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Abstract

Paper and pulp mills generate substantial volumes of wastewater containing lignin-derived compounds that are challenging to degrade using
conventional wastewater treatment methods. This study presents a novel biofilm-based process for enhanced lignin removal in wastewater using the
fungus Neurospora discreta, which effectively degrades lignin and forms robust biofilms at the air—liquid interface under specific conditions. The
process was optimised using the Taguchi design of experiments approach, and three factors including pH, copper sulphate concentration, and trace
element concentration were evaluated at three levels. Experimental data were analysed against three responses: lignin degradation efficiency and the
activities of two ligninolytic enzymes (polyphenol oxidase and versatile peroxidase). The results indicated that wastewater pH was the most
significant parameter affecting lignin degradation efficiency and enzyme activities. Over 70% lignin degradation was achieved at pH levels of 5 and
6 with copper sulphate concentrations above 4 mg/L, while degradation efficiency drastically dropped to 45% at a pH value of 7. Reversed-phase
high-performance liquid chromatography analysis demonstrated the effects of the three factors on the polar and non-polar components of lignin in
wastewater, revealing a clear decrease in all peak areas after treatment. Additionally, significant relationships were observed between biofilm
properties (including porosity, water retention value, polysaccharide content, and protein content) and lignin removal efficiency. This study also
reported for the first time the presence of versatile peroxidase, a ligninolytic enzyme, in Neurospora sp.
© 2025 Hohai University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction difficult to break (Sun et al., 1999). In paper production, lignin

constitutes a key component of lignocellulosic biomass, which

Lignin is a complex and large biopolymer found in plants,
playing a crucial role in providing strength and protection to
plant structures (Rajesh et al., 2019). It is the second most
abundant biopolymer on Earth, following cellulose. The
resistance of lignin to degradation is attributed to its highly
branched structure, which contains B-O-4 ether bonds, 5-5
carbon—carbon bonds, and B-5 bonds that are notoriously
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is removed during the pulping process, resulting in the gen-
eration of large volumes of lignin-rich wastewater. If dis-
charged untreated, this wastewater poses significant risks to
human health, aquatic ecosystems, and plant life due to its
high concentrations of lignin and phenolic compounds
(Hutchins, 1979; Oikari and Nakari, 1982). The environmental
impact of effluent from pulp and paper mills is severe, char-
acterized by dark colouration, turbidity, high biochemical
oxygen demand (BOD) and chemical oxygen demand (COD),
and low biodegradability. These issues primarily arise from the
presence of lignin and its derivatives (Christov and van
Driessel, 2003; Srivastava et al., 2005).
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The activated sludge process is widely employed for the
biological treatment of pulp mill effluents. However, it en-
counters challenges, including poor settling and low control
over the microbial population within the sludge (Thompson
et al., 2001). Moreover, the low tolerance of sludge microor-
ganisms to high concentrations of lignin further restricts its
effectiveness (Radjenovic¢ et al., 2015). To address these chal-
lenges, this study introduces a novel biofilm-based approach
using Neurospora discreta, a pink ascomycete known for its
capacity to degrade lignin in agricultural residues (Pamidipati
and Ahmed, 2017). Remarkably, this fungus naturally forms
robust biofilms at the air—liquid interface (Ahmed et al., 2020),
a characteristic that has recently been exploited to remove ni-
trogen and phosphorous from lignin-based wastewater in a
single-step process (Tabraiz et al., 2022). Biofilms, which
consist of aggregates of microorganisms embedded in a three-
dimensional matrix of extracellular polymeric substances
(EPS) (Flemming and Wingender, 2010), provide stability and
protection. This structure enables higher removal efficiencies,
improved operational stability, and increased tolerance to toxic
substances compared to planktonic (free-floating) microor-
ganisms. Moreover, the ability of N. discreta to form robust
biofilms at the air—liquid interface eliminates the need for
additional support materials or specialised surfaces for biofilm
growth (Tabraiz et al., 2022). This characteristic also facilitates
direct access to both oxygen and nutrients within wastewater,
potentially enhancing degradation efficiency.

