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Introduction
Municipal solid waste (MSW) management is one of the key topics 

in environmental protection [1]. In England, around 23.7 million tons 
of household waste was generated in 2009/10, which equates to 1036 
Kg per household [2]. The current technologies for MSW treatment are 
incineration, landfill, composting and anaerobic digestion. Recently, 
anaerobic conversion of MSW into biogas has attracted growing 
interest as a promising method to reduce environmental impact and to 
generate renewable fuel at the same time. However, some MSW contain 
over 50% lignocellulosic content [3] and anaerobic digestion may not 
represent the most efficient process. One alternatively approach is 
to hydrolyze the lignocellulosic component in the MSW into simple 
sugars and then ferment these sugars into ethanol. It was estimated that 
around 152 L of ethanol could be generated from a ton of processed 
MSW [3].

This enzymatic hydrolysis of lignocellulose to sugars requires 
a cocktail of enzymes that include mainly cellulase. Cellulase can 
be produced by various bacteria such as Bacillus subtilus, Bacillus 
circulans [4] (Bacillus sphaericus-JS1 [5], Cellulomonas flavigena [6] 
and fungi like Aspergillus sp. [7] and Trichoderma reesei [8]. Among 
these cellulase producers, Trichoderma reesei and Aspergillus niger have 
attracted most attention due to their high cellulase productivity, safe 
use in industry and the availability of their whole genome sequences. 
Both submerged fermentation and solid state fermentation (SSF) have 
been used in cellulase production [9]. In comparison with submerged 
fermentation, SSF is easy to operate, requires minimum equipment 
and has the unique advantage of being able to handle insoluble solid 
substrates, such as lignocellulose. Therefore, it has been widely used in 
the fermentation of agricultural residues and food processing wastes. 
Various substrates, such as wheat straw, sugar cane bagasse and oil palm 
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Abstract
This paper explores the possibility of using an industrially processed municipal solid waste (MSW) for cellulase 

enzyme production via solid state fermentation (SSF) by Trichoderma reesei and Aspergillus niger. Both fungi grew 
well on the MSW substrate and production of cellulase enzymes was optimized for temperature, moisture content, 
inoculation and period of incubation. The effect of additional minerals, and alternative carbon and nitrogen sources were 
also examined. 

Following optimization a cellulase activity of 26.10 ± 3.09 FPU/g could be produced using T. reesei at 30°C with 
a moisture content of 60% with an inoculums of 0.5 million spores/g and incubation for 168 hours. Addition of extra 
nitrogen and/or carbon did not improve cellulase accumulation. Acid or alkali pretreatment of MSW led to reduced 
cellulase production. Crude enzymes produced from MSW by T. reesei were evaluated for their ability to release glucose 
from MSW. A cellulose hydrolysis yield of 24.7% was achieved, which was close to that obtained using a commercial 
enzyme. Results demonstrated that MSW can be used as an inexpensive lignocellulosic material for the production of 
cellulase enzymes. 
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biomass have been examined for cellulase production using T. reesei 
and A. niger. 

Research has revealed that T. reesei can produce 13.4 FPU/g 
cellulase activity using water hyacinth [8]; 154.58 FPU/g using sugar 
cane bagasse [10]; 8.2 FPU/g using oil palm empty fruit bunches [11]; 
and 1.16 FPU/g using rice bran [12] as substrates. Similarly it has been 
reported that A. Niger could produce 24 FPU/g cellulase activity using 
wheat straw as a substrate [13]. Other substrates such as banana peel, 
rice straw, corn cob residue, rice husk, banana fruit stalk, and coconut 
coir pith have all being used for cellulase production [14,15].

Although MSW can contain a high lignocellulosic content, there 
has been limited research into the use of MSW for cellulase production. 
Other research demonstrated the possibility of using MSW to produce 
cellulase via SSF. But by using raw not autoclave MSW [16,17]. In this 
paper, we report an example of using an industrially processed MSW 
for cellulase production and then the use of the resulting “cellulase 
cocktail” for the enzymatic hydrolysis of MSW. 

Materials and Methods
Municipal solid waste 

Municipal solid waste (MSW) was kindly supplied by Wilson Steam 
Storage Ltd (UK). The MSW had been subjected to commercial steam 
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15 min, respectively. After autoclaving, samples were neutralized to pH 
7.0 using either 1 M NaOH or 1 M H2SO4 as appropriate. The samples 
were then centrifuged at 5000 rpm (4472 g) for 10 min. The solid 
fraction (pellet) was rinsed three times by adding distilled water to the 
pellet and re-centrifuged. The solid fraction was then dried overnight 
at room temperature. 

Microorganisms: Two filamentous fungi, Trichoderma reesei 
QM6a and Aspergillus niger N402 were kindly donated by Professor 
David Archer (University of Nottingham, UK). Procedures for storing 
and cultivating T. reesei and A. niger were as previously described by 
Ries et al. [23].

Solid State Fermentation (SSF): A 6 g (dry weight) of MSW was 
placed into a 250 mL Duran bottle. Sufficient distilled water was then 
added to the MSW to give a final moisture content of 60, 70 or 80%. The 
Duran bottles were autoclaved at 121°C for 15 min. After sterilization 
the substrate was cooled down to room temperature. Spore suspensions 
of T. reesei or A. niger (0.5, 1 or 2 × 106 spores/g of dry MSW) were then 
added. The mash was mixed using a sterilized spatula and approximately 
2.0 g of inoculated MSW mash was distributed to Petri dishes. The Petri 
dishes were then incubated at 25, 28 or 30°C using a static incubator for 
up to 168 hours.

