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Biological removal of nitrogen and phosphorous from wastewater conventionally involves multiple processing
steps to satisfy the differing oxygen requirements of the microbial species involved. In this work, simultaneous
nitrification, denitrification, and phosphorous removal from synthetic wastewater were achieved by the fungus
Neurospora discreta in a single-step, biofilm-based, aerobic process. The concentrations of carbon, nitrogen, and
phosphorous in the synthetic wastewater were systematically varied to investigate their effects on nutrient
removal rates and biofilm properties. Biofilm growth was significantly (p < 0.05) affected by carbon and ni-
trogen, but not by phosphorous concentration. Scanning electron microscopy revealed the effects of nutrients on
biofilm microstructure, which in turn correlated with nutrient removal efficiencies. The carbohydrate and
protein content in the biofilm matrix decreased with increasing carbon and nitrogen concentrations but increased
with increasing phosphorous concentration in the wastewater. High removal efficiencies of carbon (96%),
ammonium (86%), nitrate (100%), and phosphorus (82%) were achieved under varying nutrient conditions.
Interestingly, decreasing the phosphorus concentration increased the nitrification and denitrification rates, and
decreasing the nitrogen concentration increased the phosphorus removal rates significantly (p < 0.05). Corre-

lations between biofilm properties and nutrient removal rates were also evaluated in this study.

1. Introduction

Increasing industrialization and inadequate treatment of industrial
wastewaters have led to large amounts of nitrogen and phosphorus
compounds being discharged into water bodies (Sinha et al., 2017;
Wurtsbaugh et al., 2019). High concentrations of nitrogen and phos-
phorus in the influent wastewater cause eutrophication involving the
excessive growth of algae and cyanobacteria in water bodies, and lead to
the deterioration of water quality to a level that is harmful to humans
and aquatic life (Tang et al., 2019; Zhang et al., 2020). Nitrogen and
phosphorus removal from the wastewater is therefore critical for safe
disposal to avoid eutrophication in surface waters.

Currently, phosphorus is removed from wastewaters either chemi-
cally, by precipitation, or biologically, using microorganisms. Enhanced
biological phosphorus removal processes using polyphosphate-
accumulating organisms (PAO) for phosphorus removal provide a
cost-effective, environmentally friendly opportunity to recover the
phosphorus from biomass (Ge et al., 2015; Rashid et al., 2020).

However, PAOs require both anaerobic and aerobic conditions to
accumulate phosphorus. Under anaerobic conditions, PAOs use poly-
phosphate (poly-P) and glycogen as energy sources, take up carbon and
volatile fatty acids and store them as polyhydroxyalkanoates (PHA).
Stored PHAs are used as an energy source to replenish the glycogen and
store the poly-P under aerobic conditions (Nielsen et al., 2019). There-
fore, sludge must be circulated in separate reactors of the wastewater
treatment plant to create the aerobic and anaerobic cycles, rendering the
process complicated and expensive (Rey-Martinez et al., 2019; Zhao
et al.,, 2021). A few fungal strains have been recently reported as po-
tential replacements for bacterial PAOs (He et al., 2019; Zeng et al.,
2021), but further research is needed in this area.

Nitrogen removal from wastewater requires physicochemical pro-
cesses along with biological treatment. Biological nutrient removal
(BNR) predominantly involves bacterial nitrification and denitrification
processes using sequential anaerobic-anoxic-oxic batch reactors
(Pathak, 2020; Vogel, 1956; Tabraiz et al., 2018; Winkler and Straka,
2019). The nitrification process is carried out in two steps: initially,
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ammonia is oxidized into nitrite by ammonia-oxidizing bacteria (AOB)
then nitrite is oxidized to nitrate by nitrite-oxidizing bacteria (NOB)
under aerobic conditions. Heterotrophic denitrifying bacteria convert
nitrate to gaseous forms of nitrogen (N2, NoO) under anoxic conditions
and require carbon as an electron donor (Ren et al., 2020). AOB and
NOB are slow-growing microorganisms that are sensitive to environ-
mental conditions, while denitrifying bacteria typically grow only in
anoxic conditions (Huang et al., 2017; Sun et al., 2016). Therefore, most
of the BNR technologies require at least two sequential reactors to create
a suitable environment for AOB, NOB and denitrifying bacteria. Such
processes suffer from low nitrification rates and the need for strict
control of culture conditions, and require relatively long processing
times to achieve high removal efficiencies, which make them expensive
to run (Ji et al., 2020).

