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ABSTRACT 

Solid state fermentation (SSF) can divert organic waste from landfills and it can also produce 

high-value products. This study aimed to 1) investigate the feasibility of using SSF to treat food 

processing waste and food waste, 2) optimize the conditions for enzyme production during SSF.  

Different parameters including pH of potato waste, inoculum level, moisture content, incubation 

period, temperature, and supplementary nitrogen and carbon sources were evaluated for their 

effects on the enzyme production. The results showed that pH, inoculum level, and moisture 

content did not significantly vary phytase production. However, different incubation periods, 

incubation temperatures, nitrogen sources, and carbon sources changed the phytase production 

significantly. The optimal conditions for phytase production consisted of a normal moisture 

content (79%) of potato waste, 1.0 mL inoculum size, and normal pH 6.1 at room temperature 

with an incubation time of 144 hrs. The highest phytase activity (5.17 ± 0.82 U/g ds) was 

obtained under the optimal conditions. When (NH4)2SO4 was used as a nitrogen source in the 

substrate, phytase activity increased to 12.93 ± 0.47 U/g ds, which was a 2.5-fold increase as 

compared with the control treatment.  

In the study of production of cellulase and xylanase using food waste, fifteen fungal strains were 

compared in terms of their ability to produce enzymes through SSF. The effects of moisture 

content, inoculum level, incubation temperature, and incubation period on enzyme production 

were investigated. The results showed that all the fungi, except for strain F1-20-35A, had 

cellulase and xylanase production activities. In SSF process, the strain F2-20-44A showed the 

highest level of extracellular cellulase and xylanase activities, which are 17.37 ± 3.76 U/g ds and 

189.24 ± 2.96 U/g ds, respectively. Moreover, treatment with normal moisture content (77%), 

0.5 mL inoculum level at 25 ℃ incubation temperature for 6 days was the most efficient 
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conditions for cellulase and xylanase productions (28.81 ± 0.67 U/g ds and 213.47 ± 10.66 

U/g ds, respectively). Identification placed this strain within the Genus Aspergillus.  

In conclusion, this study demonstrated that strain Aspergillus sp. can be potentially used for 

enzyme production and proposed a new and economical method to produce high value enzymes 

using food waste by SSF. Turning food waste to enzymes could potentially alleviate 

environmental issues caused by food waste while leading to new revenue streams. 
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Chapter 1 INTRODUCTION AND OBJECTIVES 

 

Food waste (FW) means the discard or loss of foodstuff, which mainly contains unsold food, 

food processing leftovers and uneaten food from residences and commercial establishments such 

as restaurants and supermarkets (Fisgativa et al., 2016). With the rapidly increasing urban 

populations and economic growth combined with a swiftly expanding catering industry, the 

production of FW tends to increase. Organic materials account for approximately 40% of the 

municipal solid waste (MSW) in Canada (Environment Canada, 2013). Similarly, the single 

largest composition of MSW is food waste in the US (US EPA, 2008). Food waste is a global 

environmental challenge for the waste management, as it has high moisture content 

(approximately 80%) and is difficult to handle. 

Food waste usually dumped with the municipal solid waste and disposed in the landfill. 

However, this method is suffering more and more environmental pressures due to the leachate 

and air emissions produced from the landfill. The leachate can contaminate groundwater and soil 

quality (Abu-Rukah et al., 2001). The gaseous emissions (e.g., CO2 and CH4) are greenhouse 

gases and they can induce greenhouse effect. Therefore, reducing the amount of waste which is 

sent to the landfill and propose an alternative FW treatment technology are urgently needed. 

Solid state fermentation can be used as a potential method for food waste treatment. Solid state 

fermentation is a biological process that growing microorganisms in solid substrate without free 

water (Pandey, 1992). The high valuable products including enzymes, proteins, flavours and 

biologically active secondary metabolites can be produced from food waste by SSF process. 

During SSF processes, the operational parameters, such as temperature, moisture content, 

incubation period, inoculum size, have great impacts on the enzyme production rate. Low 
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moisture content of the substrate can decrease the solubility of nutrients (Pandey, 2003; Mrudula 

and Murugammal, 2011), which consequently affected the growth of the microorganisms and led 

to the poor enzyme production. Incubation temperature is another important parameter in SSF 

because it can influence the growth of fungi, the formation and germination of the spore, and 

metabolic activities such as enzyme production rate (Pandey, 2003). Abdullah et al. (2016) 

reported that different inoculum level in the substrate can resulted in the imbalance ratio of the 

nutrients in the substrate to the amount of biomass. The enzyme production will be decreased in 

a long incubation period because the reduction of nutrients and the drop of the pH in the 

substrate (Bansal et al., 2012).  

The primary goal is to develop the technology of FW treatment method and produce enzyme by 

SSF.  

The specific objectives of this research are as follows: 

 Investigate the feasibility of using the food processing waste and food waste as the 

substrate to produce high value-added enzymes by SSF. 

 Study the impact of different parameters including incubation temperature, inoculum 

level, moisture content of the substrate, and incubation period on enzyme production. 

 Evaluate the potential of locally isolated fungi strains for the production of enzymes. 
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Chapter 2 LITERATURE REVIEW 

 

2.1 FOOD WASTE PRODUCTION IN NORTH AMERICA 

The production of FW can be defined by the mass of discard food or lost in the food supply 

chains (Capson-Tojo et al., 2016). Gooch et al. (2010) reported that more than half of the FW 

was produced from Canadian homes according to the waste created throughout the food supply 

chain. Approximately $31 billion worth of food is wasted in Canada each year and 

approximately four-fifth of food thrown away is perfectly edible (Gooch et al., 2010). The 

wasted food is about 40% of food produced yearly in Canada (Gooch et al., 2014). Similarly, 

food waste is the largest single material (about 21%) of the waste stream by weight in the US. 

Americans threw away about $161.6 billion dollars of food in 2010 at the retail and consumer 

levels. Table 2-1 shows the approximated value of food loss by groups (USDA, 2014). 

The large amount of FW has created a huge pressure on waste treatment systems. Therefore, it is 

necessary to reduce and recover the FW. US EPA and USDA made a national FW reduction 

plan, which is 50% reduction by the year 2030 in the US. San Francisco is a leading city in terms 

of waste management in the United States where a zero waste goal was set by decreasing 

consumption, increasing diversion and motivating reuse, and repair (Zaman and Lehmann, 

2013). As for the recovery of the FW, US EPA (2008) reported that just 2.6% of the generated 

food wastes in the US were recovered in 2007. 
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Table 2-1 Estimated value of food loss in US by food group 

(Adapted from USDA, 2014) 

Food Group Estimated value (Billion dollars) Percentage (%) 

Meat 48.5 30.0 

Vegetables 30.0 18.6 

Dairy 27.0 16.7 

Fruit 19.8 12.3 

Added fats and oils 13.4 8.3 

Grain 11.2 6.9 

Added sugar and sweeteners 6.6 4.1 

Eggs 3.1 1.9 

Tree nuts and peanuts 2.1 1.3 

 

2.2 FOOD WASTE CHARACTERISTICS IN NORTH AMERICA 

The characteristics of FW can be highly variable depending on sources and regions. Some 

characteristics of FW that have been reported in the literature are depicted in Table 2-2. In 

general, FW has high moisture content ranging from 68.2% to 87.6%. Besides, FW is rich in 

easily biodegradable components such as carbohydrates and lipids. The volatile solids to total 

solids ratios (VS/TS) are 70.3-97.5%, which means the organic matter composed the majority of 

the total solids in FW. Moreover, Carbon to nitrogen ratios (C/N) are between 10.7 and 22.8, and 

pH are from 4.6 to 5.9, which indicates the FW is slightly acidic.  
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Table 2-2 Characteristics of food waste reported in the literature 

Source 

Characteristics 

Country Reference Moisture 

content (%) 
VS/TS (%) C/N pH 

University 

residence 
82.0 - 22.8 4.6 Canada Morin et al. (2003) 

Organics 

processing 

facility 

- 70.3 10.7 6.0 Canada Zhou et al (2013) 

Synthetic 

kitchen waste 
87.6 91.9 - 4.7 Canada Li et al. (2011) 

Model kitchen  

waste 
68.2 97.5 - 5.9 Canada Marin et al. (2010) 

Waste 

management 

company 

69.1 85.3 14.8 - 
United 

States 
Zhang et al. (2007) 

Waste 

management 

company 

72.0 86.1 - - 
United 

States 

EI-Mashad and 

Zhang (2010) 

 