Addition of mineral solutions, carbon source, nitrogen source 
and clay: With the aim of improving cellulose production, the addition 
of mineral solutions, carbon source, nitrogen source and clay was 
carried out. Two stock solutions of trace metals were prepared; mineral 
solution 1 contains 0.5 g KH2PO4, 0.5 g K2HPO4, 1.0 g (NH4)2SO4, 0.2 
g MgSO4 in 1000 mL distilled water and mineral solution 2 contains 
26 g KCl, 26 g MgSO4,76 g KH2PO4 in 1000 mL of distilled water. In 
the experiments of using a mineral solution, the mineral solution 
was used to adjust moisture content instead of distilled water. In the 
experiments investigating the impact of various nutrient/chemical 
reagent addition, 0.2% or 1% (w/w) cellulose powder, peptone, clay or 
combined cellulose powder and peptone was added into MSW, as the 
carbon source, nitrogen source, reagent to adsorb toxic chemicals and 
combined carbon and nitrogen source, respectively. The addition was 
mixed with MSW before autoclave.

Extraction and assay of cellulase activity: The method used to 
extract cellulase activity was as described previously by Pensupa et al. 
[13]. Fermented solid samples from Petri dishes containing 2.0 g of 
original dry substrate were mixed with 16 mL of 0.05 M sodium citrate 
buffer (pH 4.8) and blended for 10 seconds using a food processing 
blender. The suspension was then poured into a beaker and stirred 
at 300 rpm for 30 min at 4°C. Samples were centrifuged at 5000 rpm 
(4472 g) for 10 mins. The supernatant, containing crude enzymes, was 
retained and used for enzymatic activity analysis. 

Cellulase activity was measured as filter paper units (FPU) 
following the protocol of Adney et al. [24]. Crude extract (0.5 mL) was 
mixed with 0.5 mL of 50 mM citrate buffer (pH 4.8). A strip (1 × 6 cm, 
approximately 50 mg) of Whatman No. 1 paper (cellulose substrate) was 
placed into the tube, and the tube was incubated at 50°C for 1hour. After 
that, 3 mL of dinitrosalicylic acid (DNS) reagent (prepared according to 
Adney et al. [24] was added to each tube and the mixture was boiled for 
5 mins. After cooling on ice for 5 mins, samples were diluted (0.2 mL of 
sample mixed with 2.5 mL of distilled water) and absorption was read at 
540 nm. One unit (FPU) of enzyme activity was defined as the amount 
of enzyme required to liberate 1 mmol of glucose per min.

Enzymatic hydrolysis: Fungal extract (8.3 mL) was mixed with 
91.7 mL sodium citrate buffer solution (50 mM, pH 4.8) to achieve an 

autoclaving at 165°C to generate an organic rich fraction. The MSW as 
received was sieved using a 2 mm sieve, and the fraction that passed 
through the sieve was collected and dried in an oven at 70°C overnight. 

MSW characterization 

Cellulose and hemicellulose: Cellulose and hemicellulose were 
analyzed using acid hydrolysis according to the methods described by 
the National Renewable Energy Laboratory (NREL/TP-500-42618). A 
30 mg sample of MSW was added to 1 mL of 12 M H2SO4 incubated 
at 37°C for 1 hour then 11 mL of distilled water was added and the 
samples was placed in a water bath at 98°C for 2 hours [18]. Then the 
hydrolyzed simple sugars were determined using a HPLC (Dionex). 
Monosaccharides (arabinose, galactose, glucose and xylose) were 
analyzed using Dionex ICS-3000 Reagent-FreeTM Ion Chromatography 
equipped with Dionex ICS-3000 system, electrochemical detection 
using ED 40 and computer controller. A CarboPacTM PA 20 column 
(3 x 150 mm) was used and the mobile phase was 10 mM NaOH with 
a flow rate of 0.5 mL/min. The injection volume was 10 µL and the 
column temperature was 30°C.

Lignin: Lignin was determined using the acetyl bromide method as 
described by Sluiter et al. [19]. A 100 mg sample of MSW was added to 
4 mL 25% acetyl bromide in glacial acetic acid and incubated in a water 
bath (50°C) for 2 hours. The tubes were cooled and a further 12 mL 
of glacial acetic acid added. Tubes were then centrifuged at 3000 rpm 
(1609 g) for 5 min. 0.5 mL supernatant was transferred to a new falcon 
tube and 2.5 mL of glacial acetic acid, 1.5 mL of 0.3 M NaOH, 0.5 mL 
(0.5 M) hydroxylamine hydrochloride added. Finally glacial acetic acid 
was added to make a final volume of 10 mL, absorbance was measured 
at 280 nm and the concentration of lignin calculated by comparison 
with standards containing 0.4, 0.6, 0.8, 1.0 and 1.2 mg lignin (Sigma 
Aldrich) [19]. 

Total nitrogen and protein: Total nitrogen and protein were 
determined using a Nitrogen/Protein Analyzer (Thermo Scientific 
Flash EA1112) with L-aspartic acid as the standard and the method as 
described by Campbell et al. [20]. 

