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Abstract
Background: The high cost of cellulase is one of the main obstacles hindering the large-scale biore�ning
of lignocellulosic biomass. Screening strains with high cellulase producing capability and improving
enzymatic hydrolysis technology are important methods to reduce the cost of enzymes. A powerful
strategy to lignocellulose as a feedback combined with different enzymes synergism can reduces the
time of designing high-e�cient enzyme mixtures and signi�cantly improve sacchari�cation of speci�c
substrates.

Results: After optimization, the maximum CMCase and FPA produced by Trichoderma reesei reached to
6.06 IU/mL and 0.085 IU/mL, respectively. The hydrolysis capability of Trichoderma reesei was induced
at the presence of ramie stalk not wheat bran. Synergistic effect was observed as enzymes produced by
Trichoderma reesei and Aspergillus niger were incubated together, and the highest reducing sugars yield
was achieved when enzyme cocktail was prepared at the ratio of 1:1. In particular, reducing sugars yield
reached to 417 mg/g dry substrate was achieved after hydrolyzing the substrate by prepared enzyme
cocktail, which were 1.36 - 3.35 folds higher than different single enzymes.

Conclusion: This study indicated that (1) the carbon source exhibited a directional induction effect on the
types of cellulolytic enzymes secreted by microorganisms; (2) cellulolytic enzymes from different sources
could synergistically strengthen the enzymatic hydrolysis of lignocellulosic materials, providing a clue for
the preparation and compounding of cellulolytic enzymes.

Background
With the decrease of fossil fuels reserves and the increasingly severe of global environmental problems,
using the renewable and clean resource such as lignocellulosic feedstocks as alternative fuel has
aroused widespread interest [1]. The global cellulosic ethanol market was predicted to reach to 27 billion
gallons per year by 2022 [2]. However, the complex structure of lignocellulosic biomass makes it resistant
to hydrolysis by cellulolytic enzymes, this causes the high cost of cellulosic ethanol production [3].
Therefore, exploring cheap and e�cient technologies for converting lignocellulosic biomass into
fermentable sugars has become the key to cellulosic ethanol processing.

The bioconversion of lignocellulosic biomass to target products mainly via three steps: (1) pretreatment;
(2) enzymatic hydrolysis and (3) microbial fermentation [4]. As one of the crucial step, enzymatic
hydrolysis of biomass require the synergistic effect of enzymes such as endoglucanase (EG),
cellobiohydrolase (CBH) and β-glucosidase (BG) [5]. During this process, EG randomly hydrolyzes the
glycosidic bonds in the cellulose chain to provide short chains; CBH releases cellobiose from the non-
reducing end of the chain; and Cellobiose is further hydrolyzed into monosaccharides under the catalysis
of BG [6]. The high cost of cellulase is a main obstacle hinders the biore�nery of lignocellulosic biomass.
Therefore, the development of an e�cient enzymatic hydrolysis process is essential to reduce the amount
of enzymes and the cost of biomass re�ning [7].
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Currently, commercial cellulases mainly produced by Trichoderma sp., but it can only produce limited β-
glucosidase, the strains Aspergillus sp. was commonly used for β-glucosidase production [8, 9]. So far,
using single natural microorganism to e�ciently produce all kinds of enzymes that meets the
requirement of enzymatic hydrolysis of lignocellulose is impossible. It is considered a feasible solution to
compound the enzymes produced by different strains or to modify the enzymes producing pathways of
the strains through genetic engineerings [10]. The synergistic effect of cellulase consortium was proved
to eliminate feedback inhibition and boost enzymatic sacchari�cation [11]. Enzymes extracted from P.
janthinellum EMS-UV-8, Trichoderma reesei RUT-C30 and Aspergillus tubingensis were used to co-
hydrolysis avicel-wheat bran, the obtained reducing sugars after hydrolyzing by the three enzymes
mixture were two times higher than single enzyme at the same enzyme dosages [12]. Compared with
single enzyme, the mixtures of P. chrysogenum P33 and commercial cellulase exhibited synergistic effect
on boosting the enzymatic hydrolysis of deligni�ed corn stover [13].

Additionally, speci�c cellulase mixture often not proper to all materials due to heterogeneity of
lignocellulosic feedstocks in terms of composition and physical properties, which are derivated from
differences in composition and content [14]. Thus, development of multi-enzyme blends which capable to
perform highly-e�cient degradation of speci�c lignocellulosic materials is necessary for reducing the
demand of cellulase dosage [15].