Recently, a few microorganisms called heterotrophic nitrifying and
aerobic denitrifying microorganisms (HNADMs) have been reported,
which can oxidize ammonia and perform denitrification in a single
aerobic reactor (Song et al., 2021; Wang and He, 2020). In such pro-
cesses, inorganic nitrogen is converted into organic nitrogen (biomass)
and gaseous nitrogen by HNADMSs. Bacterial HNADMs catalyse
ammonia into hydroxylamine using ammonia monooxygenase enzymes,
followed by its conversion to nitrite by hydroxylamine oxidoreductase
enzymes or pyruvic oxime dioxygenase. Nitrite is then converted to ni-
trate using nitrite oxidoreductase. In the denitrification step, nitrate is
converted into nitrite by using nitrite oxidoreductases followed by ni-
trite reduction to nitric oxide by a copper-containing nitrite reductase,
then to nitrous oxide using nitric oxide reductase, and finally to nitrogen
(N3) gas using nitrous oxide reductase (Song et al., 2021). Bacterial
HNADM strains isolated from various environments belong to the
Pseudomonas, Acinetobacter, Cuprobacter, Bacillus, Cupriavidus, Halmo-
nas, Klebsiella, Marinobacter and Photobacterium genera (Huang et al.,
2020; Sun et al., 2016). Although fungi are known to have several ad-
vantages over bacteria in wastewater treatment processes, including the
ability to degrade complex pollutants and the ability to withstand
fluctuations in the environment, research on fungal HNADMs has been
limited. Only a few fungal strains (Penicillium tropicum, Henseniaspor
uvarum, Fusarium solani) have been reported for their heterotrophic
nitrification and aerobic denitrification ability (Cheng et al., 2020;
Zhang et al., 2018). Furthermore, there is limited understanding of the
effects of the carbon, nitrogen, and phosphorus concentrations in
wastewater on denitrification and nitrification rates.

The present study evaluates the biofilms of a novel fungus Neurospora
discreta for simultaneous removal of carbon, nitrogen and phosphorous
in synthetic wastewater. This fungus was chosen for its ability to with-
stand a wide range of growth conditions (Romero-Olivares et al., 2015),
degrade complex contaminants (Pamidipati and Ahmed, 2017), grow on
multiple substrates, and form strong biofilms on the air-liquid interface
(Ahmed et al., 2020). This unique combination of characteristics makes
N. discreta a promising candidate for wastewater treatment.
Biofilm-based reactors are known to be more efficient compared to
conventional mixed-culture reactors in wastewater treatment, owing to
the higher cell densities and higher tolerance of biofilms towards con-
taminants (Van Acker 2014). The use of N. discreta biofilms offers the
following additional advantages overall conventional wastewater
treatment processes: (1) the formation of strong biofilms on the
air-liquid interface eliminates the need for additional support materials
or specific reactor systems for biofilm growth. (2) These biofilms facil-
itate easy separation of cells from the treated water, thereby minimising
the need for a secondary clarifier, which is an essential unit in most
conventional wastewater treatment processes. (3) Simultaneous nitrifi-
cation and denitrification under aerobic conditions in a single reactor
can reduce the operational and handling complexities of the existing
biological processes for nitrification and denitrification.

This work is based on the hypothesis that the concentrations of nu-
trients in the wastewater influence nutrient removal efficiencies as well
as the properties of the biofilms formed during the process. Therefore,
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this study investigates the effects of nutrient concentrations on the
nitrification, denitrification, phosphorus, and carbon removal effi-
ciencies by N. discreta biofilms, as well as on biofilm properties including
growth, extracellular polymeric substances (EPS) composition, and
water retention value (WRV). As the properties of biofilms play an
important role in the interaction between the wastewater and the cells,
this study also evaluates the correlations between biofilm properties and
nutrient removal rates.

2. Materials and methods
2.1. Inoculum preparation

A fungal strain Neurospora discreta, isolated from a Subabul tree
(Leucaena leucocephala), and identified and reported in our previous
study (Pamidipati and Ahmed, 2017) was used for the present work. The
phylogenetic tree constructed from the 18S rRNA internal transcribed
spacer (ITS) gene sequence obtained from the CSIR-Institute of Micro-
bial Technology, Chandigarh, India is provided in the supplementary
material (Figure S1).

The inoculum for the present study was prepared by growing
N. discreta on potato dextrose agar (PDA) plates at 30 °C for 3 days, and
gently scraping the cells from the PDA plates and suspending in syn-
thetic wastewater (30 mL) without KH,PO4 NH4NO3, or sucrose. The
spore and filament suspension of fungus was centrifuged at 5000xg for
5 min. The supernatant was discarded, and the pellet was resuspended in
the synthetic wastewater again. The solution was filtered through a
sterile muslin cloth to remove the filaments from solution. A solution of
1 x 107 spores per mL was prepared and 1 mL of it was used to inoculate
each batch reactor.