Total lipid analysis: The lipid content was measured using the 
Folch method as described by Cequier-Sánchez et al. [21]. MSW 
sample (400 mg) sample of was added to 12 mL of dichloromethane/
methanol (2: 1, v/v) and incubated for 2 hours at room temperature with 
occasional mixing. Following incubation samples were centrifuged at 
1000 rpm (178 g) for 5 mins and the upper organic phase was carefully 
removed using a glass syringe and transferred into a clean 50 mL glass 
centrifuge tube. 2.5 mL KCl (0.88%, w/v) was added and the sample 
was centrifuged at 1000 rpm (178 g) for 5 mins and the lower organic 
phase was carefully transferred into a pre-weighed glass tube. The 
lower organic phase was dried under nitrogen gas until all liquid had 
evaporated. The tube was reweighed to give the total lipid content [21]. 

Trace element analysis: 2 g sample of MSW was added to 15 mL 
of concentrated HNO3 and placed on a hot plate until the volume 
reached 5 mL. Samples were then filtered using filter paper (No. 42) 
and distilled water was added to make a final volume of 100 mL. The 
samples and blank (no MSW) were then analyzed using an Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS). Major elements (Ca, 
Mg, K, and Na) were analyzed at the ppm (mg/L) level with the detector 
operating in analogue mode only. While for the minor elements data 
were expressed as mg/Kg [22]. 

Acid and alkali pre-treatments: MSW (2 g) was added to 100 mL 
of either 1% H2SO4 or 2% NaOH and autoclaved at 121°C for 30 min or 
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alignment file, and against the total length of the gene's exon-space.

Statistical analysis

All experiments were carried out in triplicate. Microsoft Excel was 
used to calculate data means and standard deviations. ANOVA was 
performed using either Design Expert or SPSS.

Results and Discussion
Composition of MSW

The chemical composition of the MSW was assessed as described 
in the methods (Table 1). The results showed that the MSW contained 
significant levels of cellulose, hemicellulose and lignin. The total 
hydrocarbon content was over 60%, indicating that it was a carbon rich 
waste stream, which could be used as a potential substrate for biofuel 
production. The cellulose content of the MSW (27.8 g/100 g) was 
similar to that reported by Barlaz et al. and Jones et al. [25,26], which 
were 28.8 and 25.6 g/100 g, respectively. Some researchers however, 
have reported much higher cellulose in MSW derived principally from 
the paper, wood and milling industries [27,28].

The hemicellulose content (15.45 g/100 g) was again similar to the 
11.9 g/100 g reported by Jones et al. [26]. However, these are higher than 
several other values for example 5.14, 5.8 and 6.6 g/100 g as reported by 
Ham et al., Price et al. and Barlaz [29-31], respectively. Lignin content 
of our MSW (17.7 g/100 g) was close to the values reported by Barlaz 
et al. and Ham et al. [28,29] these being 12.67; 15.7 and 15.2 g/100 g, 
respectively. However, some authors reported higher values of lignin 
for example 25.1 g/100 g [30]. 

The amount of lipid (11.2 g/100 g) of this MSW was similar to that 
reported for a MSW sample collected from a Mechanical-Biological 
Treatment (MBT) plant (Barcelona, Spain), which was 11.52 g/100 g 
[32]. Low lipid content (4.9 g/100 g) had been reported from a MSW 
sample derived from food wastes emanating from fruit and vegetable 
markets, households, hotels and juice production centers [33]. Generally, 
MSW that contains waste food materials have a higher lipid content 
than those which are derived from wood and paper [34,35]. The protein 
and total nitrogen concentrations of this MSW sample were similar to 
those reported by Ponsá et al. and Rao et al. [32,33]. A high proportion 
of the nitrogen present in the MSW was in the form of protein (5.9 
g/100 g), indicating that the MSW could be a good nitrogen resource 
for microorganism fermentation in addition to carbon resource. 

This variation in composition between the MSW used in this 
work and that reported by others is to be expected given the variable 
nature of how the MSW is collected and processed. However, it does 
demonstrate that he MSW used in this paper could be representative of 
a much wider range of waste material. 

The trace element composition of the MSW is shown in Table 2. 
Of the major elements (Na, Mg, P, S, K, and Ca), Ca had the highest 
concentration at 25064.74 ± 1550 mg/Kg. Presence of high levels 
of calcium was probably due to the lime spray treatment during the 
sterilization process. Sulphur recorded as the second highest major 
element (5392.4 mg/Kg). Other elements present at more than 1000 
mg/Kg were K, Mg, Na, Al, Fe, Cu and P. The only other elements found 
in significant quantities were Zn and Mn (Table 2). 

Trace elements can be classified into three classes based on their 
biological function and effects: (1) the essential metals (Na, K, Mg, Ca, 
V, Mn, Fe, Co, Ni, Cu, Zn, Mo and W); (2) toxic metals (Ag, Cd, Sn, Au, 
Hg, Ti, Pb, Al, Ge, As, Sb, and Se and metalloids) and (3) non-essential, 

enzyme loading rate of around 30 FPU per g dry weight of MSW. A 
commercial cellulase Ctec2 (Novozyme) at the same enzyme loading 
was used as a control. 