This study harnessed the unique properties of N. discreta to
develop and optimise an innovative biofilm-based process for
lignin-rich wastewater treatment. The biofilm structure en-
hances tolerance to lignin, extends retention times, and leads
to greater removal efficiencies (Mishra et al., 2022). Addi-
tionally, this approach simplifies downstream processing, as
the biofilms can be easily harvested to remove microbial cells
from treated wastewater (Ahmed et al., 2020). Another
remarkable feature of this process is that the biofilms form at
the air—liquid interface without requiring external structures
or carriers for support (Zheng et al., 2023).

To optimise this biofilm-based process, the Taguchi design
of experiments (DoE) method was employed to investigate
relative interactions among key parameters and their effects on
lignin degradation, enzyme activities, and biofilm properties.
The Taguchi DoE method is a statistical approach designed for
processes with multiple independent parameters, referred to as
factors, across various levels of interest (Prasad et al., 2005).
While the Taguchi DoE method has been used to enhance
ligninolytic enzyme activity in biochemical processes (Nandal
et al., 2013; Parveen et al., 2022), its application in optimising
the treatment of lignin-rich wastewater remains largely
unexplored.

This study investigated the impacts of initial culture pH,
CuSO, as an enzyme inducer, and trace elements in waste-
water media at three different levels on lignin removal and
enzyme activities during the treatment of lignin-rich waste-
water using N. discreta biofilms. Additionally, this study
evaluated the effects of these key parameters on biofilm
properties, including microstructure and composition, and

discussed the relationship between biofilm properties and
lignin removal efficiencies. The novelty of this study includes
the following two aspects:

(1) This study introduces an innovative biofilm-based pro-
cess for treating lignin-rich wastewater, utilising fungal bio-
films that form naturally at the air—liquid interface without the
need for external carriers or supports. By employing a sys-
tematic DoE approach, this study advances the effectiveness of
lignin degradation while deepening our understanding of the
factors influencing biofilm-based processes, which have not
been extensively explored in the treatment of lignin-rich ef-
fluents. Moreover, this study provides key insights into the
relationships between biofilm properties and lignin removal
for the first time.

(2) By addressing lignin concentrations significantly higher
than those typically reported, this study more accurately re-
flects the actual lignin concentrations found in effluents from
the paper and pulp industry. This study therefore advances
current knowledge and offers valuable insights into the real-
world application of lignin degradation, with potential to
transform and improve wastewater treatment practices in in-
dustries facing substantial environmental challenges due to
lignin-rich effluents.

2. Methods
2.1. Fungus maintenance and inoculation

N. discreta cells (Pamidipati and Ahmed, 2017) were
maintained on potato dextrose agar (PDA) plates, which were
stored at 4°C for spore collection. To prepare the spores for
inoculation, Vogel's minimal media, containing no sucrose,
were used to flood the plates. Fungal filaments were gently
scraped off to collect the spores suspended in the media
(Vogel, 1964). The spore suspension was then filtered through
sterile muslin cloth and used for inoculation. A haemocy-
tometer was used to determine the spore count, and the spore
suspension was adjusted to 1 x 107 spores per millilitre.
Subsequently, the reactors were inoculated using 1 mL of this
spore suspension.

2.2. Wastewater composition and fermentation setup

Lignin-rich wastewater was prepared by adding 17.5 g/L of
water-soluble Kraft lignin (Sigma—Aldrich, 4710003) to
Vogel's minimal media containing 2.5 g/L. of sucrose. The
wastewater was designed to replicate lignin concentrations
typically found in effluents from paper and pulp industry
bleaching plants while providing essential nutrients required
for fungal growth.

Experiments were conducted in 250-mL Erlenmeyer flasks
each containing 120 mL of the prepared media, which was
sealed with foam bungs. The pH value was adjusted, and other
variables, including the concentrations of CuSO,4 and trace
elements, were modified according to the experimental design
outlined in Section 2.4. Each of the nine experimental con-
ditions was established in triplicate.
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Negative controls were set up with an uninoculated reactor
containing 17.5 g/L of Kraft lignin (Sigma—Aldrich) in
Vogel's media with 2.5 g/L of sucrose. The flasks were auto-
claved at 121°C for 15 min. Each flask was inoculated under
sterile conditions with 1 x 107 spores per millilitre after the
media were cooled to room temperature. This process was
conducted over a period of 14 d, with samples collected on
days 3, 7, 10, and 13 after inoculation.

