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Abstract: Mycoremediation, a fungal-based technology, has seen tremendous growth as an effective
alternative to treat industrial wastewater due to its ability to oxidise pollutant loadings. Considering
the non-toxic properties and high potential degradation performance of Ganoderma lucidum, this
research aims to study the performance of a Malaysian G. lucidum strain, the effect of agitation speed,
and different carbon-to-nitrogen (C/N) ratio concentrations of synthetic wastewater in degrading
chemical oxygen demand (COD) and ammonia. Different agitation speeds (25 rpm, 50 rpm and
100 rpm) and C/N ratios (C10N1, C13.3N1 and C16.7N1) were chosen as parameters to be analysed in
this study. The best degradation of COD and ammonia with a percentage removal in the range of 95%
to 100% within 30 h of treatment. ANOVA analysis was done using the response surface methodology
to verify the obtained results, and it was found that mycoremediation using 100 rpm agitation
provided the best results, removing more than 95% of COD and ammonia from synthetic wastewater.
The microscopic analysis also showed that the structure of G. lucidum changed after wastewater
treatment. This result proved that the Malaysian G. [ucidum strain has a good potential in treating
synthetic domestic wastewater, especially with high organic content, as a naturally sustainable
bioremediation system.

Keywords: Malaysian Ganoderma lucidum; synthetic domestic wastewater; chemical oxygen demand;
ammonia; mycoremediation

1. Introduction

Over the years, an increase in the human population, improved lifestyles, and climate
change in Malaysia have caused the domestic wastewater to have less quality, and patterns
of pollutants are dynamic and unpredictable. This needs to be improved in treating highly
contaminated domestic wastewater. When domestic wastewater is treated inefficiently, the
contaminants, especially ammonia, can be discharged from sewage treatment plants (STP)
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to water bodies (rivers) and can cause a threat to human health and the river’s ecosystem.
As described by Ariffin and Sulaiman in [1], 80% of domestic wastewater in developing
countries such as Malaysia is released without proper treatment, polluting rivers, lakes,
and coastal areas. The presence of ammonia can lead to problems in the taste and odour of
water, increasing toxicity for aquatic life, oxygen depletion, and eutrophication [2].

Some conventional treatments that are commonly used are coagulation—flocculation,
chemical precipitation, ion exchange, adsorption, membrane filtration, electrochemical
treatment and biological treatment using bacteria [3]. Other than that, activated carbon is
also commercially available and widely used in adsorption due to its high surface area,
microspore structure, high adsorption capacity and high level of surface reactivity [4].
However, it is expensive, and its use is limited to a large scale, which is found in sewage
treatment plants. Cheaper alternative treatments such as oxidation ponds and lagoons
are commonly in use, but such treatments show low adsorption capacity [5]. Biological
treatments, especially using bacteria, depend on pH, temperature, oxygen and nutrient
composition for growth [6]. Generally, wastewater treatment is also bacteria-based, which
involves a specific treatment type (i.e., nitrification and denitrification process) and is less
suitable for complex wastewater characteristics which usually contain various cocktails of
contaminants such as soap water from residents, various types of chemicals extracted from
industries, wastes that are released during agriculture, and so on. Furthermore, most of the
complex wastewater also contains protein, and many components, such as particles and
fats, are also present [7].

In addition, due to the low wastewater concentration, conventional biological treat-
ments require additional nutrients to optimise nutrient balance and maintain microbial
activity to achieve optimal processes. The essential nutrients are carbon (C), nitrogen (IN)
and phosphorus (P), where maximum activity in aerobic wastewater treatment requires
a C:N:P ratio to be maintained between 100:5:1 and 100:10:1 [8]. The average C/N ratio
for domestic wastewater collected is in the range of 12 to 16. However, in places with high
infiltration (such as tropical countries), the C/N ratio may be low (C/N < 4), according
to the study by Tabassum et al. [9]. Due to the low strength characteristics of wastewater,
bacterial-based wastewater treatment requires additional nutrients to optimise nutrient
balance and maintain microbial activity to achieve optimal processes.