2.3 FOOD WASTE TREATMENT AND DISPOSAL 

2.3.1 Landfill 

Traditionally, FW produced from restaurants or households is dumped with the municipal solid 

waste and then end up in the landfill. Over 97% of FW was sent to the landfills in the United 

States (Levis et al., 2010). As FW is disposed in landfills directly, many environmental issues 

started to occur, such as odor production, leachate, landfill gas and mosquito breeding. To be 

more exact, high moisture content and organic compounds of FW promote high microbial 

degradation activity, which releases hazardous contaminated leachate and gas emission in an 

anaerobic environment after landfilling (EI-Fadel et al., 1997). The leachate can potentially 

contaminate ground and surface water (Yang et al., 2008). Landfill air emission comes from 

decomposition of organic materials in landfill and the greenhouse gas methane is the main 

composition in the landfill gas. The other compositions are carbon dioxide, nitrogen, oxygen, 

and small amounts of the other gases (EI-Fadel et al., 1997).  
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Municipal solid waste usually disposed in landfills. US EPA (2015) reported that landfills are the 

important source of greenhouse gas emissions in the US. The huge amount of FW in the landfill 

contributes to approximately 18% of the total US methane emissions because of easily 

biodegradable characteristics of the FW (US EPA, 2015). The large amount of non-developed 

land made landfilling become the predominant method for waste disposal in Canada (Ministry of 

Environment, 2004) but the primary problems for this are that the shortage of space for landfills 

and significant adverse effects of leachate and air emissions on the environment. The methane 

emission in landfills made up more than one-fifth of the national methane emissions and 3% of 

the total greenhouse gas productions (US EPA, 2015). The effect of methane on the global 

warming is approximately 20-25 times more than that of carbon dioxide (EI-Fadel et al., 1997). 

Therefore, using of landfills as a discard method for the treatment of FW will accelerate the 

global warming. Additionally, the feasibilities of the landfilling disposal method for MSW are 

rapidly declining as the land is getting more and more expensive. Furthermore, several provinces 

are gradually introducing limitations on food waste landfilling because of the shortage of 

disposal sites and environmental issues. More strictly, some provinces such as Nova Scotia of 

Canada, banned the direct landfilling of FW by regulations. 

2.3.2 Composting 

Composting is a traditional, efficient, and reliable method for FW treatment. It is one of the most 

sustainable and economical options for FW treatment due to cheap and easy operation process. 

Composting food scraps not only reduces the amount of garbage sent to landfills, also creates 

additional by-products such as nutrient-rich soil amendments. 

Composting in residence can decrease the amount of waste materials transported to landfills, and 

also decrease the volume of greenhouse gases produced from the landfills. According to 
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Statistics Canada (2016), lots of cities in Canada have adopted composting programs to convert 

organic waste to compost. Moncton started the Wet/Dry Waste Separation Program in 1999. 

Then the Organics Processing Program in Edmonton was started in 2000. Hamilton started the 

Green Cart Program since 2006. And Ottawa and Vancouver started the Green Bin Program 

from 2010. The collection frequencies for all these programs are weekly. In 2011, more than 

60% of Canadian homes had involved in some forms of composting. 45% of all households 

reported composting food waste and the composting rate was found to be the highest (95%) in 

Prince Edward Island. Ulloa (2008) reported that only 1.4% of the total FW generated in the US 

is composted annually. According to Levis et al. (2010), around 300 composting facilities in the 

United States treat FW, among which, most of the facilities treat less than 5,000 Mg of food 

waste annually and only 24 facilities in the U.S. can process more than 50,000 Mg of food waste 

per year. 

The main issues for FW composting are the high moisture content. It requires bulking substrates, 

such as wood chips, rice bran, sawdust, and wheat straw. Besides, composting generates low 

value-added products in terms of energy recovery. Besides, composting food to produce soil 

amendments is not a prime option and it is not very common in the US. In addition, composting 

is a time-consuming process. 

2.3.3 Anaerobic digestion 

Food waste is one of the most desirable substrates for anaerobic digestion (AD) due to its high 

degree of biodegradability and methane production. AD has been widely used in wastewater 

treatment in past few years in the United States. AD is a series of biological procedures where 

microbes decompose biodegradable material without oxygen and by-product is mainly made up 

of methane and carbon dioxide. The overall process of the AD includes hydrolysis, acidogenesis, 
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acetogenesis, and methanogenesis. FW treatment through AD is widely adopted in Europe 

because AD is preferentially suited for high moisture content or semi-solid organic and easily 

biodegradable materials. Food waste is more digestible than biosolids, which means it could 

significantly improve the biogas yields of digestion systems. However, only one facility that 

consumes residential and commercial organics waste using AD is operated in eastern Canada 

(Levis et al., 2010). The methane produced in this facility can generate about 10 GWh of 

electricity annually. 

The performance of the AD processes can be affected by many factors, such as the 

characteristics of the substrate, the reactor design, and the operation conditions. The 

characteristics of food waste is an important factor because it can influence the methane 

production and stability of the AD processes. The easily biodegradable components in food 

waste can accelerate hydrolysis process and provide more simple soluble organic molecules for 

subsequent fermentation, acetogenesis and methanogenesis processes. However, the high total 

solids content and low pH of the food waste are the challenges for the AD operation. Besides, the 

ratio of C/N is also an important parameters in AD and Zhang et al. (2013) reported that the 

effective range of C/N ratio is 15-20.  

In general, AD is the most promising technology for food waste treatment from environmental 

and societal perspectives as the energy recovery from organic wastes in the form of biogas is 

high and the cost of AD is low (Levis and Barlaz, 2011; Khoo et al., 2010). Besides, the residues 

after digestion are nutritious and it can be applied as the soil amendments (Girotto et al., 2015). 

2.3.4 Incineration 

Incineration means a controlled combustion of solid waste at extremely high temperature. It is a 

popular waste treatment method in Europe as it is a very cost-effective way to decrease the 
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volume of the waste. However, only less than 5% of MSW in Canada are sent to incinerator. The 

waste volume will be reduced by 85-90% after incineration and it is a very quickly process 

(McKay, 2002). High temperature incinerators are required for FW due to the high moisture 

content of FW (Li et al., 2016). There are around 86 facilities in the U.S. that combust municipal 

solid waste with energy recovery. About 7.4 million tons of food wastes were treated through 

combustion with energy recovery in 2011 in U.S. In Canada, there are just seven municipal 

incineration plants including five with energy recovery and two without energy recovery 

(Statistics Canada, 2012).  

Incineration is a very effective technology to reduce the waste volumes and it can also produce 

heat and energy as the by-products. However, high energy is required to operate the incineration 

process and the consumption of the energy is more than the amount of energy they produced 

(Muzenda, 2014). Moreover, a significant amount of dioxins and furans emission can be 

produced from waste incineration and these products are toxic, persistent, and bioaccumulative. 

2.3.5 Others 

Food waste can be divided into two types: edible and inedible. For the edible portion of FW, 

donating to food banks is an effective way to reduce the amount of wasted food. The inedible 

part can be used as the feedstocks with different technologies for energy recovery, such as 

fermentation, pyrolysis and gasification, and hydrothermal carbonization. The fermentation 

processes are gaining more and more interest because it can produce biofuels including ethanol, 

hydrogen, methane, and biodiesel (Kiran et al., 2014). Besides, pyrolysis and gasification can 

convert FW to energy, such as electricity, heat, chemicals, and fuels. This process not only 

reduces the amount of the greenhouse gas emission but also decrease the dioxin production 

(Ahmed and Gupta, 2010). Hydrothermal carbonization is a thermal treatment process that can 
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convert FW and their packages to valuable products at relatively low temperature (Li et al., 

2013). 

2.4 FEASIBILITY OF PRACTICAL APPLICATION 

For the implementation of the FW treatment system, some practical problems are discussed in 

this section including regulations, cost, and environmental influence. The first one is regulations 

banning FW from landfills. Nova Scotia and Vancouver banned food scraps from disposal as 

garbage since 1997 and 2015, respectively. Besides, the city of Calgary intends to ban food 

waste from city landfills in 2019. Recycling is the prior method for reducing the waste volume 

which is send to landfills. Composting at home to reduce the landfilled waste is encouraged by 

the government and becoming more widespread in North America. In addition, waste 

incineration has received lots of resistances because incineration can produce toxic products to 

environment and influence human health. The major concern of the incineration of municipal 

solid waste is the production of significant amounts of mercury, dioxins and furan emissions. 