2.2. Wastewater composition and reactor set-up

Synthetic wastewater was prepared based on a modified recipe of
Vogel’s media (Pamidipati and Ahmed, 2017) by dissolving the
following chemicals in deionized water; Nagz citrate.2H0 (2.5 g LD,
KH,PO,4 (5.0 g L™1), NH4NO3 (2.0 g L™1), MgS04.7H,0 (0.2 g L™,
CaCl,.2H20 (0.1 g L’l), sucrose (20 g L™1) and trace element solution
(0.1 mL.L™Y). The trace element solution was prepared by dissolving the
following chemicals in deionized water: citric acid monohydrate (50 g
LY, ZnS047H,0 (50 g L71), Fe(NH4)2(S04)2.6H,0 (10 g L71),
CuS04.5H,0 (2.5 g L™1), MnSO4.H,0 (0.5 g L™1), H3BO5 (0.5 g L) and
NayMo04.2H0 (0.5 g LY.

Overall, three trials were set-up as follows (Table 1): (1) nitrogen

Table 1
Nutrient concentrations in the (N), phosphorus (P), and carbon (C) trials.

Concentration in solution (g LY

Reactor C N P
Nitrogen trial

NA 8.41 0.70 1.13
NB 8.41 0.35 1.13
NC 8.41 0.175 1.13
ND 8.41 0.044 1.13
NE 8.41 0.011 1.13
Phosphorus trial

PA 8.41 0.70 1.13
PB 8.41 0.70 0.564
PC 8.41 0.70 0.282
PD 8.41 0.70 0.070
PE 8.41 0.70 0.017
Carbon trial

CA 8.41 0.70 1.13
CB 4.21 0.70 1.13
CcC 2.10 0.70 1.13
CD 0.53 0.70 1.13
CE 0.13 0.70 1.13
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trial, in which the concentration of NH4NO3 in the wastewater was
varied (2) phosphorous trial, in which the concentration of KHo,PO4 was
varied and (3) carbon trial in which the concentration of sucrose was
varied. In each trial the concentrations of all remaining components
were constant. All experiments were performed in 250 mL Erlenmeyer
flasks containing 100 mL of wastewater. Each trial consisted of five sets
of reactors with varying concentrations of carbon, nitrogen, and phos-
phorous in triplicate. Reactors containing the wastewater were auto-
claved (121 °C, for 15 min) and 0.1 mL sterile biotin solution (100 mg
L~!) was added to each reactor after cooling to room temperature. After
inoculation, as described in section 2.1, the reactors were placed in an
incubator at 30 °C without any agitation. Biofilms were harvested on the
7th day of the experiment. Biofilm samples for physico-chemical char-
acterization were extracted immediately, and the remaining samples
were stored by submerging in isopropyl alcohol (70%) for microscopy.

2.3. Biofilm growth rate, water retention value and dry weight

Water retention value (WRV) of the harvested biofilms was deter-
mined using a modified method of Tappi UM 256. Briefly, a pre-
weighted biofilm sample was soaked in the tap water for an hour,
weighed again and centrifuged at 1217xg The supernatant was
removed, and the biomass pellet was dried at 103.5 °C until constant
weight was achieved. The difference between wet weight and dry weight
was divided by the wet weight to get the WRV.

The normalized dry mass of the biofilm was also calculated by
dividing the dry weight by the wet weight. The dry weight of the biofilm
was used to calculate the biofilm biomass per unit volume of the reactor
(Ahmed et al., 2020).

The specific growth rates of the biofilms were calculated using
equation (1).

In (X, /X
p=" %) &
(Ti = To)
Where “yu” is the specific growth rate (d™1), “X;” is the dry biomass
concentration (g L’l) of the biofilm on day “T;” and “X,” is the inoculum
dry biomass concentration (g L) on day “Ty".

2.4. Extraction of extracellular polymeric substances (EPS)

A 10 mL solution of formaldehyde (0.22%) and sodium chloride
(8.5%) was prepared in a 50 mL centrifuge tube. The weighted biofilm
sample (wet, drained) was suspended in the solution. The biofilm sus-
pension was placed at 4 °C for 3 h, after which the suspension was
centrifuged at 10000xg for 10 min. The supernatant obtained was
filtered (0.22 pm) and saved for further analysis (Ahmed et al., 2020; Liu
and Fang, 2002).