The use of fungi, especially Ganoderma lucidum (G. lucidum) from the Basidiomycetes
family and White Rot Fungi (WRF) collection, could be the best wastewater treatment
alternative because it can perform better in degrading the mixture of pollutants found in
complex wastewater [10]. G. lucidum is a Chinese medicinal mushroom and its biomass has
many biological, health-preserving and therapeutic effects [11-13]. Because G. lucidum can
degrade complex pollutants such as chemical oxygen demand (COD) and ammonia, my-
coremediation could provide a better alternative to remediate highly polluted wastewater.
The WRF usually consists of complex enzymatic machinery such as ligninolytic enzymes,
organic acids, mediators, and accessory enzymes that are non-specific due to their action
via the generation of free radicals [14,15]. The G. lucidum biomass consists of the mentioned
enzymes, which have the ability to break down complex pollutants in wastewater such as
textile dyes [16] and pharmaceutical compounds [17].

A number of studies have been reported on successful fungi application in treating
industrial wastewater, such as in the textile industry, with 52.41 to 78.12% of colour being re-
moved in treatment using the fungal strains Aspergillus flavus and Fusarium oxysporium [18],
and of pharmaceutical waste being removed from hospital wastewater by pellets of the
fungal strain Trametes versicolor with an efficiency of 69 to 76%; the compound was re-
duced [19] and averaged a reduction of about 76% of pharmaceuticals in research by Lucas
et al. [20] using the same strain of fungal. In the application of domestic wastewater, in a
recent experiment performed by Hanafiah et al. [21], G. lucidum was used in the treatment
of various concentrations of synthetic domestic wastewater. The finding showed that the
C/N ratio of C17.8N1 wastewater had the best COD and ammonia removal compared to
the lower C/N ratio. The shortest treatment time was in an acidic environment at pH 4,
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and the maximum COD and ammonia reductions were 96% and 93.2%, respectively. Based
on the excellent performance of the Serbian strain, it is anticipated that the Malaysian strain
of G. lucidum will have the same benefits, if not more, considering that the strain grows in
the local climate.

Malaysia is one of the main countries that cultivate G. lucidum in mass production,
and the research has grown adequately in recent years. Sectors such as medicine, food
industry, aquaculture and bioremediation are involved in studying G. lucidum uniqueness.
In addition, according to a recent study, G. lucidum is widely available in Malaysia and
the locally pre-grown G. lucidum-biomass-EPS is considered a high-end material with
high potential as an aquaculture feed [22]. In another study, Malaysian G. lucidum was
evaluated for its antimicrobial efficacy. The G. lucidum crude polysaccharide extract showed
beta-glycosidic linkages identifying them as (3-glucan. Aside from that, the -glucan
of Malaysian G. lucidum showed a positive inhibition zone against Escherichia coli (E.
coli), S. marcescens, S. aureus and S. epidermis, which has relevance to human health and
foodstuffs [23].

This study introduces the Malaysian G. lucidum as a fungal treatment technology
with COD and ammonia removal efficiencies to determine the difference between Serbian
and Malaysian G. lucidum. The mycoremediation is stable enough to withstand extreme
conditions and sustain the fluctuations of current wastewater characteristics. In the plan
for a centralised wastewater treatment plant, the study was to academically evaluate the G.
lucidum performance in synthetic domestic wastewater. To enhance the mycoremediation
process, the present study was undertaken to assess the influence of different agitation
speeds for the fungal treatment of synthetic wastewater in a batch reactor.

2. Materials and Methods
2.1. Preparation of Malaysian Ganoderma Lucidum Inoculum

The Ganoderma lucidum was obtained from the University Malaya, Kuala Lumpur,
Malaysia. The mycelial pellets production was done as previously described by Supramani
et al. [24] and shown in Figure 1. The first seed culture was prepared using four mycelia
agar squares from a 10-day-old plate and was inoculated into a 500 mL Erlenmeyer flask
containing 100 mL of liquid medium. The composition of the liquid medium for pellet
growth was glucose (30 g/L); potassium phosphate, KH,POy4 (0.5 g/L); di-potassium
phosphate, K;HPO, (0.5 g/L); magnesium sulphate, MgSO, (0.5 g/L); yeast extract, YE
(1 g/L); and ammonium chloride, NH4Cl (4 g/L). The cultivation was carried out at 30 °C
with pH maintained at 4.0 and shaken at 100 rpm for 11 days, according to the optimum
procedure suggested by Wan-Mohtar in [23,24]. After 10 days, mycelium from the first seed
culture was homogenised using a sterile Waring blender for 20 s to create extra growing
hyphae tips. Then, it was used as inoculum for the second seed culture in a 500 mL
Erlenmeyer flask containing 200 mL medium and transferred to the bioreactor using the
same medium as the first seed culture. The mycelium pellet is separated from the liquid
media and is ready to inoculate into the bioreactor.