Ramie (Boehmeria nivea L. Gaud) as a �ber crop that is widely planted in China, India, and other countries
of southeast Asian and Paci�c Rim, it can be grown on marginal lands with low irrigation and fertilizer
requirements, and without competing lands with food crops, the above-ground biomass productivity
reach to 14–20 Mg/ha dry matter [16, 17]. The phloem yield of ramie is accounted for only about 15% of
its biomass, and the stalks reach to more than 60% [17]. Ramie stalks composed of 44% cellulose, 31%
hemicellulose and 18.1% lignin, making it a suitable substrate for biofuel production [18].

The strategy of submerged fermentation (SmF) is commonly used for large scale enzymes production
with the advantages of environment friendly and low costs [19, 20]. Both selecting effective cellulose-
degrading organisms and optimizing operation conditions were proved as effective methods for
improving the e�ciency of SmF. In order to reduce the cost of enzymes, the production conditions and
mediums of three different cellulolytic enzyme producing strains were optimized, SmF technology was
applied to produce cellulase, and the enzymatic hydrolysis e�ciency of the obtained crude enzymes
mixtures was evaluated.

Results
Optimization of fermentation medium for cellulase production

The optimized medium components for cellulase production by T. reesei were: 3% wheat bran, 0.6%
ammonium chloride and 0.1% tryptone, the achieved activity of CMCase and FPA were 2.61 IU/mL and
0.11 IU/mL, respectively. When the medium of T. harzianum was prepared as following: 3% ramie, 0.6%
ammonium sulfate and 0.1% tryptone, the optimum activity of CMCase and FPA were reached to 2.14

https://fanyi.so.com/?src=onebox#%20ramie
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IU/mL and 0.10 IU/mL, respectively. A. niger was used as cellulase producing strain for the �rst time, the
optimum medium contains: wheat bran 8%, (NH4)2SO4 0.6% and yeast extract 0.4%. The maxim activity
of FPA, CMCase and β-glucosidase were 0.027 IU/mL, 3.29 IU/mL and 6.15 IU/mL, respectively. 

Effect of pH and temperature on cellulase production

It is well known that initial pH of the medium affects the metabolic ions exchange and the transport
characteristic of cell membrane [23]. The effect of initial pH value on CMCase, FPA and β-glucosidase
produing capability of T. harzianum, A. niger and T. reesei were illustrated in Fig. 3. Results exhibited that
the optimum pH value for CMCase and FPA production by T. harzianum and T. reesei was 4.0, while a pH
value of 7.0 is more suitable for CMCase and β-glucosidase production by A. niger (3.25 and 6.99 IU/mL).

 

The effect of temperature on different enzymes production by various microorganisms was investigated,
and related results were shown in Fig. 4. The results in Fig. 4A showed that the CMCase and FPA activity
of T. harzianum decrease when the temperature increased from 25 to 35°C. The highest CMCase and FPA
of T. reesei was achieved at 35°C (shown in Fig. 4B). As it was described in Fig. 4C, the enhancement in
CMCase and FPA activity of A. niger was observed as the culture temperature increased from 25 to 35 °C,
whereas its β-glucosidase activities was decreased from 2.19 to 4.10 IU/mL. 

Optimization of culture time

Based on the optimized medium and culture conditions, the changes in enzymes activity of different
strains along with culture time were evaluated (Fig. 5). Both the activity of CMCase (3.2 IU/ml) and β-
glucosidase (5.1 IU/mL) produced by T. harzianum were achieved their maximum when the culture was
36 h. After culturing T. reesei for 36 h, the highest activity of CMCase and β-glucosidase were achieved,
speci�cally, reached to 3.2 IU/ml and 5.1 IU/ml. The maximum activity of CMCase and β-glucosidase
were obtained when A. niger was cultured for 96 h.

Enzymatic sacchari�cation of pretreated ramie stalks

 

The in�uence of different substrates on inducing microorganisms to produce cellulolytic enzymes

The enzymes producing capability of microorganisms were observed to be induced by lignocellulose
substrate, the effect of wheat bran and ramie induced cellulolytic enzymes produced by T. harzianum, A.
niger and T. reesei on enzymatic hydrolysis e�ciency (48 h) of pretreated ramie stalk were tested. Results
were showed in Fig. 6, compared with wheat bran, the obtained reducing sugar yield was obviously higher
using ramie stalks induced enzymes to digest the substrate. In speci�c, the highest reducing sugar
content of 307 mg/g was obtained when using the enzymes of T. reesei induced by ramie stalk to digest
substrate, which was 1.98 times higher than the enzymes induced by wheat bran, while reverse result was

https://fanyi.so.com/?src=onebox#wheat%20bran
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observed when using the enzymes of A. niger induced by these two substrates. Similar reducing sugars
yield was obtained after hydrolyzing substrate using the enzymes of T. harzianum induced by wheat bran
and ramie. In summary, the suitable substrate for A. niger to produce cellulolytic enzymes was wheat
bran, whereas ramie stalk was the better carbon source for inducing the production of cellulolytic
enzymes by T. reesei and T. harzianum. 