2.5. Determination of carbohydrate and protein content in EPS

The dinitro salicylic acid reagent (DNS) method was used to measure
the carbohydrates (Gonalves et al., 2010) as follows: the DNS reagent
was prepared by dissolving 2.5 g of dinitro salicylic acid (Acros Or-
ganics) in 125 mL of deionized water at 80°C. The solution was cooled
down at room temperature and 50 mL of sodium hydroxide (2N) was
added. Potassium sodium tartrate tetra hydrate (75 g) was added to the
solution and a total volume of 250 mL was achieved by adding deionized
water. To hydrolyse the sample, 1 mL of sample was taken and mixed
with 0.25 mL of concentrated sulfuric acid. The solution was kept in a
water bath at 95 °C for 1 h. The tubes were taken out and cooled to room
temperature and neutralized with 10 N sodium hydroxide. 75 pL DNS
solution was mixed with 75 pL of the sample solution in 96-well plate.
The 96-well plate was placed in a pre-heated oven at 100 °C for 30 min.
The plate was removed and 75 pL ice cold deionized water was mixed in
each well and kept refrigerated at 4 °C for 15 min. The absorbance was
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measured at 540 nm in spectrophotometer (MULTISKAN GO) and the
carbohydrate concentration was calculated using an appropriate cali-
bration curve.

The protein concentration in the EPS was measured using a colori-
metric protein quantification kit (77371, Sigma Aldrich, UK) according
to the manufacturer’s protocol.

2.6. Wastewater characterization

The synthetic wastewater was characterized by measuring the car-
bon, nitrogen, and phosphorous concentrations, as well as pH and dis-
solved oxygen levels. Total organic carbon (TOC) in terms of simple
sugars was determined on days 0 and 7 using the DNS method described
in section 2.5. NH4-N and PO4-P concentrations were analysed using
test kits (100683 & 100798, Merck, UK). NOs-N and NO2-N concen-
trations were measured using test kits (1176802 & 1177230, Camlab,
UK). pH was monitored at the start and end of the experiment using pH
meter (HQ430D, Hach). Dissolved oxygen (DO) was measured using DO
meter (HI 9142, HANNA, UK).

Nutrient removal efficiencies and removal rates were calculated
using the following equations:

Removal Efficiency R.E (%) = (COCTO Ct) x 100 2)
Nutrient Removal Rate = GG 3
Total Nutrient Removal =My — M, “4)
Specific Nutrient Removal = m )
Specific Nutrient Removal Rate = M, — M, (6)

(Biofilm dry biomass) x T

Where “R.E” is removal efficiency, “Cyp” is concentration of nutrient (C,
N and P) on day 0, and “C,” is concentration of nutrient on day 7, “My”
is the mass of nutrient on day 0, “M;” the mass of the nutrient on day 7
and “T” is the duration of the experiment (7 days).

2.7. Biofilm microstructure

Microstructural characterization of biofilms was carried out using
Field Emission Scanning Electron Microscopy (FESEM) Apreo S, FEIL
Samples were dried for 48hrs in the desiccator before analysis. SEM
investigations were performed at magnifications of 1500X, 2500X,
5000X.

Bright field images were analysed using ImageJ software (US Na-
tional Institutes of Health) to measure the filament length, thickness,
and area of areal pores (Huang and Wang, 1995). SEM images were
analysed at 2500x magnification, at a scale of 9.27 pixels per micron
(pm). The length and thickness of the filaments were measured manually
using segmented line function of ImageJ (Abramoff et al., 2004). Total
area of the visible pores was measured by first converting the bright field
images into 8-bit followed by applying the thresholding algorithm to get
the total aerial pore area for each biofilm (Huang and Wang, 1995).

2.8. Statistical analysis

The t-test was applied to determine whether differences in removal
efficiencies at varying nutrient concentrations are statistically signifi-
cant. A heat map of Pearson’s correlation between biofilm properties
and nutrient removal was generated using the “CorLevelPlot” package in
R Software (v4.1.2).
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3. Results and discussion
3.1. Biofilm growth