Figure 1. Preparation of GLMP. (a) Mycelium on agar plate after day 10. (b) First seed production.
(c) Second seed production at day 10.
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2.2. Experimental Setup

To avoid the dynamic interaction of microorganisms in real wastewater, this study
utilised synthetic wastewater to mimic the real wastewater at different concentrations
of organic content. The bioreactor (each 1000 mL in size) was set up to determine the
performance of Malaysian G. lucidum in treating domestic wastewater in lab-scale reactors.
Different concentrations of synthetic domestic wastewater samples were prepared for a
working volume of 1000 mL, as illustrated in Figure 2.

Wastewater Sample

B
Agitation G. lucidum pellets
Aeration (Flocculator blade)

The mycelium of
Malaysian
Ganoderma lucidum

Figure 2. Batch reactors set up for the synthetic domestic wastewater using Malaysian G. lucidum; A,
B refer to C10N1; C, D refer to C13.3N1 and E, F refer to C16.7N1.

The solutions of glucose were prepared to give a varying carbon concentration (defined
as COD) at 300, 400 and 500 mg/L, and a constant concentration of ammonia of 30 mg/L
were prepared for each reactor to make the COD to Nitrogen ratio (COD/N) of C10N1,
C13.3N1 and C16.7N1, as shown in Table 1. The composition of synthetic wastewater was
prepared according to recipe [21]; glucose (300, 400 and 500 mg), ammonium chloride,
NH4Cl (73 mg); di-sodium phosphate, NapHPO, (15 mg); potassium phosphate, KH, PO,
(1.5 mg); calcium chloride, CaCl; (4 mg); and magnesium sulphate, MgSO4 (2 mg). To
let the G. lucidum grow better and to avoid fungal deposition at the bioreactor’s surface,
each bioreactor was supplied with aeration (3 L/min) to create an aerobic environment
and maintained that level until the end of the treatment. The initial pH of the synthetic
wastewater was between 6.5 to 7.5. Each reactor was inoculated with the same amount
(0.1%) of fungal pellet, approximately 1.0 g of the pellet’s wet weight.

Table 1. The composition of glucose, concentration COD, ammonia and the C/N ratio.

Glucose (mg) COD (mg/L) Ammonia (mg/L) C/N Ratio
300 300 30 C10N1
400 400 30 C13.3N1
500 500 30 C16.7N1

2.3. Operation Conditions

The experiment was carried out for 48 h and the performance of G. lucidum pellets treat-
ing the pollutants in wastewater was monitored consistently until the end of the experiment.
From each reactor, 15 mL of sample volume was withdrawn using a pipette and pH was
recorded using a pH meter (pH 300, Eutech, Thermo Scientific, Singapore) at treatment time
(TO, Te, T12, T24, T30, T48). The samples were filtered using cellulose nitrate membrane
filters (Whatman, Maidstone, UK) pore diameter size 0.45 utM). Physiochemical analyses
were carried out on filtered samples to identify the percentage of pollutant removal.
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The analysis method to measure the COD and ammonia (NH3-N) concentrations uses
standard protocol from the manufacturer [25,26], respectively. It is a colourimetric method
using the HACH vial high-range reactor digestion method (20-1500 mg/L) for COD and the
Salicylate Method, low range (0.01-0.50 mg/L), for NH3-N. The colour development was
measured by using the UV Spectrophotometer HACH DR6000 under the stored program
435 COD HR and 385 N, Ammonia. Salic (HACH, Kuala Lumpur, Malaysia). The reactors
were prepared in duplicate, and the average and SD were calculated for the analysis result
and are presented in the results and discussion section.

2.4. Calculations and Statistical Analysis

The percentage removal of the COD and NH3-N was calculated based on Equation
(1) [27], where X; is the initial concentration of COD or NH3-N and X; is the temporal
concentration of COD and NHj3-N.

X;—X
% Reduction of X = IX £x 100 1)

1

Based on the experimental data, the statistical analysis was conducted using Response
Surface Methodology (RSM). The central composite design used in RSM uses Design
Expert@Version 13, Stat-Ease, Inc., (Minneapolis, MN, USA) to calculate ANOVA for each
set experiment. To determine ANOVA, the response function (Y) has been divided into
quadratic, linear and interactive components, and data from the test were accepted to the
regression equation, as presented in Equation (2).