2.3. Design of experiments (DoE)

In this study, DoE focused on three key factors: culture pH,
CuSOy as an inducer of ligninolytic enzymes (Moshtaghioun
et al., 2017), and trace elements. The experiment setup uti-
lised an L9 (3*) orthogonal array following the Taguchi DoE
method, with three levels for each of the three factors. This
design was implemented and analysed using MINITAB statis-
tical software. The results from the nine experiments were
analysed to identify the most significant factor contributing to
enhanced lignin degradation. To ensure the activity of lig-
ninolytic enzymes and maintain lignin solubility in wastewater,
three pH levels of 5, 6, and 7 were chosen for the experiments.
CuSO, was tested at three concentrations: 1 mg/L, 4 mg/L, and
8 mg/L, serving as a ligninolytic enzyme inducer. Three
different concentrations of trace element solutions (0.05 mL/L,
0.20 mL/L, and 0.30 mL/L in volume-to-volume percentage)
were added to the culture media. These solutions contained
citric acid, zinc, CuSQy,, boric acid, ammonium iron(II) sul-
phate, sodium molybdate, and manganese sulphate.

2.4. Reversed-phase high-performance liquid
chromatography (RP-HPLC)

A Thermo Scientific™ LTQ XL™ RP-HPLC equipped with
an ultraviolet (UV) detector was utilised to analyse lignin in
the wastewater before and after treatment using N. discreta
biofilms. This analysis employed a C18 column (with a length
of 250 mm, an inner diameter of 4.6 mm, and a particle size of
5 um) coupled with a guard column (apHera™; with a particle
size of 5 um, a length of 1 cm, and an inner diameter of
4.6 mm). Compounds were detected at a wavelength of
254 nm using a photodiode array detector. A two-solvent
gradient elution process was implemented, consisting of
HPLC-grade water (solvent A) and 100% acetonitrile (solvent
B). The concentration gradient for solvent B was established
as follows: 0% at 0 min, 3% at 5 min, 6% at 10 min, 40% at
15 min, and 80% at 20—25 min. The sample injection volume
was set at 25 pL, and a flow rate of 1 mL/min was maintained,
following a modified version of a previously developed
method (Pamidipati and Ahmed, 2017). Data integration was
performed using the Xcalibur FreeStyle application. Prior to
analysis, samples collected on the last day of fermentation
(day 14) were precipitated to remove spent media. The
precipitated lignin was redissolved in water at a pH value of
10.5 for RP-HPLC analysis. Column washes and media blanks
were run at regular intervals to ensure no carryover of com-
pounds. Media blanks showed no visible peaks.

Kraft lignin (Sigma—Aldrich) solutions at varying con-
centrations were used to generate a standard curve. The per-
centage of lignin degradation or removal was calculated based
on the total peak areas of polar and non-polar peaks using the
following equation:

eye

0

E x 100% (1)

where E is the lignin removal percentage, C, is the initial
lignin concentration, and C; is the final lignin concentration.

2.5. Activities of ligninolytic enzymes

Polyphenol oxidase (PPO) activity was determined using
pyrocatechol as a substrate, with increases in absorbance
measured for the formation of p-quinone, which absorbs light
at 420 nm as described in Section 2.7 (Bending and Read,
1997). One unit of enzyme activity was defined as an in-
crease in absorbance of 0.001 min~' and is expressed in
mmol/(L-min) (Ascacio-Valdés et al., 2014).

Versatile peroxidase (VP) activity was determined by oxi-
dising reactive black dye (RB5) in a 50-mmol/L sodium
tartrate buffer at a pH value of 3 (Ravichandran et al., 2019).
Decreases in absorbance were recorded at 598 nm at an
extinction coefficient (e59g) of 24 000 L/(mol-cm). One unit of
enzyme activity is defined as the amount of enzyme that
transforms 1 mol of substrate consumed.