These substances are toxic, persistent, and bioaccumulative. Diverting waste away from 

incinerator can reduce the production of dioxins and furans. The major factor that limits the 

implementation of incineration is the capital cost because incineration is a costly process 

including large amount of capital requirement in investment and maintenance. Moreover, gas 

emission residues control system also costs a lot. Since food waste treated through AD can 

generate biogas, AD is becoming a decent method for FW treatment. Biogas generated from AD 

is an alternative renewable energy as the fossil fuel reserves have declined significantly in recent 

years. Comparing with landfills, methane emissions are significantly reduced by composting 

wasted food. Landfills are the primary method for waste disposal in Canada and leachate and 

landfill gas production are the primary issues. 
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The increasing amount of FW that produced globally requires better treatment technologies. The 

major methods, including landfill, composting, anaerobic digestion, and incineration, and their 

feasibility for FW treatment have been reviewed in this study. This review concludes that the 

biological treatments of FW such as composting are becoming more and more popular in North 

America as it is easy to operate. High-energy recovery and low environmental issues of AD 

suggested it is a superior FW treatment technology. Thus, AD is the most promising method for 

FW treatment. However, minimizing the amount of FW produced and maximizing the recycling 

rate are the most efficient treatment method for waste management. 
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Chapter 3 MATERIALS AND METHODS 

 

3.1 MICROORGANISMS AND INOCULUM PREPARATION 

Aspergillus ficuum (ATCC® 66876™) was purchased from American Type Culture Collection 

(ATCC, Manassas, USA). A total of 15 fungal strains were isolated from six different types of 

composts (including various combinations of plant debris, worm castings, and wood chips) based 

on methods described by Ottow (1972) and Malloch (1981). Fungal strains were identified in 

part based on the morphological observations and by the utilization of rDNA internal transcribed 

spacer sequence data (Visagie et al., 2014). The fungi were cultured and maintained on potato 

dextrose agar (39 g/L PDA) slants (or plates). They were maintained by periodic transfer and 

stored at 4 ℃. Sporulated PDA slants (or plates) were used and the spores were dislodged using 

an inoculation needle under sterile conditions and washed with sterile DI water. The spore 

suspension was appropriately diluted (1×107 spores/mL). The inoculum was prepared by 

transferring 5 mL of spore suspension into a 250 mL flask containing 45 mL of sterile yeast 

extract peptone dextrose (50 g/L YPD) broth. The flasks were incubated on a rotary shaker at 

150 rpm and 24 ℃ for 48 h. After 48 h of fungi cultivation, mycelial pellets were harvested and 

homogenized prior to inoculation. 

3.2 FUNGI IDENTIFICATION 

Nucleic acid extraction protocols and amplification protocols for the fungal rDNA ITS regions 

have been previously described in Hausner et al. (1992) and Hausner and Wang (2005), 

respectively. Whole cell DNA was used as the template for amplifying DNA fragments of 

interest using the OneTaq® DNA polymerase system (New England Biolabs, MA, USA). 

Primers SSUZ and LSU4 (Hausner et al., 2005) were used to amplify the ITS regions. The PCR 
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primer sequences, amplification conditions, sizes of the expected PCR products, and preparation 

of sequencing templates for fragments have been previously described (Hausner and Wang, 

2005). Amplicons were prepared for sequencing with the aid of the Promega Wizard SV Gel and 

PCR clean-up system (Promega, Madison, WI). Purified PCR products were sequenced in both 

directions using cycle-sequencing protocols and automated Fluorescent DNA sequence analysis 

(The Manitoba Institute of Cell Biology DNA sequencing facility, Winnipeg, MB). NCBI 

resources such as BLASTn combined with alignment and distance tree options were utilized to 

find matches for rDNA sequences obtained from strains analysed in this study. 

3.3 SUBSTRATE PREPARATION AND CHARACTERIZATION 

The simulated potato waste was made from commercialized potato peels. The potato peels were 

blended to small cubes (around 0.5 × 0.5 cm) and heated for 5 minutes at a 100 ℃ water bath to 

reduce particles. The resulting small soft cubes were used as substrates. Food waste was obtained 

based on the typical United States diet as compiled from the USDA (Kim et al., 2015). A 

predetermined amount of food waste was crushed by a blender. The resulting mixed paste was 

used as the substrate in SSF process. 

The substrates were analyzed for total solids (TS), volatile solids (VS), and total Kjeldahl 

nitrogen (TKN) according to the standard methods (APHA, 2005). The carbon content, moisture 

content, and pH were also determined. The carbon content was calculated by dividing the 

percentage of volatile solids by 1.83 and moisture content was determined by oven-dry method 

(Barrington et al., 2002). Five milliliters of DI water was added to 1 g (dry weight) of potato and 

the mixture was shaken for 20 min at 180 rpm at room temperature. The pH of the supernatant 

was determined with a pH meter (Oakton Instruments, Toronto, Canada) and it was taken as the 

pH value for the substrates. All measurements were conducted in triplicate. 
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The characteristics of the potato waste and food waste together with standard deviations are 

presented in Table 3-1. TS and VS values are based on wet weight while total carbon and TKN 

are based on dry weight. 

Table 3-1 Characteristics of the potato waste and food waste 

Characteristics Unit Potato waste Food waste 

pH - 6.13 ± 0.06 5.05 ± 0.02 

Total solids  mg/g w.w.a 206.47 ± 5.16 223.27 ± 0.01 

Volatile solids  mg/g w.w.a 195.19 ± 5.33 220.97 ± 0.01 

Moisture content  % 79.35 ± 0.52 77.67 ± 0.06 

Total carbon  % d.w.b 53.35 ± 0.03 52.12 ± 0.03 

TKN  mg/g d.w.b 24.34 ± 1.33 33.28 ± 5.50 

C/N ratio - 21.96 ± 1.19 15.93 ± 2.44 

                           a On wet weight basis; b On dry weight basis. 

 

3.4 PRELIMINARY SCREENING OF CELLULASE AND XYLANASE PRODUCTION 

BY CONGO RED TEST 

The Congo red test served as a preliminary screen for cellulase and xylanase production. More 

specifically, the fungi were inoculated at the center of the agar plates, which contained Mandel 

Weber salts medium and used carboxymethylcellulose (CMC) and xylan as the source of carbon 

for cellulase and xylanase producers, respectively (Leite et al., 2016). The agar plates were 

incubated for 5 days at 25 ℃ to allow the fungi to secrete enzyme(s). After the incubation period, 

the agar plates were stained for 15 minutes with 10 mL aqueous solution of Congo red (0.1% 

w/v). The Congo red solution was then discarded and the plates were further rinsed by 10 mL of 

1 M NaCl. The clear hydrolysis zone around the fungal colony indicated the production of 

cellulase and xylanase by the fungus. For each fungal strain, two replicates of the Congo red test 

were performed. 
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3.5 SOLID STATE FERMENTATION PROCEDURE 

Solid state fermentations tests were carried out in 500 mL Erlenmeyer flasks containing 20 

grams of substrate in each flask. The wet substrate was sterilized at 121 ℃ for 15 min. After 

cooling down the flasks, the substrate was inoculated with mycelial suspension (or spore 

suspension) of the fungus. The flasks were incubated at various experimental conditions as 

described in the following sections. All experiments were conducted in triplicate. 

SSF was carried out to study the effect of various parameters required for the optimum 

production of enzyme from potato waste and food waste. 

3.6 OPTIMIZATION OF OPERATIONAL PARAMETERS FOR ENZYME 

PRODUCTION 

The phytase production was optimized by following ‘one variable per time’ approach to 

investigate different factors that affected the growth of A. ficuum. The influence of factors such 

as initial pH of the substrate (3.8, 4.7, 5.3, 6.1, and 8.2), inoculum level (0.5, 1.0, 1.5, and 2.0 

mL), initial moisture content (61, 70, 77, 79, and 82%), incubation period (48, 72, 96, 120, and 

144 h), and incubation temperature (22, 27, 32, 37 and 42 ℃) were examined. Addition of 

various nitrogen sources (peptone, yeast extract, urea, NH4NO3, NH4Cl, and (NH4)2SO4) and 

carbon sources (glucose, lactose, sucrose, starch, and glycerol) in the substrate at 2% (w/w) 

concentration were also evaluated. 

The effect of various factors on cellulase and xylanase production including incubation 

temperature (20, 25, 30, 35, and 40 ℃), incubation period (2, 4, 6, 8, and 10 days), initial 

moisture content (40, 50, 60, 70, and 80%), and inoculum level (0.5, 1.0, 1.5, 2.0, and 2.5 mL) 

were examined individually. 



16 

 

3.7 EFFECT OF DIFFERENT CONCENTRATION OF NH4NO3 AND (NH4)2SO4 

Both NH4NO3 and (NH4)2SO4 showed a positive influence on phytase production in SSF. Thus, 

addition of NH4NO3 and (NH4)2SO4 to the potato waste in SSF was examined at different levels 

(0.2, 1, 2, and 4%).  