The Y states as the expected response, 30 is the intercept, 3;, B;; and {3;; are the linear,
quadratic and interaction and X; and X; are the variables levels. The confidence level of 95%
was used to calculate significance level. The quality of the fit of the model was expressed
by the determination coefficient (R?).

2.5. Image Analysis

The morphological changes on the G. lucidum pellets were observed under a light
microscope (Labomed, Los Angeles, CA, USA) connected to a digital camera (iVu 1500)
and a Field Emission Scanning Electron Microscope (FESEM), Model SUPRA 55VP (CARL
ZEISS, Jena, Germany). The pellets before and after treatment were dried under 35 °C using
a food dehydrator for 2 h to ensure no moisture content in the sample prior to analysis.

3. Results and Discussion
3.1. The Effectiveness of Malaysian Ganoderma Lucidum

The effectiveness of Malaysian G. lucidum was investigated using the lowest speed
agitation at 25 rpm followed by 50 rpm and 100 rpm at a consistent COD/N ratio of
synthetic wastewater. The lowest agitation speed was chosen to study the feasibility of
treating G. lucidum pellets at the lowest agitation to minimise the operating costs and to
compare the pollutant removal performance at the same COD/N ratio as experiments
using higher agitation. Even though a more heightened agitation will increase the operation
cost, it technically provides adequate mixing, mass, and heat transfer. It improves the
dissolved oxygen in the reactors to promote nutrient uptake by G. lucidum, subsequently
shortening treatment time. Furthermore, higher agitation was chosen because during the
growth phase the optimal agitation speed was 100 rpm, as discovered in previous work
done by [24].

Figures 3 and 4 show the percentage removal of COD and ammonia in C10N1, C13.3N1,
and C16.7N1 at different agitation speeds, respectively. Initially, the pH of each reactor was
set as it is (in the range between 6.5 and 7.5) and calculated as an average being plotted
in the same graph (black line). Gradually, the pH reduced to a range between 2.9 and 3.5,
and the percentage removal for COD and ammonia subsequently increased, showing a
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reduction of the pollutant concentration in the reactors efficiently at acidic pH. Most fungi
are determined to have optimum pH below 5.0 [28] for the mycoremediation application.
Some fungi can also be effective in other ranges of pH, such as in a study performed
by Dalecka et al. [29] which showed that fungi A. luchuensis removed diclofenac from
wastewater at a pH of 7.8, compared to fungal strain T. versicolor, which showed a higher
removal of diclofenac at an acidic pH of 5.5.

% CODremovalin 25 rpm % COD removalin 50 rpm
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Figure 3. Graph of percentage removal (£standard deviation) of COD for the sample C10N1, C13.3N1
and C16.7N1 at (a) 25 rpm, (b) 50 rpm, and (c) 100 rpm.
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Figure 4. Graph of percentage removal (&standard deviation) of NH3-N for the sample C10N1,
C13.3N1 and C16.7N1 at (a) 25 rpm, (b) 50 rpm, and (c) 100 rpm.
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Different COD/N ratios did not show visible significant differences in percentage
removal at the end of treatment. In the slower sets experiment (25 rpm), the lower COD/N
ratio (C10N1) gives the lowest percentage of removal at the end of treatment with 75%
compared to the higher COD/N ratio (C13.3N1 with 87.7% and C16.7N1 with 94%). A
similar pattern was revealed in ammonia removal; the C10N1 observed had the lowest
percentage removal (67%) followed by C13.3N1 (83%) and C16.7N1(100%). A higher
COD/ N ratio gives a higher percentage of removal compared to a lower COD/N ratio due
to sufficient nutrient composition to be utilised by the biomass G. lucidum, consequently
leading to a higher percentage removal.

However, the low percentage removal at a low COD/N ratio improved when the
agitation increased to 50 rpm and 100 rpm. In the set of experiments at 50 rpm, at the end
of treatment time the percentage removal for COD was 90.7% (C10N1), 91.8% (C13.3N1),
and 92.6% (C16.7N1); and percentage removal for ammonia was 72.2% (C10N1), 80.4%
(C13.3N1), and 100% (C16.7N1). The percentage further improved in the 100 rpm set
of experiments with 93.6% (C10.0N1), 95.8% (C13.3N1) and 95.2% (C16.7N1) for COD
and 86.4% (C10N1), 93.8% (C13.3N1), and 100% (C16.7N1) for ammonia. The agitation
improved the pollution uptake by the fungal pellet due to the homogenisation of the pellet
in the reactor.