Synergistic effect of cellulolytic enzymes consortium

Synergistic effects between enzymes help to reduce their dosage, thereby saving the costs for enzymatic
hydrolysis of lignocellulosic biomass. The crude enzyme extracts extracted from T. harzianum, A. niger
and T. reesei have exhibited excellent performance on cellulose digestion, the synergistic effects among
these enzymes were evaluated, corresponding results of different enzyme cocktail combinations were
shown in Figure 7. The highest reducing sugar concentration was achieved when using enzyme cocktails
of No.5 (50% extracts of T. reesei cultured using ramie as carbon source + 50% extracts of A. niger
cultured using wheat bran as carbon source), intermediate reducing sugar was obtained with No.8 (50%
extracts of T. harzianum cultured using ramie as carbon source + 50% extracts of A. niger cultured using
wheat bran as carbon source), while only 111 mg/g reducing sugar was obtained when using the enzyme
cocktail of No.2 (50% extracts of T. reesei cultured using ramie as carbon source + 50% extracts of T.
harzianum cultured using ramie as carbon source). In this study, the �nal reducing sugar yield was
obviously in�uenced by the ration of different enzyme in mixture, suggesting some interactions possibly
generated between different enzymes.

Discussions
Development of e�cient cellulolytic enzyme cocktail can reduce the amounts of enzymes required for
biomass hydrolysis and enhance the conversion e�ciency of all carbohydrate into fermentable sugars
[24]. However, Jian Du et, al. found that the optimal composition of enzyme mixture distinctly depended
on the substrate pretreated by different methods [15]. Higher proportion of EG than CBH in enzyme
mixture was proved to exhibit high e�ciency for enzymatic hydrolysis of sul�te pretreated Norway spruce
[25]. Due to the catalytic performance of same enzymes blends varing with different feedstalks,
developing consolidated proportion of cellulolytic enzymes is unpractical [24]. The single surface-
displayed enzyme blending concept was applied to prepare compound enzymes for digestion of
pretreated empty fruit bunch, the obtained sugars reached to 446 mg/mL [26]; the cheap wheat straw
(WS) raw material was used as the substrate for producing cellulolytic enzymes by microorganisms, then
using these crude enzymes to hydrolysis the pretreated WS, the yield of reducing sugar varied with 300–
400 mg/g [27]. In this study, A. niger and T. reesei were cultured respectively using cheap wheat bran and
ramie stalk as carbon source for producing cellulolytic enzymes, and then the crude enzymes were
compounded to hydrolyze bio-pretreated ramie stalk, the conversion rate of reducing sugars high to
417mg/g was achieved.
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Enzyme production of T. ressei, T. harzianum and A. niger under different carbon sources (wheat bran,
lactose, avicel and avicel) were estimated. The effect of using wheat bran, lactose, avicel and other
lignocellulose materials as substrates on cellulase producing were evaluated in previous studies [28–30].
Bansal et al. [31] have compared the enzymes production capability of A. niger NS-2 using different
lignocellulose materials including leaves, orange peelings, pineapple peelings, sugarcane bagasse and
wheat bran as substrates, the wheat bran was observed as the most suitable substrate for the producing
of CMCase, FPA and β-glucosidase, in speci�c, the yields of these enzymes were 310, 17 and 33 U/g dry
substrate, respectively. Avicel was used as carbon resource for cellulase production by A. niger, but only
limited yield of endoglucanase and exoglucanase were achieved [32]. Wheat bran was used as carbon
sources of T. reesei to produce cellulase, after cultivation for 4 days, the highest �lter paper activities
reached to 0.82 ± 0.08 IU gds− 1 [33]. It is di�cult to cultivate the fungus using untreated biomass as only
carbon source, due to compared with long-chain cellulose, microorganisms use soluble sugars more
e�ciently, so as to achieve rapid accumulation of biomass and improve the e�ciency of enzymes
production [24]. Bhawna Sharma et al. [27] studied the enzymes producing capability of Penicillium
janthinellum EMS-UV-8 using untreated wheat straw (WS), WS pretreated by acid, alkali, steam exploded
and organo-solve, and pure cellulosic (including avicel, cellulose-II and carboxymethyl cellulose) as
substrate for cellulolytic enzymes production, results showed that severe pretreated WS and cellulose-II
were contributed to high yield of enzymes. Similarly, in this study, the activity of celulase produced by T.
reesei and A. niger using wheat bran as substrate was higher than ramie stalk.

