less than 20% 
saccharification after 7 days. The lack of xylanase activity in 
the enzyme mixture used could have been the reason for the 
lower percentage of saccharification achieved in their study.

Conclusions

Co-cultivation of Talaromyces sp. F113 with Penicillium 
javanicum FS7 and T. reesei F118 with T. pinophilus FM9 
results in significantly higher cellulase activity compared 
to the corresponding monocultures. Among the fungal 
cultures made in the present study, the co-culture of T. 
reesei F118 and T. pinophilus FM9 was found to be the 
most suitable for the saccharification of sugarcane leaves 
and Guinea grass leaves without pretreatment whereas 
the co-culture of Talaromyces sp. F113 and Penicillium 
javanicum FS7 was found to be the most suitable for 
the saccharification of water hyacinth stems and leaves. 

Among the three plant materials studied, Guinea grass 
leaves were found to be the most susceptible to enzymatic 
saccharification without thermochemical pretreatment 
whereas water hyacinth stems and leaves were found to 
be the least susceptible. The highest percentage of sac-
charification achieved in the present study was 63.5% from 
Guinea grass leaves by the co-culture of T. reesei F118 and 
T. pinophilus FM9. Further increase in the percentage of 
saccharification achieved and a reduction in the time taken 
for the saccharification are needed for potential commer-
cial bioethanol production.
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