The hydrolysis was started by adding 0.5 g (dry weight) of substrate 
into the fungal extract or control enzyme solutions, and then the 
samples were shaken at 150 rpm in a shaking incubator at 50˚C for 72 
hours. Samples were taken at 0, 2, 4, 12, 24, 48 and 72 hours. Samples 
were centrifuged at 5000 rpm (4472 g) for 10 mins and the supernatant 
was analyzed for glucose concentration using a Dionex HPLC. 

Transcriptome analysis of T. reesei during SSF on MSW: T. reesei 
was cultured on MSW incubated at 30°C under optimal conditions 
and fungal samples collected at three time points 96,120 and 168 
hours and frozen until required. The mycelia were frozen using liquid 
N2 and ground using a pestle and mortar. The ground mycelium was 
then gradually added to 1 mL of Trizol (invitrogen) in a 2 mL tube to 
give a final volume of around 1.5 mL. The samples were, left at room 
temperature for 10min. Then 200 μl of chloroform was added to each 
sample, which were then vortexed and left for 2-3 min. Samples were 
then vortex again, then centrifuged at 13000 rpm (37788.4 xg) for 
10 min. 750 μl of the upper aqueous phase was removed and placed 
into a 1.5 mL tube. 750 μl of isopropanol was added and samples left 
for 20 min on ice to precipitate the RNA, Samples were centrifuged 
at 13000 rpm (37788.4 xg) for 10 min this resulted in a gel like pellet 
being formed on the side and bottom of the tube. The supernatant was 
removed and pellet washed with 700 μl of 70% ethanol, centrifuged 
at 13000 rpm (37788.4 xg) for 10 min. The ethanol was removed and 
the pellet left to dry in a laminar airflow cabinet for 10-15 mins. The 
pellet was resuspend in 100 μl of DEPC (Diethylpyrocarbonate) treated 
water. RNA clean up kit (Qiagen) was used to remove DNA following 
the manufacturers “on column DNase digest” protocol. 

RNA samples were sent for quality control and RNAseq to the 
service centre. The University of Nottingham. Annotation of the 
reads and the initial global analyses was carried out by Dr. Martyn 
Blythe. Three biological replicates were prepared for each time point. 
Unfortunately, one of the three replicates from day 5 failed the internal 
RNAseq quality control and as such was not used in the subsequent 
analysis. 

A Filtering Pipeline was used to filter reads with low sequencing 
score and reads aligned to adaptor sequences. Initially raw reads were 
trimmed for adapter sequences using Sythe. This was followed by 
quality trimming using Sickle. Reads that passed the filter were then 
aligned to the reference and reads were removed which mapped to the 
rRNA and tRNA genes (as annotated in the genome reference). Then 
reads that passed the rRNA and tRNA filter were mapped onto the 
reference genome in the context of known gene exon coordinates by 
tophat mapping tool. The reference genome used was T. reesei Version2 
as provided by the Joint Genome Institute (JGI) through their WEB site. 
It was found however, that the reference genome had poor annotation. 

Read counts for each gene were calculated using 'htseq-count'. This 
program determines the number of uniquely aligned reads per gene. 
MAPQ30 (Unique) was then used to correctly mapped reads and to 
generate counts per gene. Gene expression was expressed as Reads 
Per Kilobase of transcript per Million mapped reads (RPKM) values. 
The RPKM is simply a normalized read count (stranded/sense reads) 
for a given gene as defined by the University of California Santa Cruz 
(UCSC) ref Gene database. The read count of the exon-space of a gene 
is normalised against the total number of mapped reads (Uniquely 
and correctly mapped reads with rRNA excluded) in that particular 
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Structural component g/100g 
Cellulose 27.8 ± 0.1
Hemicellulose 15.45 ± 0.07
Lignin 17.7 ± 0.05
Lipid 11.2 ± 0.1
Protein 5.9 ± 0.2

Table 1: Chemical composition of municipal solid waste. Mean ± SD (n = 3).

Metals mg/Kg Metals mg/Kg
Na 2509.27 ± 145 Ni 93.47 ± 28
Mg 2722.43 ± 254 Cu 1844.95 ± 116
P 1113.66 ± 151 Zn 612.68 ± 43
S 5392.43 ± 299 As 2.98 ± 0.4
K 2190.69 ± 120 Se 0.13 ± 0.02

Ca 25064.74 ± 1550 Rb 2.32 ± 0.14
B 41.56 ± 4.8 Sr 63.41 ± 7
Ti 21.88 ± 1 Mo 3.39 ± 0.08
Al 3120.61 ± 119 Ag 3.15 ± 0.38
V 23.88 ± 0.9 Cd 33.92 ± 2
Cr 15.96 ± 0.7 Cs 0.15 ± 0.012
Mn 397.73 ± 3 Ba 291.22 ± 24
Fe 3851.89 ± 200 Pb 161.19 ± 9
Co 11.27 ± 0.6 U 0.23 ± 0.018

Table 2: Elements composition of autoclaved municipal solid waste. Mean ± SD (n = 3).

non-toxic metals (Rb, Cs, Sr and T) [36]. 

The MSW sample contained high concentrations of several of the 
essential elements and some of the toxic metals. The main sources of 
heavy metals in MSW are usually batteries (Ni, Zn, and Cd); due to the 
poor availability of recycling facilities for hazardous wastes and poor 
public attitudes to waste management [37,38].

In addition other materials such as paints, electronics, ceramics, 
plastics and inks/dyes can all contribute to the heavy metal burden 
of MSW [37,39]. Generally, paper fractions contain the highest 
concentration of these metals [40].