3.8 ENZYME EXTRACTION AND ANALYTICAL METHODS 

After SSF, 25 mL DI water containing 2% CaCl2∙2H2O was added to each flasks. The flasks 

were shaken on a rotary shaker at 200 rpm for 1 h at room temperature. Then the suspension was 

centrifuged at 4700 rpm at 4 ℃ for 30 min and the clear supernatant was used as crude enzyme. 

It was stored at 4 ℃ and further preparation of enzyme assay. 

Phytase activity was determined by measuring the inorganic phosphorus released from sodium 

phytate solution using the method described by JECFA (JECFA, 2012) with minor 

modifications. Sodium phytate was dissolved in an acetate buffer (0.0051 mol/L) and the final 

pH was adjusted to 5.50 ± 0.05. Then the buffer was mixed with crude enzyme and incubated in 

the water bath at 55 ℃ for 30 min. After incubation, the reaction was stopped by adding stop 

solution into the tubes. After cooling down to room temperature, absorbances were measured 

spectrophotometrically (BioTek® Instruments, Winooski, USA) at 415 nm. The blank was the 

substrate inoculated with sterile DI water. The data obtained were used to calculate the activity 

unit of phytase (U/g ds). One phytase unit was defined as the amount of enzyme releasing 1 

µmol of inorganic phosphorus per minute from 0.0051 mol/L sodium phytate under the test 

conditions. 

The activities of cellulase and xylanase were determined based on a standard procedure that 

measures the amount of reducing sugars released by crude enzymes through the dinitrosalicylic 
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acid method as described by Miller (Miller, 1959). In brief, cellulase was determined by 

incubating 0.9 mL 2% (w/v) CMC in sodium acetate buffer (50 mM, pH 4.7) with 0.1 mL 

suitably diluted crude enzyme at 50 ℃ for 40 minutes. Xylanase activity was determined under 

the same condition as cellulase; however, 2% (w/v) birchwood xylan was used as the reaction 

substrate. After incubation, the reaction was interrupted by DNS solution (1%). Then the tubes 

were placed in boiling water for 10 minutes and subsequently cooled for 5 minutes in the ice 

bath. The absorbance was measured spectrophotometrically (BioTek® Instruments, Winooski, 

USA) at 540 nm. The production of the reducing sugar was deduced from glucose and xylose 

standard curves. The standard curves were prepared by 5, 10, 15, 20 and 30 mmol/L of the 

glucose and xylose in acetate buffer, respectively. One unit of enzyme activity was defined as the 

amount of enzyme required to release 1 µmol of glucose reducing sugar equivalents per minute 

from 2% (w/v) CMC under 50 ℃ and pH 4.7. The activities of cellulase and xylanase were 

expressed in U per gram of dry substrate. 

3.9 STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS (Version 18.0, Chicago, SPSS Inc.). The 

significance of the enzyme production with respect to different parameters was examined by 

one-way ANOVA and Duncan’s multiple range test (or S-N-K test) was used for multiple 

comparisons. Treatments were considered to have a significant effects on the result when P value 

was less than 0.05 (95% confidence level). Letters shared in common between or among the 

groups indicate no significant difference. 

  



18 

 

Chapter 4 OPTIMIZATION OF PHYTASE PRODUCTION FROM POTATO WASTE 

USING ASPERGILLUS FICUUM 

 

4.1 INTRODUCTION 

Phytic acid is ubiquitous in nature and is the principal storage form of phosphorus in cereals, 

legumes, oil seeds and nuts (Vohra and Satyanarayana, 2003). It is known as a food inhibitor 

which can chelate micronutrients. Also, it is not a bioavailable source of phosphate for 

monogastric animals, such as human, swine, dog and cat, due to the lack of enzyme phytase in 

their digestive tract (Haefner et al., 2005). Therefore, extra phosphate in other digestible form 

has to be added into the animal feed to meet the P requirement. This will not only increase the 

cost of feed, but also create environmental pollution due to the surplus of P in the animal waste 

(Yi et al., 1996). Phytase is the primary enzyme to catalyze the hydrolysis of phytic acid and 

release inorganic phosphate, which improves the overall P digestibility by 25-30%, resulting 

from approximately 50% degradation of the cereal phytate (Jongbloed et al., 1990; Kemme et al., 

1997). This will alleviate phosphorus demand in animal feed, as P resource is approaching 

depletion. Furthermore, phytase can be also applied as cosmetics additive and plant nutrition 

(Koshy et al., 2012; Gujar et al., 2013). 

Nowadays, many types of enzyme are produced through Aspergillus species (Coban et al., 2015; 

Kitcha and Cheirsilp, 2014; Mun͂iz-Márquez et al., 2016; Bergstrom et al., 2016). A. ficuum, a 

filamentous fungus, is a microorganism used for phytase production (Bogar et al., 2003; Coban 

et al., 2015). The wide-scale industrial applications and the increasing global demand of phytase 

are not being met due to their high production costs.  Therefore, it is necessary to produce 

phytase using inexpensive or renewable material as an alternative. The use of food waste from 
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municipal solid waste (MSW) as substrate can reduce the phytase production cost by lowering 

the material cost. 

Municipal solid waste, which is disposed in landfills, generates hazardous contaminated 

leachates and air emissions (EI-Fadel et al., 1997). The leachate has a significant adverse impact 

on public health, environment, public safety, and groundwater quality (Lu et al., 1985; Yang et 

al., 2008; Fatta et al., 1999; Abu-Rukah et al., 2001). The gaseous emission is a source of 

greenhouse gases (e.g., CO2 and CH4) and odours cause deterioration in the aesthetic quality of 

the surrounding area (EI-Fadel et al., 1997). Therefore, it is important to reduce the amount of 

waste being sent to the landfill. Solid state fermentation (SSF) offers a sustainable solution to 

divert food waste away from landfills. SSF is a fermentation process that utilizes solid substrates 

as support material and source of nutrients to grow microorganisms in the absence of free 

flowing liquid (Pandey et al., 2000). 

Food processing wastes, which are abundant in nature and rich in nutritional content, are suitable 

substrates for solid state fermentation. Currently, food processing wastes such as potato waste 

and tofu residue are disposed by dumping in the landfill. The total production of potato 

worldwide was 368 million tonnes in 2013 as reported by Food and Agriculture Organization of 

United Nation (FAO Statistic Yearbook, 2013). Farming and food processing industries 

produced a huge amount of potato waste, which could be utilized as raw material for enzyme 

production. According to Mahmood et al. (1998), potato waste consists of 66.78% starch, 

14.70% crude protein, 2.20% cellulose, and 3.39% pectin. The substrate used for SSF should be 

nutritious material. Therefore, the high starch content makes potato waste a suitable substrate for 

SSF. 
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In solid state fermentation, the nutrient-rich organic waste can be converted to highly valuable 

products such as enzymes, proteins, flavours, and biologically active secondary metabolites 

(Pandey et al., 2000; Pandey, 2003). These products can generate substantial revenues. For 

example, in 2010, the technical enzymes generated $1.10 billion in revenues and the world 

market for industrial enzymes is expected to increase to $6 billion by 2016 (Anon, 2012). The 

continuously growing bio-processing industry demands inexpensive and renewable material. 

The end products in the SSF process are subject to the microorganism used in the fermentation 

process. Several studies have been carried out to investigate different microorganisms, e.g. fungi 

and bacteria, to produce the desirable products from various substrates. For instance, peanut 

press cake and rice bran produced lipases by using Aspergillus sp. and wheat bran produced 

xylanase by using Rhizopus sp. (Pandey et al., 2000; Behnam et al., 2016). For proper 

functioning of SSF processes, various operational parameters, such as moisture content and pH 

of substrate, and incubation temperature need to be considered, which have great impact on the 

effectiveness of the production rate and quality. Recently, studies on optimizing the operational 

parameters to increase the product yield were carried out (Kitcha and Cheirsilp, 2014; Mun͂iz-

Márquez et al., 2016; Bergstrom et al., 2016; Behnam et al., 2016). The optimal operational 

parameters depend on the characteristics of the microorganisms used in each process. In SSF, the 

moisture content has a major impact on the cell growth and enzyme production. Bogar et al. 

(2003) reported different phytase yields when moisture content was varied. In addition, Pal and 

Khanum (2010) also investigated the impact of pH on the productivity of enzymes and reported 

an optimum pH range (4.5-8) for enzyme production. The microbial growth is also dependent on 

temperature. Therefore, the use of suitable temperature is an important growth factor (Ellaiah et 

al., 2002).  