Previous studies mainly focused on cellulase producing capability of different microorganisms using
different lignocellulose as substrate, but lack of researching their capacity on hydrolyzing lignocellulosic
biomass [34–37]. Furthemore, Analysis of the enzymatic sacchari�cation catalyzed by extracellular
enzymes produced on two type of carbon sources (wheat bran and ramie stalk) revealed only in T. ressei
and T. harzianum, the enzyme prepared using ramie stalk gave more hydrolysis of bio-pretreated ramie
stalk than the enzyme prepared using wheat bran. Generally, large-scale production of cellulases use
soluble sugars (e.g. lactose), and raw feedstock is not preferred, however, the type of crude enzyme
produced is relatively single, which cannot achieve high-e�ciency enzymatic hydrolysis of biomass.
Thus, it advised that enzymes would be produced by using some part or whole raw feedstock (what
straw, corn cob, rice straw, etc.) [27]. Similarly, the capability of a commercial cellulase preparation
(Cellic®CTec2) on hydrolyzing pretreated ramie talk was signi�cantly lower than cellulase induced by
ramie stalk.

The combination of enzymes produced by A. niger and T. reesei was proved to have a positive effect on
the sacchari�cation of cellulose substrates [38]. A previous study showed that T. reesei was an ideal
cellulase producing candidate, unfortunately, although a high total cellulase activity (1.7 FPU/mL) could
be obtained using dairy manure as substrate, only very limited β-glucosidase was monitored [39]. Van
den Brink, J et al. have evaluated the enzymes producing capability of A. niger cultured with two “second
generation” substrates: wheat straw (WS) and sugarcane bagasse (SCB), high β-glucosidase activities
were obtained after culturing on both non-washed and washed substrates [40]. The capability of a
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commercial cellulase preparation (Celluclast 1.5L) on hydrolyzing pretreated corn stover (PCS) was
signi�cantly improved by adding three types of crude commercial enzyme prepartions that in xylanase,
pectinase, and β-glucosidas [41]. The results of this study showed that the cellulase produced from T.
reesei and A. niger showed better synergistic effect than other enzyme consortiums, it is worth
mentioning that the prepared enzyme consortiums have exhibited comparable performance with
Cellic®CTec2 on enzymatic hydrolysis of pretreated ramie stalks.

Conclusions
The types of cellulolytic enzymes secreted by fungi were induced by the carbon source of the culture
medium. Ramie stalk was observed as a better carbon source than wheat bran for producing cellulolytic
enzymes by T. reesei and T. harzianum, while opposite effects of these carbon sources on the production
of cellulolytic enzymes by A. niger was monitored. Obvious synergistic effects were observed between
different cellulolytic enzymes, and the highest enzymatic e�ciency was achieved when the crude
enzymes produced by A. niger and T. reesei was compounded at a ratio of 1: 1. In particular, the reducing
sugars produced after digestion of substrate by compound enzymes was 1.3–1.5 times that of different
single enzymes. This research provides a cheap and e�cient method for the preparation of cellulolytic
enzymes, which is of great signi�cance to the large-scale bio-re�ning of lignocellulosic biomass.

Materials And Methods
Microorganisms and inoculum

Trichoderma reesei (BNCC339931) was obtained from the BeNA Culture Collection. Trichoderma
harzianum (CICC41290) was obtained from the China Center of Industrial Culture Collection. Aspergillus
niger (ATCC16404) was purchased from the American Type Culture Collection. These fungi were stored
on PDA plates at 4 °C and transformed to fresh PDA medium monthly and cultured at 25 °C for 5d. After
growth on the plate, the spores were washed with 3 mL distilled water to obtain spore suspension. The
inoculum was prepared by culturing the fungi under submerged fermentation in 300 mL Erlenmeyer
flasks, the seed medium was prepared as following (g/L): glucose 10, peptone 1, Tween-80 0.002,
(NH4)2SO4 1.4, KH2PO4 2, urea 0.3, MgSO4 0.3, CaCl2 0.4, ZnSO4 0.0014, MnSO4 0.0016, FeSO4 0.005,
citric acid buffer 500 mL/L [21]. 