The levels of some of the major elements, such as Na and K are higher 
in this present study than in some previous reports [41]. However, some 
previously published data suggested that the K content in our study was 
actually lower [42]. This again reflects the wide variations expected 
in MSW and was possibly due to a higher concentration of salty food 
wastes and plastic materials in the MSW, however, the current results 
generally agree with those of Park et al. [42]. Similarly a comparison 
of the present study with others studies shows that the Ca content was 
almost identical to two previously published papers [43,44], but lower 
than other published papers [41,45].

Comparison of SSF of MSW and wheat straw

In a previous study, wheat straw had been successfully used for 
cellulase production in SSF using wheat straw as a substrate [13]. 
Considering the similarity of the lignocellulosic composition of this 
MSW sample to wheat straw (cellulose 31.7%, hemicellulose 17.9% and 
lignin 20.2%), in the first instance a comparison was made between 
MSW and wheat straw as the sole substrates, using the optimum 
conditions identified for wheat straw [13] and comparing T. reesei and 
A. niger (Figure 1). Our previous results demonstrated that 3 days of 
SSF was best for cellulase production using wheat straw [13] and this 
agrees with the result here where after 5 days cellulase production, 
especially with. A. niger, was reduced. At 3 days A. niger performed 

Figure 1: Comparison of cellulase production using municipal solid waste 
(MSW) and wheat straw (WS). Solid state fermentations of MSW were set 
up at 60% moisture content. These were inoculated with either T. reesei or 
A. niger at an inoculation size of 1 x 106  spores/g for either 3 days or 5 days. 
Results presented are the mean ± SD (n = 3).

better than T. reesei in term of cellulase formation using wheat straw 
as the substrate. In contrast Figure 1 clearly showed that extending 
culture time from 3 days to 5 days increased cellulase production in 
SSF using MSW, possibly indicating that fungi growing on MSW-based 
substrate required extra time to adapt to the growth environment. 
The increased fermentation time might be due to the heavy metal 
content of the MSW. It was also clear that, especially at day 5, T. reesei 
produced higher cellulase activity than A. niger when MSW was used 
as the substrate. A SSF time of 5 days was used as the standard for the 
following optimization experiments. 

Optimization of moisture content and temperature 

The combined impact of moisture content and temperature on 
cellulase production by both T. reesei and A. niger was investigated. A 
series of SSF were set up with moisture contents of 60, 70 or 80%, and 
fermentation temperatures of 25, 28 or 30°C. These were inoculated 
with either T. reesei or A. niger spores at a concentration of 1x106 
spores/g and left to ferment for 120 h (5 days). Cellulase was extracted 
and assayed at the end of the fermentation and the results are shown 
in Figure 2. It can be seen that T. reesei produced significantly higher 
amounts of cellulase than A. niger under all conditions (p=0.0021). 
There was a statistically significant effect of moisture content (p=0.003) 
with 60% giving the highest enzyme activity, at all three temperatures, 
for both T. reesei and A. niger. There was also a significant effect of 
temperature (p=0.0092) on cellulase enzyme production. In this study, 
the best temperature for T. reesei was 30°C, whilst 25°C resulted in 
maximum production of cellulase by A. niger. 

Moisture content is generally considered to be a crucial factor that 
affects oxygen transfer and nutrient accessibility in SSF. High moisture 
encourages fungal growth, nutrient transportation and enzyme 
activities, but limits oxygen transfer and facilitates contamination 
[46,47]. A wide range of moisture contents from 50-89.5% have been 
used in various studies for cellulase production using A. niger [13]. In 
the case of the MSW used in this study 60% was the minimal moisture 
content possible due to the water absorbing properties of the substrate. 
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In addition to the preference of the microorganism, optimum moisture 
content may also be influenced by properties of the substrate such as 
porosity and particle size [46,48].

Temperature is another important factor that affects fungal growth 
and enzyme production. SSF of T. reesei and A. niger is normally 
operated within the temperature range of 25 to 30°C [10]. Many studies 
have been carried out to optimize the incubation temperature for T. 
reesei and A. niger. The combined impact of temperature and moisture 
content has also been reported in similarly studies using spent brewing 
grains (SBG), rice bran and soybean hulls supplemented with wheat 
bran [12,49,50].

The highest cellulase activity obtained was 18.98 ± 0.65 FPU/g, 
at 60% moisture content, 30°C, in SSF using T. reesei. As T. reesei 
performed better in SSF of MSW, it was selected for further optimization 
experiments. 

Optimization of inoculation size

Using the moisture and temperature condition determined above 
the effect of inoculum size on cellulase production by T. reesei was 
examined using spore suspension inoculations of 0.5 × 106, 1 × 106 and 
2 × 106 spores/g dry weights MSW. The results are shown in Figure 3. 
The maximum cellulase activity (19.13 ± 1.5 FPU/g) was obtained in 
fermentations using 0.5 × 106 spores/g. Increasing the inoculation size 
from 0.5 × 106 to 1 × 106 and 2 × 106 spores/g, resulted in a significant 
decrease (p = 0.0045) in recovered cellulase activities to 17.17 ± 2.91 
and 15.03 ± 2.81 FPU/g, respectively. Decreased cellulase productivity 
with an increased inoculation size could be explained by the resultant 
higher amounts of biomass depleting the nutrient pool and the available 
oxygen at the early stages of growth, which then affected the cellulase 
formation [51]. Alternately the decrease in cellulase production even 
after inoculating the media with higher spore concentrations might be 
due to the creation of anaerobic conditions or a nutritional imbalance 
as a result of the more rapid growth of the microorganisms [52,53].