21 

 

Phytase was produced by Penicillium purpurogenum GE1 using corn cob and corn bran under 

solid state fermentation (Awad et al., 2014). Suresh and Radha (2016) showed that rice bran can 

produce phytase from Rhizopus oligosporus by solid state fermentation. Besides, groundnut oil 

cake was used as substrate for phytase production by Buddhiwant et al. (2015). However, most 

of the previous studies on SSF were conducted on agro-industrial wastes and no research has 

been reported on using food waste from food processing waste as a substrate for phytase 

production. In this study, a new substrate, potato waste, was used to produce phytase by A. 

ficuum under SSF for the first time.  

The objectives of this study were: a) to investigate the feasibility of using the food waste fraction 

from food processing waste using solid state fermentation to produce high value added products 

such as phytase and b) to optimize the conditions of phytase production using potato waste.  

4.2 RESULTS AND DISCUSSION 

4.2.1 Effect of pH, inoculum level, and moisture content on phytase production  

The pH of the substrate, inoculum level, and moisture content are important factors that 

influence the production of phytase in SSF (Pandey, 2003; Awad et al., 2014; Ramachandran et 

al., 2005). Aspergillus sp. showed the highest metabolic activities when the pH is around 5.0 

(Mun͂iz-Márquez et al., 2016). The results for the range of different pH levels that were 

investigated in this study are shown in Figure 4-1a. Generally speaking, the phytase productivity 

increased as the pH value increased. The maximum phytase production (1.78 ± 0.04 U/g ds) was 

obtained at pH of 8.2. However, phytase production for different pH conditions had no 

significant difference according to the one-way ANOVA results (P > 0.05). It means that pH did 

not have a significant influence on phytase production, which indicated that the metabolic 

activities of A. ficuum were not sensitive to the change in pH even though the maximum activity 
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was achieved at pH 8.2. Thus, the normal pH (6.1) of the potato waste was the most economic 

choice and was used in the subsequent experiments. 

Similarly, Awad et al. (2014) reported that Penicillium purpurogenum GE1 at pH 8.0 achieved 

the maximum phytase production and phytase production was increased as the pH shifted to the 

alkaline side. However, the optimum pH for phytase production by Rhizopus oligosporus is 5.3 

under solid state fermentation (Sabu et al., 2002). And they showed that autoclaving changed the 

initial pH of the substrate to 5.3 ± 0.2 because of the buffering capacity of the substrate. 

Various inoculum levels (0.5, 1.0, 1.5, and 2.0 mL) were used to study their effect on enzyme 

production. A similar enzyme production (2.48 ± 0.16, 2.47 ± 0.10, and 2.57 ± 0.06 U/g ds) was 

obtained at three higher inoculum levels (1.0, 1.5, and 2.0 mL), respectively (Figure 4-1b). From 

one-way ANOVA, inoculum levels have no significant influence on phytase activity (P > 0.05). 

The relatively high enzyme activity means better nutrients and biomass ratio at an inoculum level 

of 1.0 mL. A higher inoculum level also influences the moisture content of the substrate. 

Therefore, the inoculum level of 1.0 mL was chosen for further analyses. 

The same results were also found by Vohra and Satyanarayana (2002) that inoculum size was not 

a significant variable for phytase production. Ramachandran et al. (2005) reported the highest 

enzyme production when the nutrients in the substrate and the biomass had a balance ratio. And 

they also found that 1.0 mL was the optimal inoculum size for phytase production by Rhizopus 

spp.  

High moisture content results in substrate agglomeration and poor air content. Gautam et al. 

(2002) reported that decomposition rate of the organic matter decrease at the lowest and the 

highest water contents. In this study, the highest enzyme activity (3.18 ± 0.24 U/g ds) was 



23 

 

obtained when the initial moisture content was 77 % (Figure 4-1c). That is slightly lower than 

the normal potato moisture content (79.35 ± 0.52 %). According to the SPSS results there were 

no significant differences between phytase productions at different moisture contents (P > 0.05). 

Therefore, the normal potato moisture content was the most economical choice.  

Similar results on the effect of moisture content for phytase production were reported by Bogar 

et al. (2003). However, these results differed from the findings reported by Ramachandran et al. 

(2005) and Gautam et al. (2002). They found that the optimal moisture content was 52% by 

Rhizopus spp. and 58.3% by A. ficuum, respectively. 
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                                                      c 

 

Figure 4-1 a. Effect of initial pH on phytase production by A. ficuum. b. Effect of inoculum 

level on phytase production by A. ficuum. c Effect of moisture content on phytase 

production by A. ficuum; error bars are standard deviations 

4.2.2 Effect of incubation period and temperature on phytase production 

The incubation period and temperature influenced the metabolic activities of fungus (Awad et 

al., 2014; Ramachandran et al., 2005; Wang et al., 2011). The inoculated flasks were incubated 

for different periods ranging from 48 to 144 h. Phytase activity in the substrate was detected 

every 24 h starting from 48 h. Figure 4-2a shows that enzyme production was increased with the 

growth of fungus. The maximum amount of phytase activity was observed after 144 h of 

incubation and the enzyme activity was 3.14 ± 0.44 U/g ds. According to the one-way ANOVA, 

incubation period had extremely significant influence (P < 0.01) on phytase activity. From the 

results of multiple comparisons, 96 h, 120 h, and 144 h incubation period does not have 

significant difference, which means that longer incubation period did not result in a significant 

increase in phytase production. Consequently, further studies were carried out on cultures 

incubated for 144 h to obtain enzyme activities. 

The same results were also reported by Ramachandran et al. (2005) and Wang et al. (2011). They 

also found that longer incubation period did not result in significant increase in enzyme 

production because of reduction in nutrients in the substrate. In addition, Kumari et al. (2016) 
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showed that optimum phytase activity was obtained at 48 h incubation period by Sporotrichum 

thermophile with mixed substrate. 

To investigate the influence of incubation temperature on phytase production, the inoculated 

substrates were incubated at different temperatures. The results obtained in this study indicating 

that optimal temperature for maximum phytase production (3.56 ± 0.32 U/g ds) was 27 ℃ 

(Figure 4-2b). Fungus grew faster at a high temperature as compared to low temperature. The 

high temperature also resulted in water evaporation from the substrate. Since the phytase 

production obtained at 22 ℃ did not have a significant difference with that obtained at 27 ℃, 

room temperature (22 ℃) was used in further experiments due to economic considerations.  

Awad et al. (2014) also reported that 27 ℃ was the optimal temperature for phytase production. 

The optimum temperature range for incubation of microorganisms for high phytase production is 

25 – 37 ℃ (Gautam et al., 2002). However, Hussin et al. (2011) found that 33 ℃ was the 

optimum temperature for P. stewartii to produce phytase. 

 
 

                                                    a                                                       b 

Figure 4-2 a. Effect of incubation period on phytase production by A. ficuum. b. Effect of 

incubation temperature on phytase production by A. ficuum; Capital letters shared in 

common between or among the groups indicate no significant difference according to 

Duncan’s multiple range test at the significance level of 0.01; error bars are standard 

deviations 
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4.2.3 Effect of supplementary nitrogen sources and carbon sources on phytase activity  

During solid state fermentation, all the nutrients for the microbial growth is supplied by the 

substrate. However, the concentration of some nutrients is insufficient in the substrate. It is 

necessary to provide some supplementation for these inadequate nutrients. Awad et al. (2014) 

and Suresh et al. (2016) reported that addition of nitrogen sources can enhance phytase 

production significantly. Different nitrogen sources and carbon sources (2% w/w) were 

investigated for their influence on enzyme production. Among various nitrogen sources, 

NH4NO3 produced a maximum phytase activity (9.86 ± 0.49 U/g ds) and it drastically increased 

phytase activity (P < 0.01) (Table 4-1).  

Similarly, Ramachandran et al. (2005) and Suresh et al. (2016) obtained the same results that 

NH4NO3 had the highest enzyme production by Rhizopus spp. In the case of (NH4)2SO4, similar 

result was obtained by Bogar et al. (2003). However, Ramachandran et al. (2005) reported that 

(NH4)2SO4 inhibited phytase production. Additionally, Awad et al. (2014) reported that peptone 

was the most favorable nitrogen source for phytase production by Penicillium purpurogenum 

GE1. Phytase production was found to be poor in substrate containing yeast extract and NH4Cl. 