Biofilm growth at the air-liquid interface of the reactors commenced
within 24-36 h post-inoculation. Thereafter, the thickness of the bio-
films increased with the formation of new layers. Biofilm growth was
significantly affected by the carbon and nitrogen concentrations in the
synthetic wastewater (Fig. 1a and c). Representative images of harvested
biofilms provided in the supplementary data also indicate these differ-
ences (Figure S2). Dry biomass measured the highest at the nitrogen
concentration of 0.175 g L1 (C:N=48) (Fig. 1a). Further increase in the
nitrogen concentration had no effect on growth. In the case of phos-
phorus, the optimal dry biomass was observed at concentration of 0.56
g L7! (C:P = 15). Decrease in the phosphorus concentration to 0.07 g L™}
(C:P =120) had no significant (p > 0.05) effect on the dry biomass of the
biofilm. However, further decrease to 0.017 g L1 (C:P = 494) decreased
the dry biomass significantly (p < 0.05) (Fig. 1b). Whilst in the case of
carbon, increase in the concentration increased the dry biomass of
biofilms, which did not plateau, indicating the ability of the fungus to
consume even higher levels of carbon and C:N ratio, as well as its ability
to grow on relatively low nitrogen concentrations in the synthetic
wastewater (Fig. 1¢). The maximum specific growth rate of 0.8 d~* was
observed on the optimal growth C: N of 48. Change in the nitrogen and
carbon concentration also affected the specific growth rates. However,
phosphorus had no significant effect on the specific growth rates
(Fig. 1d).

Journal of Environmental Management 324 (2022) 116363
3.2. Biofilm composition, water retention value and microstructure

Chemical analysis of the biofilms revealed that protein and poly-
saccharide concentrations per unit dry biomass in the EPS decreased as
the concentration of nitrogen and carbon increased (Fig. 1a and ¢ and
S3). This can be attributed to the following reason: lower concentration
of nitrogen and carbon led to the starvation of the cells, which resulted
in higher protein concentration per unit biomass in EPS. The phenom-
enon of increased EPS production under conditions of starvation has
been reported in other microorganisms as well (Myszka and Czaczyk,
2009; Zhang et al., 2014). When grown on sub-optimal C:N ratios, the
metabolic energy seems to be diverted towards EPS production instead
of biomass production. In such conditions, the EPS tends to store the
nutrients available in excess (Flemming and Wingender, 2010). In the
present study, under conditions of low carbon, nitrogen and phosphate
were in excess whilst under low nitrogen conditions, carbon and phos-
phate were in excess.

In the phosphorus trial, protein and polysaccharide concentrations
per unit biomass in the EPS increased as the concentration of the
phosphorus increased from 0.282 to 1.13 g L™! (Fig. 1b and S3). As
reported by Zeng et al. fungi tend to store a large fraction of the phos-
phate in the EPS (Zeng et al., 2021), which explains the effects observed
in the present study. A further discussion on the relationship between
phosphorous uptake and biofilm properties is presented in section 3.6.

In the present study, the WRV of biofilms increased with increasing
nutrient concentrations, although the influence of phosphorous on WRV
was not very strong (Fig. 1a, b and 1c). WRV provides insight into the
hydrophilicity and water holding capacity of a material. In case of
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Fig. 1. Biofilm growth and properties. Dry biomass, proteins per unit biomass (mg g ), polysaccharides per unit biomass (mg g~1), and water retention value (WRV)
of the biofilms in (a) nitrogen, (b) phosphorus, and (c) carbon trials, harvested on the 7th day of experiment vs nutrient’s concentration. Specific growth rate (u d~1)

curves of nitrogen, carbon, and phosphorus are shown in (d).
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biofilms, WRV is closely related to the composition and microstructure
of biofilms and can affect the interaction between the cells embedded in
the biofilms, and nutrients in the environment (Narayanan and Ahmed,
2019). The WRYV trends showed a significant (p < 0.05) inverse relation
with polysaccharides (mg g 1) and proteins (mg g ) in the nitrogen and
carbon trials as shown in the supplementary data (Figure S4). This can
be attributed to increased hydrophobicity (and therefore, reduced WRV)
of the EPS in low nutrient conditions due to stress, which has been re-
ported in other fungi Phanerochaete chrysosporium (Cao et al., 2018).
However, decreasing the phosphorous concentration did not impact the
WRYV significantly, just as it did not affect biofilm growth, indicating that
the cells did not experience stress at the low phosphorous levels tested in
this study.

SEM images of the biofilms revealed fungal hyphae (filaments)
embedded in an EPS matrix with micron and nano-sized pores
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(Narayanan and Ahmed, 2019). As seen in Fig. 2a, b, and c, filament
length showed an inverse correlation with nutrient concentrations,
which can be explained by the fact that fungi are non-motile, and hence
grow in length seeking nutrients (Moore et al., 2020; Narayanan and
Ahmed, 2019). This can also be seen from the strong negative correla-
tions (p < 0.001) in Figure S3. Similarly, filament diameter had an in-
verse relation with nitrogen and phosphorus concentrations. On the
other hand, the area of pores increased as the nitrogen and phosphorus
concentrations increased which can be attributed to the decrease in
filament diameter. However, an increase in carbon concentration
increased the filament diameter. The trends in pore area with varying
nitrogen concentration can also be seen in the representative SEM im-
ages from the nitrogen trial in Fig. 2(d-f). The effects of nutrients on
biofilm microstructure and its relation to nutrient removal efficiencies
are further discussed in section 3.6.