Effect of additions of Minerals and supplements to MSW on 
cellulase production 

Using the optimal conditions determined above the effect of adding 
additional mineral supplements, additional carbon and nitrogen 
sources or the inclusion of clay to absorb potentially toxic elements 
were examined. The addition of mineral solution one did not increase 
cellulase production, whilst addition of mineral solution two resulted 
in a significant reduction in enzyme activity (p=0.0044). The results for 
the addition of the other supplements are shown in Figure 4. 

In the case of the other additions, additional carbon (cellulose 
powder), nitrogen (peptone) or the addition of clay did not result in 
any significant changes in cellulase production as compared with the 
control. These results might imply that the MSW has sufficient intrinsic 
nutrients and that additional supplementation is not required. The 
only significant differences observed in Figure 4 were between the 
cellulase production in the presence of 0.2% clay and with some of 
the fermentations with the addition of carbon and/or nitrogen. The 
addition of clay may result in the removal of inhibitory heavy metals 
and thus encourage fungal growth, there was a slight increase in 
cellulase production following the addition of 0.2% clay but this was 
not statistically significant. Similarly the addition of alternate carbon 
or nitrogen sources may act to deflect production of cellulase by the 
fungus. There was a general decrease in cellulase production observed 
with the addition of these nutrients but again this was not significant 

Figure 2: Impact of moisture and temperature on cellulase production. Solid state 
fermentations of MSW were set up at 60, 70 or 80% moisture content. These 
were inoculated with either T. reesei or A. niger at an inoculation size of 1 × 
106 spores/g. Plates were then incubated at 25, 28 or 30˚C for 120 hours and 
cellulase production determined. Results presented are the mean ± SD (n = 3). 

Figure 3: Impact of inoculum dose on cellulose production. SSF of MSW 
using T. reesei at three different inoculation doses were carried out using 60% 
moisture at 30˚C. Crude enzyme was extracted after 120 hours and analyzed 
for cellulase activity.  Results presented are the mean ± SD (n = 3).

when compared to the control. 

Effect of pretreating MSW on cellulase production

The impact of pretreatments, designed to increase the accessibility 
of the cellulose on cellulase production was examined. The MSW was 
subjected to either an acid or alkali pretreatment prior to SSF. The results 
showed that in both cases pretreatment actually resulted in reduced 
cellulase production compared to non-treated MSW. Pretreatment with 
acid resulted in a significantly lower cellulase production of 47.8% of 
that obtained in the control fermentations, whilst that with alkali was 
only slightly higher (65.2%). 

Modification of substrate is a common practice to increase the 
accessibility of the substrate to microorganisms [54,55]. In a previous 
study, it was found that acid modification of wheat straw significantly 
enhanced cellulase production in SFF by A. niger [13] v. However, a 
negative impact of pre-treatment on cellulase production has also 
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Figure 4: Impact of additional carbon, nitrogen or clay on cellulose production. SSF of MSW using T. reesei, at an inoculation size of 1 × 106  spores/g, were 
carried out using 60% moisture at 30˚C. The effect of adding additional carbon (cellulose powder) or nitrogen (peptone) nutrient sources, either individually or 
in combination was examined. The addition of clay at either 0.2 or 1 % (w/w) was also tested. All fermentations were compared to a control. Crude enzyme 
was extracted after 120 hours and analysed for cellulase activity.  Results presented are the mean ± SD (n = 3). Bars with the same letters indicate no 
significant difference (p > 0.05).

been reported by several researchers [56-58]. The decrease in cellulase 
production could be attributed to (1) structural changes to the 
lignocellulosic raw materials caused by the alkali pretreatment [56,59]; 
(2) the generation of inhibitory compounds formed during the acid or 
alkali pretreatments [56]; (3) the removal of certain nutrients, such as 
nitrogen by the pretreatment [57,58] and (4) the release of toxic heavy 
metals that were originally insoluble in the MSW. 

Cellulase production under optimal conditions

The optimization of conditions for cellulase production 
described above utilized a fixed SSF incubation of 120 hours. The 
effect of extending this culture time from 5 days to 7 days was thus 
examined. This extended fermentation of cellulase production from 
18.53 ± 0.19 to 26.10 ± 3.09 FPU/g. Longer fermentation times were 
not explored as they were felt to be commercially insignificant. The 
length of incubation period is a prime concern for the development 
of a commercial cellulase production process and 7 days may not be 
viable. Various studies showed that maximum cellulase production 
from T. reesei could be achieved within 72-96 hours, the optimal was 
at 72 hours using cassava bagasse, wheat bran or rice straw [10]. Also 
the maximum cellulase produced using apple pomace (2.3 FPU/g) was 
after 120 hours [60]. The elongated cellulase production period maybe 
due to the characteristics of this MSW substrate, which contained toxic 
compounds and substrates from various carbon resources. Compared 
with homogeneous substrates, fungal cells required a longer time to 
grow and to express cellulase enzymes. 