Cellulase production by submerged fermentation

The single and combination carbon source (ramie, wheat bran or avicel) were studied to evaluate their
effects on enzymes production from A. niger. The concentration of carbon sources was listed as
following: ramie (80 g/L), wheat bran (80 g/L), avicel (80 g/L). The fermentation broth (75 mL)
containing (NH4)2SO4 (4.0 g/L), KH2PO4 (2.0 g/L), MgSO4.7H2O (0.3 g/L), tryptone (3.0 g/L) and yeast
extract (0.5 g/L).
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The carbon source including ramie, wheat bran, lactose or avicel, and nitrogen source including
ammonium sulphate, ammonium chloride tryptone or yeast extract for T. reesei and T. harzianum
submerged fermentation (SmF) was evaluated, their concentrations were set as follows: ramie (10, 20
and 30 g/L), wheat bran (10, 20 and 30 g/L), lactose (10, 20 and 30 g/L), avicel (10, 20 and 30 g/L),
ammonium sulphate(4, 6, 8 and 10 g/L), ammonium chloride (4, 6, 8 and 10 g/L), tryptone (1, 2, 3 and
4g/L) and yeast extract (1, 2, 3 and 4 g/L). The fermentations of T. reesei and T. harzianum were carried
out in 250 mL Erlenmeyer flasks with 50 mL working volume,the culture media contains(g/L): KH2PO4,
2.0; MgSO4, 0.3 and Tween 80, 0.2, MnSO4 0.0016, ZnSO4 0.0014 mg and FeSO4 0.005.

All mediums were autoclaved at 120 °C for 20 min, then 10% of inoculum inoculated after the
temperature was decreased to room temperature. The mixtures were cultured at 30 °C, the extraction of
enzymes was performed after fermentation of T. reesei and T. harzianum for 36 h, and fermentation of A.
niger for 72 h. The supernatant was collected by filtering through nylon cloth followed by centrifugation
at 10,000 rpm for 10min. All experiments were performed in triplicate.

Optimization of pH, temperature and fermentation time

T. reesei, T. harzianum and A. niger fermentation were performed at different pH value (3.0, 4.0, 5.0, 6.0
7.0), temperature (20, 30 and 35 °C) and fermentation time (24, 48, 72 and 96 h). The following assay
conditions were identical to those aforementioned.

Measurement of enzymes

The carboxymethyl cellulase (CMCase), �lter paper activity (FPA) and β-glucosidase were measured as
the description of Liao et al [22]. All of experiments were performed in 0.05 M sodium acetate buffer (pH
4.8). 3, 5-dinitrosalicylic acid (DNS) reagent was used to measure the reducing sugar [22].

Pretreatment of ramie stalk

Air-dried ramie stalks from the Institute of Bast Fiber Crops at the Chinese Academy of Agricultural
Sciences were cut into small chips (400–800 μm mesh). Three grams of ramie stalk was added into 7 mL
H2O, 0.1% Tween 80, 4 mmol/L veratryl alcohol, 0.2 mmol/L Mn2+ in 300-mL Erlenmeyer �asks and
sterilized at 121 °C for 20 min. P. eryngii were maintained on PDA plates at 4 °C and sub-cultured in PDA
medium every month at 28 °C for 7 d. Four different P. eryngii pre-cultures were inoculated into the
substrates, then incubated at 28 °C for 21 days. All of the experiments were carried out in triplicate. The
content of cellulose, hemicellulose and lignin in pretreated substrate were 40%, 21% and 20%,
respectively.

Enzymatic hydrolysis

Enzymatic hydrolysis of pretreated ramie stalks were performed using Cellic ® CTec2 (Bagsvćrd,
Denmark), the crude extracts of T. reesei, T. harzianum and A. niger (cultured at the optimal conditions) as
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enzymes (enzyme dosage was 30 FPU/g dry biomass). Enzyme cocktails were prepared as described in
Table 1.

Enzymatic hydrolysis was carried out in 50 mL centrifuge tube for 48 h. Supernatant was collected after
centrifuging sample at 10,000 rpm for 5 min to measure the reducing sugar. 

Statistical analysis

All the experiments values presented in graphs and tables are mean ± SD, calculated using Excel 2017.
Multiple comparison tests were performed with t test (signi�cance levels = 0.05).

The conversion rate of reducing sugars (mg/g) were calculated as following:

Reducing sugars (mg/g) = reducing sugars obtained (mg) / biomass raw material (g)

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare no con�ict of interest.

Funding

This work was supported by the grant from the Natural Science Foundation of China (Grant 31600668),
China Agriculture Research System for Bast and Leaf Fiber Crops (no.CARS-19-E26), the Training
Program for Excellent Young Innovators of Changsha (kq1905050) and Agricultural Science and
Technology Innovation Program of China (CAAS-ASTIP-2020-IBFC).

Authors’ contributions

Cl X and CC de�ned the aim and scope of this research article. CC performed

the experiments, data analysis and charting. Cl X and CC wrote the major parts of the manuscript. CX
helped to revise the manuscript. All authors approved the �nal manuscript.