2000V 166 pem 63004 Ps KTD Standard

Fig. 2. Biofilm microstructure. Average filament diameter, length, and total area of pores of biofilms harvested from the a) nitrogen trial, b) phosphorus trial and c)
carbon trial (error bars showing standard deviation, n = 3). SEM images of biofilms from nitrogen trial bioreactor at magnifications of 2500 x d) NA (nitrogen conc.
= 0.7 g L™}, ) NC (nitrogen conc. = 0.175 g L™!) f) ND (nitrogen conc. = 0.044 g L™1).
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3.3. Carbon and phosphorus removal

The highest carbon removal efficiency was ~96.7%, demonstrating
the potential application of N. discreta biofilms in treating wastewaters
with higher organic content. Carbon removal efficiencies increased
significantly (p < 0.05) as the nitrogen concentration increased from
0.011 to 0.175 g L™! (Fig. 3a). Thereafter, an increase in the nitrogen
concentration had no significant (p > 0.05) effect on the carbon
removal. In the phosphorus trial, no significant (p > 0.05) change in the
removal efficiency of carbon was observed as the phosphorus concen-
tration was increased (C:P was decreased) (Fig. 3b). It can be inferred
that a very low concentration of phosphorus (<0.017 g L%, C:P = 495)
is required for cell growth and metabolic functioning. In the carbon trial,
as the carbon concentration increased from 0.13 to 2.1 g L™} (G:N ratio
from 0.18 to 3), the carbon removal efficiency increased significantly (p
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< 0.05) (Fig. 3c). However, further increase in carbon and C:N did not
affect carbon removal efficiency. It should be noted that at lower carbon
concentrations in the carbon trials, the measured carbon could partly be
due to the EPS secreted by cells or lysis of dead cells.

Phosphorus removal efficiencies were affected by nitrogen, carbon,
and phosphorous concentrations (Fig. 3d, e, and f). In the nitrogen trial,
higher phosphorus removal efficiencies were observed at lower nitrogen
concentrations (higher C:N) (Fig. 3d), besides the lower biomass of
biofilm (Fig. 1a). In the carbon trial, phosphorous removal was pro-
portional to carbon concentration (Fig. 3f). In the phosphorus trial,
phosphorous removal was highest (82%) at the lowest phosphorus
concertation (0.017 g L1, C:P = 495) and significantly (p < 0.05) higher
than the remaining concentrations. However, no clear trend was seen at
higher concentrations (Fig. 3e). A recent study reported phosphorus
removal (~85%) from wastewater containing 0.012 g L™! phosphorus,
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Fig. 3. Carbon (a, b & ¢) and phosphorus (d, e & f) removal efficiencies and residual concentration on the 7th day of biofilm harvest. The asterisk (*) denotes a
statistically significant (p < 0.05) difference in the removal efficiencies as determined by the t-test.
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by fungus Aureobasidium sp. MSP8 in 5 days, when grown under agitated
(140 rpm) conditions (Zeng et al., 2021). This is comparable to the
maximum phosphorous removal reported here (Fig. 3e), even though no
agitation was used in the present study. Moreover, Zeng et al. reported
that ~28% of the phosphorus was stored in EPS and around 45% of the
uptake phosphorus was stored in the cells of the fungus. This is likely to
be the case in the present study as increase in the phosphorus increased
the EPS concentration (Fig. 1b).

3.4. Nitrification and denitrification

N. discreta biofilms were also found to be involved in nitrification and
heterotrophic denitrification processes (Fig. 4). The highest ammonium
removal efficiency observed was ~96% in the nitrogen trial (at the
initial NH4-N concentration of 0.022 g L2, total nitrogen = 0.044 g L 1)
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(Fig. 4a). As the nitrogen concentration increased, there was a signifi-
cant (p < 0.05) drop in the NH4-N removal efficiency. The NH4-N
removal efficiencies were also found to decrease with increasing phos-
phorous concentration (Fig. 4b) but increased with increasing carbon
concentration up to a carbon concentration of 4.21 g L1, beyond which
it decreased once again (Fig. 4c).