Hydrolysis of MSW using crude fungal extract

The crude fungal extract obtained from an optimum fermentation 
was collected. This was then used for the enzymatic hydrolysis of a fresh 
MSW sample with a cellulase enzyme loading rate of 30 FPU/g dry 
weights. A commercial cellulase cocktail, Ctec2 (Novozymes), was used 
as a control at the same enzyme loading rate. Glucose release with time 
for the hydrolysis is shown in Figure 5. The glucose concentration in the 
hydrolysis using Ctec2 reached 90% of its final concentration with 24 

Figure 5: Glucose release during the hydrolysis of MSW using either 
commercial or MSW derived cellulase cocktails. Untreated MSW was 
incubated with either a commercial enzyme (Ctec2) or the crude enzyme as 
obtained from SSF of MSW (MSW). In each case at an enzyme loading rate of 
30 FPU/g dry weight. Results presented are the mean ± SD (n = 3).

hours. This represents a 32.8% yield of available glucose in the MSW. In 
the hydrolysis using the fungal extract from the SSF, the initial glucose 
release rate was slower compared to that with Ctec2 and the final yield 
was around 24.7%. Although lower than the commercial enzyme, the 
hydrolysis achievable with the cellulase extract from T. reesei grown on 
MSW was nonetheless significant. 

Transcriptome analysis 

Using T. reesei, SSF was carried out under optimal conditions and 
fungal mycelium harvested at 3, 5 and 7 days. RNA was extracted 
from the mycelium and sent to the service centre at The University 
of Nottingham for RNAseq analysis. Initial filtering and mapping 
of the data was carried out by the service centre. Unfortunately one 
of the three replicates for day 5 failed the quality control and as such 
has been removed from this analysis. Figure 6 shows the results of the 
trimming and mapping exercises as carried out by the bioinformatics 
service. S1-3 represent the triplicate samples from day 3, S4 and 6 the 
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Figure 6: Filtering and mapping data for individual samples. Quality control 
and initial filtering and mapping were carried out by the service centre as 
described in the method.

samples from day 5 and S7-9 the triplicate samples from day 7. S5 is 
missing as this failed the quality control. S9 data was not provided by 
the bioinformatics centre raw counts ranged from 40 to 68 million and 
in all cases the filtering and mapping to genes has reduced the number. 
However, there were still 20 to 38 million reads that could be mapped 
to genes and a total of 9, 143 individual genes were finally identified 
and quantified.

PCA analysis of the mapped genes from the individual samples 
showed three clear clusters of samples 1, 2 and 3; 4 and 6 and 7, 8 and 
9. Indicating that there was good replication between the biological 
replicates and that overall gene expression on the three sampling days 
was significantly different (data not shown). 

The RPKM values for all 8 samples was transferred to an excel 
spread sheet that has been generated by Dr. Paul Daly (The University 
of Nottingham) for further analysis. 

The spread sheet was designed to specifically analyse those 
carbohydrate active enzymes that are listed on the CaZy website. 
Thus the preliminary analysis of gene expression on the three days of 
sampling was restricted to this class of enzymes and in particular to 
the glycosyl hydrolases (GH). The analysis was carried out using the 
nomenclature of Häkkinen et al. [61]. Of the 9,143 individual genes 
228 of these mapped onto carbohydrate active enzymes. The number of 
genes that returned a RPKM of above 0 was 221, 219 and 198 for days 
3, 5 and 7, respectively. Of the 228 identified genes 200 were identified 
as GH. The number of GH genes returning a RPKM value of greater 
than 0 was 195, 192 and 175 for days 3, 5 and 7, respectively. It is not 
possible to analyses all of these genes, however a large number were 
found to be expressed at very low levels with RPKM values below 10. 
Also for this study we are really only interested in those genes that are 
expressed very highly since it is assumed that the high level of RNA will 
correlate with a high protein expression. It is noted that this need not 
be the case. In that case an arbitrary threshold for the RPKM of 100 was 
selected and only those genes with a value in excess of this chosen for 
analysis. It was 197 found that 28, 38 and 10 of the GH genes fell into 
this category for day 3, 5 and 7, respectively. The highly expressed GH 
genes fell into 25 classes according to the CAZy database. The number 
of genes highly expressed in each class at each of the three time points 
are shown in Table 3 along with their annotated enzyme activities from 
the CAZy data base.

Expression pattern for selected CAZy genes

The second analysis was to look at the expression pattern of those 
CAZy genes thought to be most significant. These were those involved 
in starch metabolism (GH13-amylase and GH15 glucoamylase), 
hemicellulose metabolism (GH11-xylanase and GH 74 xyloglucanase) 
and cellulose metabolism (GH6 cellobiohydrolase and GH7 endo 
glucanase). The data base was searched for all genes in these 6 categories 
and the expression levels of these at the three sampling points (Figure 
7).

In the case of amylase (GH13) the data base returned four 
independent genes. These along with the other gene involved in starch 
metabolism (GH15) showed coordinated expression. In all cases there 
was relatively high expression at day 3 and this remained relatively 
constant throughout the sampling period. The two genes involved in 
hemicellulose expression (GH11 and 74) also showed coordinated 
expression being low but detectable on day 3 and peaking on day 5. 
For the genes involved in cellulose metabolism the data base returned 
two independent genes for endo glucanase (GH7) and the expression 
of both these was coordinated with the other gene (GH6). In this case 
expression was extremely low on day 3 and peaked on day 5. The overall 
pattern is consistent with the hypothesis that the fungus is utilising 
starch, as the most easily degradable substrate, in the early stages of 
the fermentation but attempts to exploit the hemicelluloses and then 
cellulose later on. Expression levels at day 7 were all relatively low 
suggesting that the fungal population is under severe stress at this stage 
and maybe dying off. 