According to Seth and Chand [30], up to a certain mixing rate, the process can also
reduce or lower enzyme production. The shear forces among the pellets also developed at
a higher rate of mixing, and finally the nutrient (pollutant) uptake was reduced due to the
cell damage effect from pellet collision [31]. The observation at the first 12 h of the treatment
time in the lower agitation reactors (25 rpm) shows better percentage removal compared
to the reactors at 50 rpm and 100 rpm. Gentle agitation provided better acclimatisation
conditions for the biomass to adapt to the new environment, thus taking the pollutant
(COD and ammonia) faster than at high agitation speeds.

3.2. Statistical Analysis

The statistical analyses were carried out to determine the relationship between the
factors (COD/N ratio and treatment time) and response variables (COD and ammonia).
Thus, three models were run based on agitation at the speeds of 25 rpm (Model 1), 50 rpm
(Model 2) and 100 rpm (Model 3).

The result for Model 1 is shown in Table 2. The ANOVA analysis for COD and NH3-N
data shows that the model is significant with the F-value for COD being 16.29 and NH3-N
being 9.51. There is only a 0.01% (COD) and 0.07% (NH3-N) chance that the F-value occurs
due to noise. The p-value less than 0.0500 (p < 0.05) indicates the model terms are significant;
a value greater than 0.1000 indicates that the model term is not significant and a B value
less than 0.1000 indicates the term is significant. The AB shows a p-value of 0.2805 (COD)
and 0.7143 (NH3-N), which is not significant because the reduction percentage does not
show a significant difference throughout the treatment time. The statistical fit in Table 2b
shows the predicted R? of 0.7137 (COD) and 0.5256 (NH;3-N) is in reasonable agreement
with the adjusted R? of 0.8181 (COD) and 0.7145 (NH3-N); that is, the difference is less
than 0.2. A R? value close to 1 is desirable and should be at least 0.80 to be considered a
suitable model, while R? values smaller than 0.75 indicate an insufficient description of the
experimental data by the model.

Based on Table 3, ANOVA analysis for the COD and NH3-N dataset for Model 2
showed that the model is significant. The F-value for Model 2-COD and -NHj3-N is 25.61
and 61.03, respectively. A p-value less than 0.0500 indicates the model terms are significant.
In this case, B, B2, for COD and A2, B? for NH3-N are significant model terms. AB is not
significant; 0.8928 (COD) and 0.2442 (NH3-N) show that the pellet in this experiment does
not affect the removal of pollutants from wastewater. Pellets that are used in this set of
experiments may not be in the active phase. Pellets that exceed the active phase usually
utilise those nutrients in synthetic wastewater at a minimum level and take a long time
to degrade COD and NH3-N [30]. The statistical fit in Table 3b shows the predicted R?
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of 0.7992 (COD) and 0.9094 (NH3-N) are in reasonable agreement with the adjusted R? of
0.8602 (COD) and 0.9375 (NH3-N); that is, the difference is less than 0.2.

Table 2. Model 1 ANOVA analysis for degradation of COD and NHj3-N in wastewater at 25 pm.

(@)
Model/Response Source Sum of Square Mean Square F-Value p-Value
Model 1-COD Quadratic Model 16,540.60 5 3308.12 16.29 <0.0001 Significant
A-COD/N ratio 463.58 1 463.58 2.28 0.1567 Not significant
B-Treatment time 9497.60 1 9497.60 46.78 <0.0001 Significant
AB 259.62 1 259.62 1.28 0.2802 Not significant
A? 84.03 1 84.03 0.4138 0.5321 Not significant
B2 5880.98 1 5880.98 28.96 0.0002 Significant
Residual 2436.51 12 203.04
Cor Total 18,977.11 17
Model 1-NH3-N  Quadratic Model 20,807.73 5 4161.55 9.51 0.0007 Significant
A-COD/N ratio 3843.22 1 3843.22 8.78 0.0118 Not significant
B-Treatment time 8758.47 1 8758.47 20.01 0.0008 Significant
AB 61.49 1 61.49 0.1405 0.7143 Not significant
A? 484.00 1 484.00 1.11 0.3137 Not significant
B2 6673.25 1 6673.25 15.25 0.0021 Significant
Residual 5252.27 12 437.69
Cor Total 26,060.00 17
(b)
Model/Response Std. Dev R? Adjusted R? Predicted R?
Model 1-COD 14.25 0.8716 0.8181 0.7137
Model 1-NH3-N 20.92 0.7985 0.7145 0.5256

Table 3. Model 2 ANOVA analysis for degradation of COD and NHj3-N in wastewater at 50 pm.