It is possible that A. ficuum did not utilize the nitrogen produced from yeast extract and NH4Cl. 
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Table 4-1 Effect of nitrogen source on phytase production by A. ficuum 

Nitrogen sources Phytase activity (U/g ds) 

Peptone 7.59 ± 0.26 B 

Yeast extract 2.96 ± 0.42 A 

Urea 7.65 ± 0.38 B 

NH4NO3 9.86 ± 0.49 C 

NH4Cl 3.61 ± 0.99 A 

(NH4)2SO4 9.14 ± 0.81 C 

Control 3.64 ± 0.54 A 

 

Enzyme production was poor in substrate supplemented with carbohydrates. In Table 4-2, when 

comparing with control, addition of glucose significantly (P < 0.01) decreased the phytase 

production; while other carbon sources did not significantly affect the phytase production.  

Nevertheless, Awad et al. (2014) also found that lactose and sucrose resulted in decreased 

phytase production by Penicillium purpurogenum GE1. It is estimated that potato waste had 

enough carbohydrates (66.78%) for the growth of A. ficuum because the addition of carbon 

sources did not improve phytase production. On the contrary, other authors have reported that the 

phytase production was enhanced by glucose (Wang et al., 2011; Hussin et al., 2011; 

Buddhiwant et al., 2015).  
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Table 4-2 Effect of carbon sources on phytase production by A. ficuum 

Carbon sources Phytase activity (U/g ds) 

Glucose 2.84 ± 0.53 A 

Lactose 4.39 ± 0.70 B 

Sucrose 3.98 ± 0.23 AB 

Starch 5.08 ± 0.79 B 

Glycerol 5.37 ± 0.13 B 

Control      4.87 ± 0.78 B 

 

4.2.4 Effect of addition of different concentrations of NH4NO3 and (NH4)2SO4 on phytase 

production 

As the aforementioned results showed that NH4NO3 and (NH4)2SO4 improved the enzyme 

production significantly, therefore, their optimal concentrations for enzyme yields were 

examined. Results are shown in Figure 4-3. An addition of 2% (w/w) of NH4NO3 in potato waste 

was found to be the optimum concentration as it significantly enhanced the phytase production 

(11.53 ± 1.11 U/g ds). The phytase production was decreased when NH4NO3 concentration was 

greater than 2% w/w. This indicated that the concentration of 2% w/w had a positive effect on 

phytase production, while a higher concentration could produce extra ammonia and cause a 

reduction in the biomass of the fungus. However, phytase production gradually increased as the 

concentration of (NH4)2SO4 increased to 4% w/w, and reached a maximum of 12.93 ± 0.47 U/g 

ds which was 2.5 times higher compared to the control that not supplemented with (NH4)2SO4 

(5.17 ± 0.82 U/g ds). 

Ramachandran et al. (2005) reported the lowest NH4NO3 concentration (0.5% w/w) was the most 

desirable for the highest phytase activity by Rhizopus spp. in solid state fermentation. Li et al. 

(2008) found that 2.3% is the best concentration of (NH4)2SO4 for phytase production by a 
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marine yeast Kodamaea ohmeri BG3. And 0.5% (NH4)2SO4 resulted in the maximum phytase 

production by Sporotrichum thermophile (Kumari et al. 2016). 

 

 

Figure 4-3 Effect of addition of different concentrations of NH4NO3 and (NH4)2SO4 on 

phytase production 

 

4.3 CONCLUSION 

Phytase production was investigated by the optimization of different parameters and 

supplementing different carbon and nitrogen sources. The optimization experiments showed that 

a maximum productivity of phytase of 5.17 ± 0.82 U/g ds was achieved by employing optimized 

conditions including normal moisture content of potato waste, 1.0 ml inoculum level, pH 6.1 at 

room temperature for incubation of 144 h. Additionally, NH4NO3 and (NH4)2SO4 drastically 

increased phytase activity as additives and 4% w/w of (NH4)2SO4 resulted in the highest phytase 

production (12.93 ± 0.47 U/g ds). Furthermore, this study showed that potato waste can be used 

as an economical substrate for phytase production by using SSF. The microorganisms were 

incubated at the room temperature, which made the SSF process more economical. Therefore, 
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food processing waste can be used as a new potential substrate for enzyme production with low 

operational costs in phytase industry.   
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Chapter 5 PRODUCTION OF CELLULASE AND XYLANASE USING FOOD WASTE 

BY SOLID STATE FERMENTATION 

5.1 INTRODUCTION 

Food waste means the discard or loss of foodstuff, which mainly contained unsold food, food 

processing leftovers and uneaten food from residences and commercial establishments such as 

restaurants and supermarkets (Fisgativa et al., 2016). Food waste is produced in every process of 

the food supply chains. Figure 5-1 shows the percentage of waste created throughout the food 

supply chain in Canada (Gooch et al., 2010). Organic materials account for approximately 40% 

of the municipal solid waste in Canada (Environment Canada, 2013). In Canada, more than $30 

billion of food waste is thrown out every year and almost four-fifth of that food waste is 

perfectly edible (Gooch et al., 2010). Similarly, the single largest composition of municipal solid 

waste is food wasted in the US (US EPA, 2008). Only in retail and consumer levels, Americans 

threw away approximately $161.6 billion dollars of food in 2010 (Jean et al., 2014). With the 

rapidly increasing urban populations and economic growth combined with a swiftly expanding 

catering industry (Li and Jin, 2015), alternative FW disposal technologies have become a major 

concern in recent years. FW is a global environmental challenge for the waste management, as it 

has high moisture content (around 80%) and is difficult to handle. Currently, landfilling with 

other municipal solid wastes is the predominant method for food waste disposal in North 

America. However, this approach is facing more and more regulations and environmental 

pressures. 
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Figure 5-1 Percentage of waste created throughout the food supply chain in Canada 

 (Adapted from Gooch et al., 2010) 

Solid state fermentation provides an extraordinary way to separate organic waste from municipal 

solid wastes and thereby reducing the amount of waste sent to the landfills. SSF is a technology 

that produces biomolecules from microorganisms in solid substrates without free-flowing liquid 

(Pandey, 1992). The nutrient-rich organic waste could be potentially used as a substrate in SSF 

for generating value-added biomolecules, such as enzymes (Pandey et al., 2000; Pandey, 2003). 

Lignocellulolytic enzymes such as cellulase and xylanase have many applications in various 

industries. Cellulase is an enzyme that can hydrolyze cellulose. It can be used for industrial food 

processing, such as in coffee, textile industry, laundry detergents, pulp and paper industry, and 

also in the pharmaceutical industry. Xylanase was used in animal feed initially and then more 

recently applied in food, textile, as well as in the paper industries. Tsai et al. (2017) reported that 

it is feasible to use xylanase as feed additives for wheat-based diets or feed that requires high 

arabinoxylan.  
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Cellulase and xylanase are produced by fungi, bacteria, and actinomycetes, but the most common 

producers are fungi. The high cost of cellulase is mainly due to the substrates used in production, 

and also the slow growth rate of fungi. According to Polizeli et al. (2005), cellulases, xylanase, 

and pectinase contributed towards one-fifth of the world enzyme market and most of cellulase 

and xylanase are produced through submerged culture. However, SSF has some advantages over 

the submerged fermentation, e.g. low energy consumption, high production rate, high production 

yield, and simpler extraction process (Chen, 2013; Pandey et al., 1999). Therefore, there is an 

increasing interest in using SSF to produce cellulase and xylanase. 

Cellulase and xylanase have been produced from agro-industrial substrates, such as olive 

pomace, wheat bran, oil palm trunk, and corncob residue (Leite et al., 2016; Bansal et al., 2012; 

Ang et al., 2013; Xia and Cen, 1999); however, no research study has attempted their production 

using food waste as the substrate. Therefore, the objectives of this study were: 1) to evaluate the 

potential of locally isolated fungi strains for the production of extracellular cellulase and 

xylanase, 2) to investigate the feasibility of using food waste as the substrate to produce cellulase 

and xylanase during SSF, and 3) to optimize the parameters that influence the maximization of 

cellulase and xylanase production. 

5.2 RESULTS AND DISCUSSION 

5.2.1 Fungi identification 

Fungi originally isolated from compost materials were identified with the aid of molecular 

sequences derived from the rDNA ITS region. The ITS region was amplified and sequenced 

from all the isolates. Various primer combinations were applied to increase the chances of 

obtaining ITS amplicons (Table 5-1). The ITS sequences were used as queries in BLASTn to 

find similar or identical sequences in the database. Based on sequences extracted from GenBank 
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isolates were assigned to genera and in some cases to species level (Table 5-1). The collection of 

15 strains based on cultural and molecular variations could be assigned to a range of different 

families belonging to either the Ascomycota (Genera: Aspergillus, Penicillium, Podospora, 

Fusarium, Aureobasidium, Trichoderma) or the Zygomycota (Genera: Absidia, Lichtheimia, 

Umbelopsis). In many instances Genus level designation was possible but species designations in 

some cases were challenging; for example, different species of Trichoderma or Penicillium share 

identical ITS regions. This has been previously noted by Visagie et al. (2014), Yilmza et al. 