General highly expressed genes

The top 20 most highly expressed genes were identified for each 
sampling point. These are listed in Table 4. This list is in ascending 
order of gene ID number, not in order of expression, to allow easier 
comparisons between the three time points.

Six genes are represented across all three time points. 2 are common 
between days 3 and 5 and 11 between days 5 and 7. This supports the 
global analysis of changes in gene expression where there was a larger 
variation between days 3 and 5 than between days 5 and 7 and again 
may reflect the acclimatisation into a steady state. 

The JGI WEB site was used to obtain putative enzyme identifications 
for these genes. 

Of the 31 genes identified in the search above 18 returned 
hypothetical proteins of unknown function. The putative identification 
of the remaining 13 (Table 5).

As might be expected many of the genes encode for house-keeping 
genes e.g. ribosomal proteins and histones. 

The database can also be searched for expression of specific target 
enzymes with potential commercial value. Of interest would be lipases 
and proteases. The T. reesei database on the JGI WEB site lists 136 gene 
IDs as having potential lipase activity and 268 with potential protease 
activity. A manual search for all of these would not be feasible but future 
work could explore this further. However, a manual search for the lipase 
genes has identified at least five that are expressed (Table 6) and one of 
these has an expression level above 100.

Conclusion 
In conclusion, results here show that SSF using MSW as a substrate 

could represent an economical method for the production of cellulase 
enzyme with low operational costs as MSW is a cheap and abundant 
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CAZy group and suggested enzyme activity Number of genes expressed on 
day 3

Number of genes expressed on 
day 5

Number of genes expressed on 
day 7

GH1 (β-glucosidase) 1 1 0
GH2 (β-mannosidase) 1 1 0
GH3 (β-glucosidase) 0 2 0
GH5 (β-1-3-glucosidase) 1 3 0
GH6 (Cellobiohydrolase) 0 1 0
GH7 (Endo-β-1,4 glucanase) 0 1 0
GH11 (β- 1,4 xylanase) 0 1 0
GH12 (β-1,4 glucanase) 0 1 0
GH13 (amylase) 0 1 0
GH15 (Glucoamylase) 0 1 0
GH16 (glucanosyl transferase) 6 3 1
GH17 (β- 1,3 glucosidase) 3 3 2
GH18 (Chitinase) 1 2 1
GH25 (N.O diacylmuramidase) 1 1 0
GH31 (α- glucosidase) 1 1 0
GH37 (α-trehalase) 0 1 0
GH47 (α-1,2 mannosidase) 1 1 0
GH61 (Cu dependent polysaccharide 
monooxygenase) 3 3 0

GH71 (α- 1.3 glucanase) 1 1 0
GH72 (β-1,3 glucosyl transferase) 3 3 3
GH74 (Xyloglucanase) 0 1 0
GH76 (α-1,6 mannase) 4 5 2
GH92 (α-1.2 mannase) 1 0 0
GH104 (unassigned) 0 0 1

Table 3: Highly expressed GH genes during T. reesei fermentation on MSW (RPKM > 100).

Day 3 Day 5 Day 7

3007 44700 44700

53947 45971 45971

56118 49366 49366

64667 53947 61078

65718 61078 65718

68107 65718 66092

68909 68107 66276

70840 70840 70840

72137 72137 72137

73516 73516 73516

74060 81136 81136

81136 82374 103498

82510 106516 106516

105533 106591 106591

111890 109296 109296

119989 111362 111362

121605 121163 121163

123029 121439 121439

123650 121653 121653

124210 123650 12350

Table 4: Gene ID numbers for the 20 most highly expressed genes at each time 
point. Green highlights are those identified at all three times. Red those common to 
days 3 and 5; yellow highlights those common between days 5 and 7.

Gene ID Putative function 
49366 Protein turnover
56118 Acetyl C0 binding  protein
68107 Ribosomal protein
68909 Ribosomal protein
73516 Glucose repressible gene protein-related protein
81136 Membrane bound protein of unknown function
82510 Histone H4
106516 Glucose/ribitol dehydrogenase
111890 Phosphate transporter
119989 Hydrophobin 2
121605 Actin regulatory protein
123029 Cu2+/ Zn2+  superoxide dismutase
124210 Histone H3

Table 5: Putative functions for the gene products.

Gene ID EC number RPKM Day 3 RPKM Day 5 RPKM Day 7
32364 3.1.-.- 11.77651 17.56082 0.417827
66324 3.1.1.23 131.8513 56.24179 22.14281
75989 3.1.-.- 10.71609 13.56596 3.480861
119742 3.1.1.3 36.70678 35.01845 20.04622
56427  10.79305 12.6074 1.494388

Table 6: Expression of selected putative lipase genes in T. reesei during SSF 
fermentation on MSW.

substrate. T. reesei recorded the highest production of cellulase enzyme 
at 30°C with a 168 hours incubation period using 60% moisture 
content. Crude enzymes derived from this SSF of MSW were able 
to release sugars from MSW at a rate similar to that of a commercial 
enzyme preparation.
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Figure 7: Expression levels for selected GH genes in T. reesei during SSF 
on MSW.
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