(a)
Model/Response Source Sum of Square DF Mean Square F-Value  p-Value
Model 2-COD Quadratic Model 34,672.94 5 6934.59 25.61 <0.0001 Significant
A-COD/N ratio 4.62 1 4.62 0.0171 0.8978 Not significant
B-Treatment time 29,701.44 1 29,701.44 109.71 <0.0001 Significant
AB 5.09 1 5.09 0.0188 0.8928 Not significant
A? 57.17 1 57.17 0.2112 0.6524 Not significant
B2 2719.56 1 2719.56 10.05 0.0063 Significant
Residual 4060.87 15 270.72
Cor Total 38,733.81 20
Model 2-NH;3-N Quadratic Model 21,674.40 5 4334.88 61.03 <0.0001 Significant
A-COD/N ratio 871.74 1 871.74 12.27 0.0032 Significant
B-Treatment time 13,396.99 1 13,396.99 188.62 <0.0001 Significant
AB 104.36 1 104.36 147 0.2442 Not significant
A2 372.02 1 372.02 5.24 0.0370 Signiﬁcant
B2 5093.90 1 5093.90 71.72 <0.0001 Significant
Residual 1065.41 15 71.03
Cor Total 26,060.00 17
(b)
Model/Response Std.Dev R? Adjusted R? Predicted R?
Model 2-COD 16.45 0.8952 0.8602 0.7992
Model 2-NH3-N 8.43 0.9531 0.9375 0.9094

Based on Table 4, ANOVA analysis for Model 3 shows that the model is significant.
The F-value for model 3-COD and -NHj3-N is 91.89 and 44.48. A p-value less than 0.0500
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indicates that the model terms are significant. In this case, A2 and B? for COD and NH3-N
are significant model terms. A value greater than 0.1000 indicates that the model term is
not significant. AB for NH3-N shows 0.2779, which is not significant, because the removal
of NH3-N at the end of this treatment shows approximately the same difference. The
pattern of NH3-N removal in this experiment shows ups and downs and is not consistent.
Inconsistent removal occurs due possibly to the pellets remaining in the adaptation phase,
causing good removal to occur after 24 h [21]. The statistical fit table (Table 4b) shows
the predicted R? of 0.9493 (COD) and 0.8987 (NH3-N) is in reasonable agreement with the
adjusted R? of 0.9578 (COD) and 0.9158 (NH;3-N); that is, the difference is less than 0.

Table 4. Model 3 ANOVA analysis for degradation of COD and NH3-N in wastewater at 100 pm.

(@)

Model/Response Source Sum of Square DF Mean Square F-Value  p-Value
Model 3-COD Quadratic Model 8.868 x 10° 5 1.774 x 10° 91.89 <0.0001 Significant
A-COD/N ratio 34,755.61 1 34755.61 18.01 0.0007 Significant
B-Treatment time 6.110 x 10° 1 6.110 x 10° 316.55 <0.0001 Significant
AB 35,643.00 1 35,643.00 18.47 0.0006 Significant
A2 77,895.56 1 77,895.56 40.35 <0.0001 Significant
B2 96,208.65 1 96,208.65 49.84 <0.0001 Significant
Residual 28,953.94 15 1930.26
Cor Total 28,953.94 3 9651.31
Model 3-NH3-N Quadratic Model 2105.26 5 421.05 44.48 <0.0001 Significant
A-COD/N ratio 5.90 1 5.90 0.6231 0.4422 Not Significant
B-Treatment time 1481.75 1 1481.75 156.55 <0.0001 Significant
AB 12.00 1 12.00 1.27 0.2779 Not significant
A2 241.66 1 241.66 25.53 0.0001 Significant
B2 299.21 1 299.21 31.61 <0.0001 Significant
Residual 141.98 15 9.47
Cor Total 141.98 3 47.33
(b)
Model/Response Std. Dev R? Adjusted R? Predicted R?
Model 3-COD 43.93 0.9684 0.9578 0.9493
Model 3-NH;3-N 3.08 0.9368 0.9158 0.8987