Acknowledgements



Page 10/21

This research was supported by the grant from the Natural Science Foundation of China (Grant
31600668), China Agriculture Research System for Bast and Leaf Fiber Crops (no.CARS-19-E26), the
Training Program for Excellent Young Innovators of Changsha (kq1905050) and Agricultural Science and
Technology Innovation Program of China (CAAS-ASTIP-2020-IBFC).

Availability of data and material

All data generated or analysed during this study are included in this published article.

 

References
1. Mohapatra S, Padhy S, Das Mohapatra PK, Thatoi HN. Enhanced reducing sugar production by

sacchari�cation of lignocellulosic biomass, Pennisetum species through cellulase from a newly
isolated Aspergillus fumigatus. Bioresource Technol. 2018;253:262–72.

2. Lynd LR, Cushman JH, Nichols RJ, Wyman CE. Fuel ethanol from cellulosic biomass. Science.
1991;251:1318–23.

3. Karimi K, Taherzadeh MJ. A critical review of analytical methods in pretreatment of lignocelluloses:
Composition, imaging, and crystallinity. Bioresource Technol. 2016;200:1008–18.

4. Raharja R, Murdiyatmo U, Sutrisno A, Wardani AK. Bioethanol production from sugarcane molasses
by instant dry yeast. In: International Conference on Green Agro-Industry and Bioeconomy. Edited by
Suhartini S, Bekti WS, Abdullah AG, Ariesta RL, Rahmah NL, Perdani CG, Istianah N, Septifani R,
Lusiana N, Widyastuti E et al, vol. 230. Bristol: Iop Publishing Ltd; 2019.

5. Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD. Biomass
recalcitrance: Engineering plants and enzymes for biofuels production. Science. 2007;315:804–7.

�. Zhang YHP, Himmel ME, Mielenz JR. Outlook for cellulase improvement: Screening and selection
strategies. Biotechnol Adv. 2006;24:452–81.

7. Klein-Marcuschamer D, Oleskowicz-Popiel P, Simmons BA, Blanch HW. The challenge of enzyme cost
in the production of lignocellulosic biofuels. Biotechnol Bioeng. 2012;109:1083–7.

�. Das A, Paul T, Halder SK, Jana A, Maity C, Das Mohapatra PK, Pati BR, Mondal KC. Production of
cellulolytic enzymes by Aspergillus fumigatus ABK9 in wheat bran-rice straw mixed substrate and
use of cocktail enzymes for deinking of waste o�ce paper pulp. Bioresource Technol.
2013;128:290–6.

9. Dias LM, dos Santos BV, Albuquerque CJB, Baeta BEL, Pasquini D, Ba� MA. Biomass sorghum as a
novel substrate in solid-state fermentation for the production of hemicellulases and cellulases by
Aspergillus niger and A-fumigatus. J Appl Microbiol. 2018;124:708–18.

10. Dionisi D, Anderson JA, Aulenta F, McCue A, Paton G. The potential of microbial processes for
lignocellulosic biomass conversion to ethanol: a review. J Chem Technol Biot. 2015;90:366–83.



Page 11/21

11. Donohoe BS, Resch MG. Mechanisms employed by cellulase systems to gain access through the
complex architecture of lignocellulosic substrates. Curr Opin Chem Biol. 2015;29:100–7.

12. Adsul M, Sharma B, Singhania RR, Saini JK, Sharma A, Mathur A, Gupta R, Tuli DK. Blending of
cellulolytic enzyme preparations from different fungal sources for improved cellulose hydrolysis by
increasing synergism. Rsc Adv. 2014;4:44726–32.

13. Yang Y, Yang J, Liu J, Wang R, Liu L, Wang F, Yuan H. The composition of accessory enzymes of
Penicillium chrysogenum P33 revealed by secretome and synergistic effects with commercial
cellulase on lignocellulose hydrolysis. Bioresource Technol. 2018;257:54–61.

14. Du J, Song W, Zhang X, Zhao J, Liu G, Qu Y. Differential reinforcement of enzymatic hydrolysis by
adding chemicals and accessory proteins to high solid loading substrates with different
pretreatments. Bioproc Biosyst Eng. 2018;41:1153–63.

15. Du J, Liang J, Gao X, Liu G, Qu Y. Optimization of an arti�cial cellulase cocktail for high-solids
enzymatic hydrolysis of cellulosic materials with different pretreatment methods. Bioresource
Technol. 2020;295.

1�. Angelini LG, Tavarini S. Ramie Boehmeria nivea (L.) Gaud. as a potential new �bre crop for the
Mediterranean region: Growth, crop yield and �bre quality in a long-term �eld experiment in Central
Italy. Ind Crop Prod. 2013;51:138–44.