(2014) and Jaklitsch (2009). 

Table 5-1 Identification of various compost fungi used in this study 

Strain 

number 

SSU3/LSU2 ITS1/ITS4 ITS1/LSU2 Identity: Genus (Order) 

F1-20-32B  √ √ Penicillium sp. (Eurotiales)A 

F1-20-35A  √  Absidia sp. (Mucorales)Z 

F1-37-40A √   Penicillium sp. (Eurotiales)A 

F2-20-43A √   Lichtheimia corymbifera (Mucorales)Z 

F2-20-44A √   Aspergillus niger (Eurotiales)A 

F2-37-31A √   Lichtheimia corymbifera (Mucorales)Z 

F3-37-58B √   Penicillium sp. (Eurotiales)A 

F3-37-60A √   Penicillium adametzii (Eurotiales)A 

F3-37-62A √   Aureobasidium sp. (Dothedialeas)A 

F4-20-52B √ √  Podospora sp. (Sordariales)A 

F4-20-53B √   Umbelopsis sp. (Mucorales)Z 

F5-20-10B √   Fusarium sp. (Hypocreales)A 

F5-20-12B √ √ √ Fusarium sp. (Hypocreales)A 

F6-37-1B √   Trichoderma sp. (Hypocreales)A 

F6-37-4B √   Trichoderma sp. (Hypocreales)A 

Primers used to amplify the ITS region: SSU3 = 5′- GTC GTA ACA AGG TCT CCG -3′ and 

LSU2 = 5′- GAT ATG CTT AAG TTC AGC G -3′;  
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ITS1 = 5′- TCC GTA GGT GAA CCT GCG G -3′ and ITS4 = 5′- TCC TCC GCT TAT TGA 

TAT GC -3′. 

√ Indicate successful amplification and DNA sequence determination.   
A = Genus belonging to the Ascomycota; Z = Genus belonging to the Zygomycota.  

 

5.2.2 Preliminary screening of fungi for enzyme production by Congo red test 

The preliminary screening was performed to observe the growth of fifteen fungal strains on agar 

plates that contained CMC or xylan as the carbon source. The fungi that produced visible clear 

zones due to hydrolysis in CMC or xylan plates indicate cellulase or xylanase activity, 

respectively. In addition, the bigger the ratio of the hydrolysis zone diameter to the colony 

diameter, the higher the expected cellulase or xylanase activity of the fungus. The results of the 

preliminary screen are depicted in Table 5-2. Among the fifteen fungal isolates, only one strain 

(F1-20-35A) did not show cellulase and xylanase activity after five days of incubation. 

Therefore, all the fungi except F1-20-35A were selected for SSF. 

Table 5-2 Preliminary screening of fungi to verify ability to produce extracellular cellulase 

and xylanase 

Strain 

number 

Cellulase Xylanase Fungi 

number 

Cellulase Xylanase Fungi 

number 

Cellulase Xylanase 

F1-20-32B + + F2-37-31A + + F4-20-53B + + 

F1-20-35A - - F3-37-58B + + F5-20-10B + + 

F1-37-40A + + F3-37-60A + + F5-20-12B + + 

F2-20-43A + + F3-37-62A + + F6-37-1B + + 

F2-20-44A + + F4-20-52B + + F6-37-4B + + 

+ Positive result; - negative result. 

 

5.2.3 Screening for cellulase and xylanase producers by solid state fermentation  

The production of cellulase and xylanase in SSF is gaining interest since it is a cost-effective 

technology with low substrate cost and high enzyme yields (Singhania et al., 2006; Bansal et al., 
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2012). SSF was conducted to assess the enzyme productivity of the fungi that were selected from 

the preliminary screening and to test the feasibility of using food waste as the substrate for 

producing cellulase and xylanase. The cellulase and xylanase production from different fungal 

strains are presented in Table 5-3. The strain F2-20-44A showed the highest amount of 

extracellular cellulase and xylanase activities, which were 17.37 ± 3.76 U/g ds and 189.24 ± 2.96 

U/g ds, respectively. The enzymatic activities in some strains were undetectable, which is 

probably because the enzyme activities produced from these strains were below the detection 

limit. Moreover, it was observed that xylanase activity was 10.9-fold higher than cellulase 

activity. The reason is that the structure of xylan is considered “weak” and can be easily 

hydrolyzed (Ang et al., 2013). Bansal et al. (2012) showed that individual kitchen waste such as 

carrot peelings, orange peelings, pineapple peelings, and potato peelings pre-treated with H2SO4 

and NaOH can be used as the substrate for cellulase production in SSF. In this SSF study, the 

results demonstrated that the strain F2-20-44A was the most efficient cellulase and xylanase 

producer on food waste. Therefore, F2-20-44A was selected for further optimization in SSF. 
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Table 5-3 Enzyme screening by solid state fermentation 

Fungi 

number 

Cellulase activity 

(U/g ds) 

Xylanase activity 

(U/g ds) 

Fungi 

number 

Cellulase activity 

(U/g ds) 

Xylanase activity 

(U/g ds) 

F1-20-32B - 10.08 F3-37-62A - - 

F1-37-40A 2.60 8.52 F4-20-52B 0.21 5.34 

F2-20-43A - - F4-20-53B 0.86 0.28 

F2-20-44A 17.37 189.24 F5-20-10B - 2.95 

F2-37-31A - - F5-20-12B 1.53 13.89 

F3-37-58B 1.95 45.6 F6-37-1B 14.56 82.20 

F3-37-60A 6.17 14.54 F6-37-4B - 11.90 

- Undetectable 

5.2.4 Optimization of cellulase and xylanase production in solid state fermentation 

Initial moisture content of the food waste was adjusted to 40%, 50%, 60%, 70%, and 80% with 

the oven-drying method or moistened with distilled water. Cellulase and xylanase activities 

obtained at different moisture content are shown in Figure 5-2 and they are significantly (P < 

0.05) affected by moisture content of the food waste. Generally speaking, the enzyme 

productivity increased dramatically as the moisture content increased. The activities of the 

cellulase were undetectable when the initial moisture content of the food waste was 50% and 

60%. Similar cellulase activities (10.98 ± 3.63, 11.46 ± 3.52, and 11.33 ± 3.63 U/g ds) were 

observed at the other three moisture content treatments (40%, 70%, and 80%, respectively). For 

xylanase activities, the moisture content of 70% and 80% showed 160.94 ± 8.29 and 159.89 ± 

7.62 U/g ds, respectively (Figure 5-2b). As compared with high initial moisture content (70% 

and 80%), xylanase activities (6.76 ± 2.53, 3.43 ± 1.99 and 13.69 ± 7.65 U/g ds) decreased 

significantly when the initial moisture content was low (40%, 50%, and 60%). This reduction 

was mostly likely due to the decrease in the solubility of nutrients in the substrate (Pandey, 2003; 

Mrudula and Murugammal, 2011), which consequently affected the growth of the microbial 
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agent and led to the poor production of the enzyme. Besides, moisture content can also interfere 

with the decomposition rate of the organic matter in the substrate (Gautam et al., 2002) and 

therefore affect the enzymes productivity in SSF. The cellulase and xylanase activities observed 

from the moisture content of 70% and 80% were lower than the enzyme activities obtained at the 

normal moisture content in the previous step (17.37 ± 3.76 and 189.24 ± 2.96 U/g ds for 

cellulase and xylanase, respectively). This indicated that the normal moisture content (77.67%) 

of the food waste was the optimum condition for the enzyme production. 

  

a          b 

Figure 5-2 Effect of moisture content by A. niger on the a. cellulase production and b. 

xylanase production; Letters shared in common between or among the groups indicate no 

significant difference according to S-N-K test at the significance level of 0.05; error bars 

are standard deviations of three replicates 

 

Incubation temperature is another important factor in SSF as it ultimately influences the growth 

of fungus, the formation and germination of the spore, and metabolic activities such as enzyme 

production (Pandey, 2003). The results for the effect of incubation temperature on cellulase and 

xylanase activity are shown in Figure 5-3. Maximum cellulase production occurred at 30 ℃ with 
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a yield of 13.86 ± 1.03 U/g ds, while cellulase yield at 20 ℃ was not detectable (Figure 3-3a). 