Overall, high NOs-N removal (denitrification) efficiencies were
observed with 100% removal at the lower nitrogen concentrations (up to
0.175 g L™1) (Fig. 4d) and greater than 90% removal at all phosphorous
concentrations tested (Fig. 4e). In the carbon trial, low carbon concen-
trations affected NH4—N and NO3-N removal efficiencies significantly (p
< 0.05) (Fig. 4c and f), which could be attributed to the trends seen in
biofilm growth.
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3.5. Nutrient removal rates and specific removal rates

In the nitrogen trial, NH4~N, NO3-N and carbon removal rates (mg
L' d) increased with increasing nitrogen concentration; however,
phosphorus removal rates were lower at higher nitrogen concentrations
(Fig. 5a). Specific removal rates (mg g~ d 1) of carbon and phosphorus
were higher at lower nitrogen concentrations (Fig. 5b). In the phos-
phorus trial, the low phosphorus reactor biofilms promoted NH4-N
removal rates and specific removal rates (Fig. 5c and d) which led to the
higher NH4-N removal efficiency as well (Fig. 4b). The highest ammo-
nium removal rates in the low phosphorus reactors (0.017 and 0.07 g
L™ were around 37 mg L1d! (Fig. 5b) which is comparable to the
nitrification rates of approximately 43 mg L' d~! of a fungal strain of
Penicillium tropicum in a batch reactor with planktonic growth (Yao
et al., 2020).

Although nutrient removal rates in all cases were lower at low carbon
levels (Fig. 5e), increased specific removal rates of NH4~N, NO3-N and
phosphorus were observed as the carbon concentration was lowered
from 8.41 to 0.13 g L™ (Fig. 5f). As oxygen availability is an important
factor in nitrification of NH4-N, the lower oxygen requirements for
carbon oxidation at lower carbon concentration reactors possibly
resulted in higher specific nitrification rates (Fig. 5f). This is further
confirmed by the higher concentration of DO in lower carbon reactors as
seen from the supplementary data (Table S1).

The highest total nitrogen removal rate; including NH4-N and
NO3-N removal rates was 82.9 mg L™! d! (Fig. 5 ¢), which is nearly
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double the total nitrogen removal rates reported for Penicillium tropicum
(43 mg Lt d_l) (Yao et al., 2020). A fungal strain of Hanseniaspora
uvariam has been reported with NH4~N and NO3-N, and total nitrogen
removal rates of ~30, 48, and 78 mg L™' d~!, respectively under
agitated conditions (Zhang et al., 2018). The removal rates in the pre-
sent study are therefore comparable or higher than those reported in the
literature, despite being conducted with no agitation. These results
demonstrate that N. discreta biofilms are a novel and promising alter-
native to bacterial HNADMs. A biofilm-based process would also have
additional advantages over suspended cultures including easier sepa-
ration of cells from the wastewater.

3.6. Correlations between nutrient removal rates and biofilm properties

It is important to evaluate the effects of nutrient concentrations in
the wastewater on nutrient removal rates in conjunction with their ef-
fects on biofilm properties, as these parameters are closely interlinked.
This section presents an integrated view of these effects supported by a
heat map of Pearson’s correlations between biofilm properties and
nutrient removal rates (Fig. 6a—c) and proposes a pathway for the aer-
obic metabolism of nitrogen and phosphorous by N. discreta biofilms
(Fig. 6d) based on these results.

As discussed in section 3.5, the specific rates of nutrient removal
tended to be higher at low nutrient concentrations in the wastewater.
Deficiency of one nutrient can cause stress, resulting in the accumulation
and storage of the excess nutrients (Mason-Jones et al., 2021). This can
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be seen from the larger diameter of the filaments (Fig. 2a) and higher
concentration of EPS (Fig. 1a) at low nitrogen concentrations as well as a
significant positive correlation of the specific phosphate removal rate
with filament length and diameter (0.93 and 0.96 respectively, p <
0.0001) and with polysaccharide and protein concentrations (0.9 and
0.96 respectively, p < 0.0001) (Fig. 6a). This indicates that in this case,
the energy required for denitrification was diverted to store the poly-
phosphate in the vacuole of the fungus and a large amount was secreted
as EPS. EPS plays an important role in phosphate uptake and poly-
phosphates are secreted by cells through EPS (Li et al., 2015; Zhang
et al., 2013). A part of the phosphorus is used for growth and the
remaining is used for converting the adenosine diphosphate (ADP) to
adenosine triphosphate (ATP) (Nehls and Plassard, 2018) which is
stored in the vacuole. It can be inferred that in case of N. discreta, a
relatively small quantity of phosphate was used for growth, as evidenced
by the minimal effect of phosphorous on biofilm growth (Fig. 1b), with a
larger proportion being accumulated inside the hyphae or stored in the
EPS as seen from the correlations discussed above.