17. Angelini LG, Lazzeri A, Levita G, Fontanelli D, Bozzi C. Ramie (Boehmeria nivea (L.) Gaud.) and
Spanish Broom (Spartium junceum L.) �bres for composite materials: agronomical aspects,
morphology and mechanical properties. Ind Crop Prod. 2000;11:145–61.

1�. Xu S, Gong XF, Zou HL, Liu CY, Chen CL, Zeng XX. Recycling agriculture wastes of ramie stalk as
bioadsorbents for Cd2 + removal: a kinetic and thermodynamic study. Water Sci Technol.
2016;73:396–404.

19. Tang Y-J, Liu R-S, Li H-M. Current progress on tru�e submerged fermentation: a promising
alternative to its fruiting bodies. Appl Microbiol Biot. 2015;99:2041–53.

20. Tellez-Tellez M, Fernandez FJ, Montiel-Gonzalez AM, Sanchez C, Diaz-Godinez G. Growth and laccase
production by Pleurotus ostreatus in submerged and solid-state fermentation. Appl Microbiol Biot.
2008;81:675–9.

21. Mallikarjunaiah RR, Bhide VP. Cellulolytic activity of fungi isolated from different sources.
Agricultural Waste. 1983;7:175–82.

22. Liao H, Fan X, Mei X, Wei Z, Raza W, Shen Q, Xu Y. Production and characterization of cellulolytic
enzyme from Penicillium oxalicum GZ-2 and its application in lignocellulose sacchari�cation.
Biomass Bioenerg. 2015;74:122–34.

23. Diaz R, Tellez-Tellez M, Sanchez C, Bibbins-Martinez MD, Diaz-Godinez G, Soriano-Santos J. In�uence
of initial pH of the growing medium on the activity, production and genes expression pro�les of
laccase of Pleurotus ostreatus in submerged fermentations. Electron J Biotechn. 2013;16.

24. Adsul M, Sandhu SK, Singhania RR, Gupta R, Puri SK, Mathur A. Designing a cellulolytic enzyme
cocktail for the e�cient and economical conversion of lignocellulosic biomass to biofuels. Enzyme



Page 12/21

Microb Tech. 2020;133.

25. Chylenski P, Forsberg Z, Stahlberg J, Varnai A, Lersch M, Bengtsson O, Saebo S, Horn SJ, Eijsink VGH.
Development of minimal enzyme cocktails for hydrolysis of sul�te-pulped lignocellulosic biomass. J
Biotechnol. 2017;246:16–23.

2�. Obeng EM, Ongkudon CM, Budiman C, Maas R, Jose J. An optimal blend of single autodisplayed
cellulases for cellulose sacchari�cation-a proof of concept. J Chem Technol Biot. 2018;93:2719–28.

27. Sharma B, Agrawal R, Singhania RR, Satlewal A, Mathur A, Tuli D, Adsul M. Untreated wheat straw:
Potential source for diverse cellulolytic enzyme secretion by Penicillium janthinellum EMS-UV-8
mutant. Bioresource Technol. 2015;196:518–24.

2�. Falkoski DL, Guimaraes VM, de Almeida MN, Alfenas AC, Colodette JL, de Rezende ST. Chrysoporthe
cubensis: A new source of cellulases and hemicellulases to application in biomass sacchari�cation
processes. Bioresource Technol. 2013;130:296–305.

29. Porciuncula JdO, Furukawa T, Shida Y, Mori K, Kuhara S, Morikawa Y, Ogasawara W. Identi�cation of
Major Facilitator Transporters Involved in Cellulase Production during Lactose Culture of
Trichoderma reesei PC-3-7. Biosci Biotech Bioch. 2013;77:1014–22.

30. Li C, Li D, Feng J, Fan X, Chen S, Zhang D, He R. Duckweed (Lemna minor) is a novel natural inducer
of cellulase production in Trichoderma reesei. J Biosci Bioeng. 2019;127:486–91.

31. Bansal N, Tewari R, Soni R, Soni SK. Production of cellulases from Aspergillus niger NS-2 in solid
state fermentation on agricultural and kitchen waste residues. Waste Manage. 2012;32:1341–6.

32. Liu H-Q, Feng Y, Zhao D-Q, Jiang J-X. Evaluation of cellulases produced from four fungi cultured on
furfural residues and microcrystalline cellulose. Biodegradation. 2012;23:465–72.

33. Ortiz GE, Guitart ME, Cavalitto SF, Alberto EO, Fernandez-Lahore M, Blasco M. Characterization,
optimization, and scale-up of cellulases production by Trichoderma reesei cbs 836.91 in solid-state
fermentation using agro-industrial products. Bioproc Biosyst Eng. 2015;38:2117–28.