According to the results of the multiple comparisons (S-N-K test), there were no significant 

differences for cellulase production at 25, 30, 35, and 40 ℃. In addition, low temperature means 

lower energy requirement in the SSF process, which is more economical. Therefore, 25 ℃ was 

the economical choice in subsequent experiments for cellulase production. For xylanase 

production, the activities (206.23 ± 4.95 U/g ds) obtained at 25 ℃ was significantly (P < 0.05) 

higher than the xylanase yield at other temperatures. The xylanase productivity decreased when 

the incubation temperature increased and the lowest xylanase activity (10.79 ± 4.09 U/g ds) was 

observed at 40 ℃. Bansal et al. (2012) reported that high temperatures can alter the constituent of 

the cell membrane, stimulate protein catabolism, and induce cell death. Therefore, 25 ℃ was 

again selected as the incubation temperature for further experiments. The optimum temperature 

of 25 ℃ for cellulase and xylanase production is in agreement with other reports that showed the 

optimum temperature for SSF ranges from 25 to 30 ℃ (Singhania et al., 2006; Gautam et al., 

2011). 

  

a b 

Figure 5-3 Effect of incubation temperature by A. niger on the a. cellulase production and 

b. xylanase production; Letters shared in common between or among the groups indicate 
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no significant difference according to S-N-K test at the significance level of 0.05; error bars 

are standard deviations of three replicates 

 

Substrates were inoculated with different amounts of spore suspension (0.5, 1.0, 1.5, 2.0, and 2.5 

mL) to investigate the effect of inoculum size on enzyme production in SSF. Figure 5-4 shows 

the cellulase and xylanase production with different inoculum levels. The highest cellulase 

activity (18.81 ± 11.40 U/g ds) was achieved at the inoculum level of 2 mL. Higher or lower 

inoculum levels resulted in a decrease in cellulase activity (Figure 5-4a). In addition, this study 

showed that 1.5 mL inoculum level resulted in the highest xylanase production and xylanase 

production was gradually decreased with an increasing volume of the inoculum. The reason for 

this could be explained by the imbalanced ratio of the nutrients in the substrate to the amount of 

biomass (Abdullah et al., 2016). The high amount of inoculum size means a large volume of 

initial biomass competing for nutrients and oxygen in the substrate. Therefore, low cellulase and 

xylanase production were obtained at high inoculum levels (Haq et al., 1993). A one-way 

ANOVA analyses revealed no significant difference (P > 0.05) for the effect of inoculum level in 

the cellulase production or in the xylanase production. Thus, 0.5 mL inoculum size was used in 

further experiments. Tian and Yuan (2016) also reported that inoculum level had no significantly 

influence on enzyme productivity in SSF. However, Bansal et al. (2012) investigated the 

influence of different inoculum sizes for cellulase production on wheat bran by SSF and 

concluded that the optimum condition is the medium inoculum size.  
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a b 

Figure 5-4 Effect of inoculum level by A. niger on the a. cellulase production and b. 

xylanase production; Letters shared in common between or among the groups indicate no 

significant difference according to S-N-K test at the significance level of 0.05; error bars 

are standard deviations of three replicates 

 

The inoculated flasks were incubated for different time periods ranging from 2 to 10 days. 

Cellulase and xylanase activities in the substrate were tested at every second day. Cellulase and 

xylanase activities were significantly affected by fermentation period (Figure 5-5). The results 

showed that SSF with 6 days and 10 days incubation significantly increased cellulase production. 

The maximum cellulase activity occurred after 10-day incubation with the cellulase yield of 

36.07 ± 12.43 U/g ds and increases 3.64-fold as compared with 2-day incubation (9.92 ± 2.07 

U/g ds) (Figure 5-5a). However, the cellulase production obtained at 6 days and 10 days does not 

have a significant difference (P > 0.05), which indicated that longer fermentation time does not 

result in a significant improvement in cellulase production. Similarly, longer incubation periods 

resulted in poor xylanase activities (Figure 5-5b) and 6 days incubation period showed the 

maximum amount of xylanase production (213.47 ± 10.66 U/g ds). For longer incubation 
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periods, the xylanase production decreased at 8 days and 10 days, which were significantly (P < 

0.05) lower than the xylanase yield at 6 days of incubation. The observation that enzyme yield 

decreased at longer incubation periods is in agreement with findings of Bansal et al. (2012) and 

dos Santos et al. (2012). Besides, Mrudula and Murugammal (2011) reported that cellulase 

activity increased steadily at the beginning but longer incubation period reduced the enzyme 

production after it reached maximum activity at 72 h of incubation. In general, a longer 

incubation period can result in a decrease in enzyme production due to the reduction of nutrients 

in the substrate, the release of proteases, and the drop in the pH in the substrate (Tian and Yuan, 

2016; Bansal et al., 2012). 

  

A          b 

Figure 5-5 Effect of incubation period by A. niger on the a. cellulase production and b. 

xylanase production; Letters shared in common between or among the groups indicate no 

significant difference according to S-N-K test at the significance level of 0.05; error bars 

are standard deviations of three replicates 

 

5.3 CONCLUSIONS 

This study highlighted a strain isolated from compost, Aspergillus niger, which could produce 

high-levels of cellulase and xylanase from food waste by SSF. Maximum cellulase and xylanase 
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production (28.81 ± 0.67 and 213.47 ± 10.66 U/g ds, respectively) were achieved using normal 

moisture content (77.67%), 0.5 mL inoculum level at 25 ℃ for 6 days incubation. Therefore, 

food waste from municipal solid waste can be used as a potential substrate for cellulase and 

xylanase production. This technique could reduce the enzyme production cost by lowering the 

substrate cost in the enzyme industry and potentially alleviate environmental issues caused by 

food waste. 
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Chapter 6 ENGINEERING SIGNIFICANCE 

This research aimed at investigating the feasibility of producing enzymes from FW using SSF 

and its optimal production conditions. This chapter focuses on the engineering and economic 

significance of the key findings. 

6.1 COST SAVINGS IN FOOD WASTE TREATMENT 

Food waste is abundant in municipal solid waste. It is currently considered to be a major global 

challenge for waste management systems. In North America, landfilling with other municipal 

solid wastes is currently the predominant method of disposal of food waste. The treatment 

technologies include landfill, composting, anaerobic digestion, and incineration. In comparison 

with other food waste treatment technologies, biological treatment of waste such as composting 

is becoming more and more widespread as it is easy to operate. Anaerobic digestion is the most 

promising technology for food waste treatment from environmental and societal perspectives 

since biogas is a valuable by-product. 

The cost of the landfill are site specific and varied based on several factors such as availability of 

clay, regulatory issues, potential for groundwater contamination. The costs of the landfill is $ 40-

100 per tonne for solid waste. For the cost of the composting, it is mainly composed of the cost 

of construction, operation and maintenance. Renkow and Rubin (1998) reported that the average 

net cost of the municipal solid waste composting is $ 53 per tonne. Anaerobic digestion and 

incineration cost $ 65-150 and $ 70-200 per tonne, respectively. Statistics Canada reported that 

Canadians wasted approximately 183 kg of FW per person annually and more than 6 million 

tonnes of food wasted in the whole country every year. With the landfill treatment method and 

the average cost of $ 70 per tonne, the total annual saving for the FW treatment would be $ 461 

million if all the food waste used for enzyme production.  
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6.2 COST SAVINGS IN ENZYME PRODUCTION 

In the enzyme producing industry, the raw material cost for enzyme production is a major part in 

the total expenses of enzyme production. This research showed that FW from MSW can be used 

as a potential substrate for enzyme production (phytase, cellulase, and xylanase). The use of FW 

as substrate can reduce the enzyme production cost by lowering the material cost. More 

specifically, Canadian produce more than 6 million tonnes of FW per year. It means the enzyme 

producing industries have more than 6 million tonnes of raw material for enzyme production 

every year. 

6.3 REVENUES FROM ENZYMES  

From this study, phytase, cellulase, and xylanase were obtained from FW through SSF process. 

These enzymes are three important enzymes with wide industrial applications. Phytase is one of 

the most common enzymes used as the feed additive. Cellulase can be used for commercial food 

processing in coffee, textile industry, laundry detergents, pulp and paper industry, as well as in 

the pharmaceutical industry. Xylanase can be applied in animal feed, food, textile, and paper 

industries. Cellulase and xylanase make up almost one fifth of the world enzyme market (Polizeli 

et al., 2005). The global market for these specific industrial enzymes was worth nearly $ 4.5 

billion in 2012 and nearly $ 4.8 billion in 2013 (Anon, 2012). The market for the enzymes tends 

to be greater than that now in the future.  
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