At lower phosphorous concentrations, the specific removal rate of
carbon and NH4-N increased significantly, and the fungus stored more
PHA and amino acids, which increased the diameter of the fungus
(Fig. 2b). Strong positive correlations between filament diameter and
specific removal rate of carbon (0.67, p < 0.001) and NH4-N (0.81,p <

0.0001) further support this argument (Fig. 6b). This is likely because
the energy (NADH — NAD™ + e") required to store the higher concen-
tration of phosphorus as poly-P was diverted for nitrification and deni-
trification in the biofilms of low phosphorus concentration reactors
(higher C:P), as suggested in Fig. 6d.

From the carbon trial it was seen that low carbon concentrations
resulted in lower filament diameters as seen from Fig. 2a. In this case, all
the poly-p-hydroxyalkanoates (PHA) would have been consumed while
investing in the storage of poly-phosphates (poly-P) and amino acids
(Fig. 6d) (Mason-Jones et al., 2021). As carbon concentration increased,
the utilization of carbon per unit biomass increased, resulting in lower
porosity biofilms because of thicker filaments (Figs. 2c and 5e and f, 6c¢).

Although fungal nitrification-denitrification is not yet fully under-
stood at the genetic level, a partial picture can be constructed based on
the literature and results from the present study (Fig. 6d). A majority of
the NH4-N is assimilated into amino acids, and only a fraction of the
NH4-N is converted into nitrate (Zuo et al., 2021). Nitrate is reduced to
nitrite by the nitrate reductase gene (Nar). The resulting nitrite is
reduced to nitric oxide (NO) by nitrite reductase gene (NirK) followed by
the production of nitrous oxide (N20) by cytochrome nitric oxide
reductase (P450nor) (Aldossari and Ishii, 2021). The gene involved in
N2O conversion is unknown although it has been shown that up to 58%
of the NO3-N is converted into nitrogen gas (N3) by some strains of cold
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adapted fungi (Aldossari and Ishii, 2021).

In the present study, the denitrification efficiencies were signifi-
cantly (p < 0.05) affected by carbon concentration (Fig. 4f). It is pro-
posed that the energy required to activate the Nar/NirK/P450nor gene
was not sufficient for complete denitrification at low carbon conditions.
The NO3-N removal rates were higher than NH4—N removal rates which
was the case in previously reported studies (Cheng et al., 2020; Yao
et al., 2020), as denitrification (for NO3-N removal) has a shorter
metabolic pathway compared to nitrification-denitrification (for NH4~N
removal) (Fig. 6d).

Overall, these results demonstrate the ability of N. discreta biofilms
for simultaneous and efficient removal of carbon, nitrogen, and phos-
phorous, and provide insight into the relationship between nutrient
concentrations, biofilm properties and nutrient removal rates. In
contrast with existing processes that require either multiple steps or the
use of sequential batch reactors with alternating aerobic and anaerobic
conditions (Nguyen Quoc et al., 2021; Regmi et al., 2022), this work can
be used to design a single-step, aerobic process to treat wastewaters from
a variety of sources, including high-strength industrial wastewaters
containing high carbon and nitrogen content, such as those from the
sugar, beverage, and fertilizer industries (Bhambri et al., 2021; Fuentes
et al., 2021; Parande et al., 2009).

4. Conclusions

This work demonstrates simultaneous nitrification, aerobic denitri-
fication, phosphorous uptake, and carbon removal from wastewater by
N. discreta biofilms, indicating that it is a promising candidate for the
biological treatment of carbon- and nitrogen-rich wastewater in a single
aerobic reactor. The highest nitrification and denitrification rates were
observed at a phosphorus concentration of 0.07 g L™, with ammonium
and nitrate removal rates of 36.7 and 46.2 mg L' d, respectively, and
ammonium and nitrate removal efficiencies of 82.6 and 92.2%,
respectively. The highest phosphorus removal rate of 98.2 mg L™} d~!
with a removal efficiency of 60.9% was observed at a nitrogen con-
centration of 0.044 g L™1. Carbon and nitrogen concentrations in the
wastewater significantly affected the growth of the biofilms, whilst
phosphorous concentration had no significant effect. The specific
nutrient removal rates correlated well with biofilm properties including
microstructure and EPS composition, indicating metabolic changes due
to varying nutrient conditions.
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