Laccase activity was spectrophotometrically quantified by
measuring the oxidation kinetics of the substrate 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Bourbonnais
et al., 1998). In this assay, 100 pL of centrifuged samples from
each reactor were mixed with 100 pL of the 0.1-mol/L citrate
buffer at a pH value of 5 in a microwell plate. The mixture was
allowed to equilibrate at room temperature for 30 min. Subse-
quently, 100 pL of 0.3-mol/L. ABTS was added to the mixture,
and spectral scans at 420 nm commenced immediately. Increases
in the concentration of blue-green cation radicals resulting from
ABTS oxidation correlated with enzyme activity, using an
extinction coefficient (g450) of 36 000 L/(mol-cm). Enzyme ac-
tivity was defined as the amount of product formed per unit
volume per unit time under the assay conditions (Saito et al.,
2003).

Appropriate controls were established for each assay to
ensure no interference from non-enzymatic reactions or other
background reactions.

2.6. Biofilm composition

To determine the biochemical composition of biofilms,
extracellular polymeric substances (EPS) were extracted from
weighed biofilms by suspending them in a 10-mL solution of
sodium chloride (8.5%) and formaldehyde (0.22%). The sus-
pended biofilms were incubated for at 4°C for 3 h and then
centrifuged at 10 000g (with g denoting the gravitational
force) for 10 min. The supernatant was filtered through a 0.45-
pum filter and retained for further analysis.
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Polysaccharides in EPS were quantified with the dini-
trosalicylic acid (DNS) reagent method (Gongalves et al.,
2010). EPS was hydrolysed in glass test tubes by mixing
1 mL of extracted EPS with 0.25 mL of 98% sulphuric acid
and heating the mixture in a water bath at 95°C for 1 h. After
cooling to room temperature, the solution was neutralised by
adding 10-mol/L sodium hydroxide. The reaction mixture was
prepared in 96-well plates by adding 25 pL of the DNS so-
lution to 25 pL of the EPS solution. The plates, with the 1id on,
were heated in an oven at 100°C for 10 min, immediately
followed by placing them on ice and adding 250 pL of ice-
cold water. Absorbance was measured at 540 nm using a
MULTISCAN GO spectrophotometer, and polysaccharide
concentrations were calculated using a glucose standard curve.

Protein content in the biofilm EPS samples was estimated
using a colorimetric protein kit (77371, Sigma Aldrich, UK),
following the manufacturer's protocol.

2.7. Biofilm microstructure

Harvested biofilms were placed on absorbent paper for
approximately 1 h to drain excess water. For microscopy, a
section of the biofilm was washed with tap water to remove
lignin particles and media and then placed on a microscopic
slide. The slide was left to dry in an incubator at 25°C for 2 d. The
dried biofilms were subsequently imaged using a scanning
electron microscope (SEM) at 1 500 and 2 500 magnifications.
The obtained images were analysed using ImagelJ software (US
National Institute of Health) to measure filament length, filament
thickness, and total pore surface area (Huang and Wang, 1995).
To determine the areal porosity of each biofilm, bright field SEM
images were converted into eight-bit images, followed by the
application of a threshold algorithm (Huang and Wang, 1995).
The pore area was calculated using methods described previ-
ously by Ahmed et al. (2020). Filament dimensions, including
length and thickness, were measured manually using the
segmented line function (Abramoff et al., 2004).

2.8. Statistical analysis

Enzyme activities and lignin degradation were analysed
using two-way analysis of variance (ANOVA) with a signifi-
cance level of 0.05 (95% confidence interval). Section 3 re-
ports the ANOVA findings for lignin degradation, polyphenol
oxidase activity, and versatile peroxidase activity. Factors with
p-values less than 0.05 were considered significant, indicating
a rejection of the null hypothesis. The efficacy and signifi-
cance of these individual factors were further validated
through probability analysis.

3. Results and discussion
3.1. Influence of factors on lignin removal efficiency
Lignin degradation efficiency was calculated from the RP-

HPLC chromatograms as described in Section 2.4. The char-
acteristic lignin profile of the standards, as well as that of the

untreated wastewater, exhibited a prominent polar peak at a
retention time of (2.8 + 0.1) min, along with smaller and
relatively non-polar peaks eluting between (15.8 + 0.1) min and
(16.5 £ 0.1) min. After treatment with N. discreta biofilms, the
wastewater demonstrated a significant decrease in peak areas
across all experimental conditions. Fig. 1 shows a representa-
tive set of chromatograms obtained before and after treatment at
pHlevels of 5, 6, and 7. At a pH value of 5, lignin degradation of
the polar peak exhibited efficiencies ranging from 68% to 71%
across all concentrations of CuSQOa and trace elements, with the
peak at 15.8 min becoming undetectable after treatment (Table
| and Fig. 1). Degradation of the 16.5-min peak was signifi-
cantly effective at a pH value of 5, with efficiencies ranging
from 67% to 83%. At a pH value of 6, the most effective lignin
degradation was observed at a CuSO,4 concentration of 4 mg/L
and a trace element concentration of 0.30 mL/L.