3.3. Microscopic Image Analysis

The characteristic of the morphology of the pellet in a submerged grown culture can
show the capability of enzyme production of the fungus to subsequently affect the reactor’s
performance [32]. Generally, the typical growth pattern of filamentous fungi in liquid media
is in the form of cannular filaments called hyphae [31]. According to Schmideder et al. [33],
each strain of a fungal pellet will show different morphologies; the compactness of hyphae
affect the utilisation of nutrient and oxygen uptake in the media they are grown in. Thus, in
the current study of the removal of COD and NHj3-N from synthetic wastewater, treatment
interaction was performed and observed under a light microscope (LM) and scanning
electron microscopy (SEM). Figure 5 shows the LM image under magnifications x4 and
x100, and Figure 6 shows the SEM image of the same pellet under magnification x3000
and x5000.

Macro-observation under x4 magnification showed the pellet before treatment (Figure 5a)
was transparent (black arrow), round-shaped, had regular hairy hyphae (blue arrow), and
was spherical or symmetrical. A further increase of magnification to x100 showed the dense
network of the branched hyphae formed during the cultivation. After treatment (Figure 5b),
the pellet was still visible, with a compact spherical shape and oval masses; however, they
became darker (yellow arrow) and not transparent, possibly due to the absorption of the
NH;3-N contaminant. The regular hairy hyphae around the pellet after treatment became
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less visible (green arrow). In the observation image under x100 magnification, the branched
hyphae network became less dense than before treatment.

Figure 5. Image under light microscope (LM) x4 and x100 magnification (a) before treatment—black
arrow show transparent pellet and blue arrow show regular hairy hyphae and; (b) after treatment
with initial C16.7N1—yellow arrow darker colour of pellet body and green arrow show hyphae
less visible.

(b)

Figure 6. Morphology observation on Malaysian G. lucidum pellet changes under FESEM. (a) Before
treatment. (b) After treatment with an initial COD:N of 16.7:1; purple arrow show the hyphae
tip network.
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Micro-observation of the pellet before treatment (Figure 6a) showed a compact and
dense hyphae tip network agglomerate, indicating that healthy pellets with network space
structure also pack together, and a regular shape of hyphae tip network (purple arrow). The
network space structure shows a porous irregular surface, shown by the green arrow. The
irregular shape of the hyphae tip network formed indicates the effect of the nutrient having
been uptake by the pellet after treatment with the synthetic wastewater. After the treatment,
the hyphae tip network shrank, and the link was less compact on the pellet surface.

3.4. Ganoderma Lucidum in Wastewater Treatment

A comparison of current work on Malaysian G. lucidum was made with the previous
work done on Serbian G. lucidum treating synthetic domestic wastewater by [21]. Two con-
centrations of synthetic wastewater of COD/N 13.3:1 and 16.7:1 in 100 rpm with treatment
times of 24 h and 48 h were taken for the purpose of discussion. The difference from the
previous work was in the initial pH of the synthetic wastewater prepared before starting
the treatment, which was pH 6.5 to 7.5 in the current work; the previous work initially set it
at pH 4. Figure 7 shows the comparison of percentage removal between the two strains of
G. lucidum. After 24 h treatment, Serbian G. lucidum showed a higher removal percentage
than Malaysian G. lucidum for both parameters COD and ammonia in all reactors. The
current work was about 20 to 50% less than Serbian G. lucidum due to non-adjustable pH in
the initial treatment. Adjustment of pH in the initial treatment reduced the acclimatisation
of the fungal pellet, thus increasing the percentage of COD and ammonia in 24 h.

% COD reduction initial COD/N of 13.3:1 % COD reduction initial COD/N of 16.7:1

100 100

95.8 95.9
80 80

77.8
60 60
40 40
38.7
20 20
0 o
24h 48h 24h 48h
% NH;-N reduction initial COD/N of 13.3:1 % NH;-N reduction initial COD/N of 16.7:1

100 100

98.6
80 87.5 SBS 80
60 60

10 0 52.2
20 20
0 0
24h 48h 24h 48h
O Malaysian-Gl @ Serbian-Gl O Malaysian-GI @ Serbian-Gl

Figure 7. Comparison percentage between Serbian and Malaysian Ganoderma lucidum (Gl).