34. Boakye-Boaten NA, Kurkalova L, Xiu S, Shahbazi A. Techno-economic analysis for the biochemical
conversion of Miscanthus x giganteus into bioethanol. Biomass Bioenerg. 2017;98:85–94.

35. Cannella D, Jorgensen H. Do New Cellulolytic Enzyme Preparations Affect the Industrial Strategies
for High Solids Lignocellulosic Ethanol Production? Biotechnol Bioeng. 2014;111:59–68.

3�. Geng WH, Jin YC, Jameel H, Park S. Strategies to achieve high-solids enzymatic hydrolysis of dilute-
acid pretreated corn stover. Bioresource Technol. 2015;187:43–8.

37. Koppram R, Tomas-Pejo E, Xiros C, Olsson L. Lignocellulosic ethanol production at high-gravity:
challenges and perspectives. Trends Biotechnol. 2014;32:46–53.

3�. Rosgaard L, Pedersen S, Cherry JR, Harris P, Meyer AS. E�ciency of new fungal cellulase systems in
boosting enzymatic degradation of barley straw lignocellulose. Biotechnol Progr. 2006;22:493–8.

39. Wen ZY, Liao W, Chen SL. Production of cellulase by Trichoderma reesei from dairy manure.
Bioresource Technol. 2005;96:491–9.



Page 13/21

40. van den Brink J, Maitan-Alfenas GP, Zou G, Wang C, Zhou Z, Guimaraes VM, de Vries RP. Synergistic
effect of Aspergillus niger and Trichoderma reesei enzyme sets on the sacchari�cation of wheat
straw and sugarcane bagasse. Biotechnol J. 2014;9:1329–38.

41. Berlin A, Maximenko V, Gilkes N, Saddler J. Optimization of enzyme complexes for lignocellulose
hydrolysis. Biotechnol Bioeng. 2007;97:287–96.

Table
Table 1 The blends of enzyme cultured in different carbon sources and commercial cellulase

Codes Combination mode

1 66.7%M1 + 33.3%M2

2 50.0%M1 + 50.0%M2

3 33.3%M1 + 66.7%M2

4 66.7%M1 + 33.3%Mc

5 50.0%M1 + 50.0%Mc

6 33.3%M1 + 66.7%Mc

7 66.7%M2 + 33.3%Mc

8 50.0%M2 + 50.0%Mc

9 33.3%M2 + 66.7%Mc

10 100%M1

11 100%M2

12 100%M3

13 100%Ma

14 100%Mb

15 100%Mc

16 Cellic®CTec2

Footnotes: Extracts of T. reesei cultured using ramie or wheat bran as carbon source, extracts of T.
harzianum cultured using ramie or wheat bran as carbon source, and extracts of A. niger cultured using
ramie or wheat bran as carbon source were numbered as M1 or Ma, M2 or Mb and M3 or Mc, respectively.

Supplementary Information
Fig. S1. Effect of different carbon sources on enzyme production by cultivating T. reesei.
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Fig. S2. Effect of different carbon sources on enzyme production by cultivating T. harzianum.

Fig. S3. Effect of different carbon sources on enzyme production by cultivating A. niger.

Fig. S4. Effect of different nitrogen sources on enzyme production by cultivating T. reesei.

Fig. S5. Effect of different nitrogen sources on enzyme production by cultivating T. harzianum.

Fig. S6. Effect of different nitrogen sources on enzyme production by cultivating A. niger.

Figures
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Figure 1

Effect of ramie(A) and wheat bran(B) on enzyme production by cultivating T. reesei in ramie 3%(A) or
wheat bran 3%(B), T. harzianum in ramie 3%(A) or wheat bran 1%(B) and A. niger in ramie 8%(A) or wheat
bran 8%(B).
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Figure 2

Effect of inorganic(A) and organic(B) nitrogen sources on enzyme production by cultivating T. reesei in
ammonium chloride 0.6%(A) or tryptone 0.1%(B), T. harzianum in 0.6% ammonium sulfate(A) or 0.1%
tryptone(B) and A. niger in ammonium sulfate 0.6%(A) or yeast extract 0.4%(B).
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Figure 3

Effect of initial pH on enzymes production by T. reesei(A), T. harzianum(B) and A. niger(C).
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Figure 4

Effect of temperature on enzymes production by T. reesei(A), T. harzianum(B) and A. niger(C).
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Figure 5

Effect of culture time on enzymes production by T. reesei(A), T. harzianum(B) and A. niger(C).
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Figure 6

Effect of different carbon sources on enzymatic sacchari�cation of pretreated ramie stalks.
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Figure 7

Enzymatic sacchari�cation of pretreated ramie stalks by cellulolytic enzymes consortium.
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