Nonetheless, in 48 h the percentage removal for COD and ammonia in the current
work achieved a maximum percentage, as did Serbian G. lucidum. The current experimental
work indicated that the potential of self-acclimatisation of G. lucidum in treating COD
and ammonia in synthetic wastewater has a similar potential to that of Serbian G. lucidum
culture. Locally grown G. lucidum culture can be utilised in bioremediation media for
degradation of organic and nutrient in polluted water, is more suitable based on the local
climate, and has a more promising performance than non-local strains.

Previous literature on the performance of G. lucidum and WRF fungi in treating dif-
ferent types of wastewater are shown in Table 5. In general, most of the WRF efficiently
reduced the targeted pollutant. The conducted previous study used different types of
WRE strains, such as Trametes versicolor (T. versicolor), G. lucidum, Irpex lacteus and Phane-
rochaete chrysosporium from different type of wastewater, such as synthetic and real indus-
trial wastewater [34], synthetic wastewater spiked with selected pharmaceutically active
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compounds (PhACs) [35], synthetic domestic wastewater [36] and synthetic oil refinery
wastewater [37].

Table 5. Comparison of current work on white rot fungi (WRF) as mycoremediation in wastewa-
ter treatment.

Fungi Reactor Condition Wastewater Target Pollution to Remove Percentage Removal Ref.
~ » . e . . o Chemical oxygen demand (COD) 70-95%
WREF-Malaysian G. lucidum Batch reactor Initial weight Synthetic domestic wastewater Ammonia (NH-N) 60-100% current
L . Chemical oxygen demand (COD) 52.36-93.87%
Algal-WRF: . Initial dry weight (DW) N : 5
o . Photo-bioreactor Synthetic domestic wastewater Total nitrogen (TN) 54.25-94.28% [36]
Chlorellavulgaris and G. lucidum 90.21 £ 6.39 mg/L Total phosphorus (TP) 149.36-93.77%
Phenol 69.0-82.4%
WREF: ~ . 5% (v/v) of fungal to Synthetic oil Phenol removal in the presence
Phanerochaete chrysosporium Up-flow bioreactor 50 mL wastewater refinery wastewater of selenite 31.0-76.9% [37]
Selenite removal in presence of phenol 40.0-91.0%
Humic acid (HA) o,
. S al batch bi Approximately 10 fungal granules Synthetic and real (synthetic wastewater) >70%
WRE: T. Versicolor equential batch bioreactor per 150 mL wastewater industrial wastewater ic aci t
Humic acid HA
>82%
(real wastewater)
WRE:
T. versicolor, Irpex lacteus,
G. lucidum Mycelial pellets of 0.5 £ 0.1 g in Synthetic wastewater spiked Elimination of the four selected
Litter decomposing fungi: Batch bioreactor dry weight (DW) were with selected pharmaceutically PhACs (carbamazepine, diclofenac, 44-75% [35]

Stropharia rugosoannulata,
Gymnopilus luteofolius,
Agrocybe erebia

added in 100 mL of wastewater active compounds (PACs) iopromide and venlafaxine)

In a treatment to remove pharmaceutically active compounds (PhACs) using few types
of strains, Lucas et al. [35] found that 44 to 75% of the studied compounds (carbamazepine,
diclofenac, iopromide and venlafaxine) were successfully removed during the treatment.
In another study, WRF of T. vesicolor was studied by Zahmatkesh et al. [34] in synthetic and
real industrial wastewater to eliminate humic acid (HA). They found that more than 70% of
the HA was removed from synthetic wastewater, and more than 82% of HA was eliminated
from real wastewater. In another application using a combination of algae and G. lucidum,
Xu et al. [36] successfully removed the pollutants from synthetic domestic wastewater with
74.41% of COD and 73.95% of total nitrogen (TN) of 74.41% and 79.35%. The WRF was also
studied in application to synthetic oil refinery wastewater [37], with the highest percentage
achieved being 91%.

4. Conclusions

G. lucidum convincingly reacted with synthetic domestic wastewater in different
concentrations to remove COD and ammonia. The best degradation of COD and ammonia
had a percentage removal range of 95% to 100% within 30 h of treatment. Based on
statistical analysis, the mycoremediation using 100 rpm agitation provided the best results
by removing more than 95% COD and ammonia from synthetic wastewater. The oval
G. lucidum retained its oval shape after treatment with a slight change in hyphae and
colour compared to before treatment. Ganoderma lucidum is a new prospective alternative
to wastewater treatment technologies, and current research work is vital for promoting the
G. lucidum applications in wastewater.
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