Table A.1 in Appendix A summarises the assignment of
variables, parameter levels, and outputs for the L9 design. The
overall effects of the three factors are illustrated in the plot of
main effects (Fig. A.1 in Appendix A). ANOVA revealed the
relative effects of these factors on lignin degradation. Each
factor's contribution was calculated using the ratio of pure sum
to total sum of squares (SS) adjusted mean square values (Table
A.2 in Appendix A). Among all the factors analysed, pH
exhibited the most significant effect on lignin degradation effi-
ciency, contributing 68.93% to the overall variance ( p = 0.003).
Trace elements ranked second, albeit with a substantially lower
contribution compared to pH. Higher lignin degradation
observed at lower pH can be attributed to two factors: enhanced
fungal growth at lower pH (Rousk et al., 2009; Taboada-Puig
et al., 2011) and increased activity of ligninolytic enzymes,
such as peroxidases, at low pH conditions. Previous studies have
demonstrated that fungal peroxidases exhibit increased activity
on aromatic compounds at pH levels as low as 3 (Heinzkill et al.,
1998; Singh et al., 2021). For instance, the optimum pH for
ligninolytic enzyme activity in Phanerochaete chrysosporium
was found to be 4.5—5.5, with a decrease in lignin degradation
levels reported at pH values above 5.5 (Garg and Modi, 1999).

At pH levels of 6 and 7, increasing the concentration of trace
elements resulted in enhanced lignin degradation efficiencies.
However, this effect was not significant at a pH value of 5. At the
highest level of trace elements (0.3 mL/L), increasing CuSOy,
concentrations led to improved lignin degradation levels.

Q 2.8
g — Day 0 (control)
8 — pHof 5, 1 mg/L of CuSO,, and 0.05 mL/L of trace elements
5 — pH of 6, 8 mg/L of CuSO,, and 0.05 mL/L of trace elements
2 — pHof 7, I mg/L of CuSO,, and 0.30 mL/L of trace elements
<
2828 28 16,5
| J | 158
2RI, e T
i e
27 1651
1 T . -
I\ T N T e — y
0 5 10 15 20 25
Time (min)

Fig. 1. RP-HPLC profiles for untreated wastewater samples from day
0 and treated wastewater samples under three representative condi-
tions (adapted from Taneja (2023)).
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Table 1
Degradation of relatively polar and non-polar components of lignin with
varying pH and concentrations of CuSO, and trace elements after 14 d.

pH CuSO, Trace element Lignin degradation efficiency (%)
concentration concentration

Polar peaks Non-polar peaks Total

(mg/L) (mL/L)
5 1 0.05 66.00 + 3.0 82.44 £ 0.76  69.00 = 3.76
4 0.20 71.77 £ 2.3 67.00 = 0.47 72.00 + 2.77
8 0.30 69.00 + 1.2 79.85 £ 020  77.00 + 1.40
6 1 0.20 64.88 + 4.0 64.74 £ 0.56  65.00 = 4.56
4 0.30 73.03 + 2.4 88.55 £ 042  74.00 + 2.82
8 0.05 5271 £23 69.67 £ 0.76  54.00 = 3.06
7 1 0.30 47.06 £ 6.2 64.74 £ 0.00  50.00 + 6.20
0.05 46.52 + 4.2 58.89 + 0.81 48.00 + 5.01
8 0.20 46.80 +£ 3.3 52.34 + 0.56  48.00 + 3.86

Although the lignin degradation efficiencies reported in this
study are comparable to those in the literature, it is important
to highlight that this study was conducted at significantly
higher lignin concentrations, demonstrating a more efficient
process. For instance, most studies reported initial lignin
concentrations ranging from 0.05 g/L to 0.10 g/L (Vashi et al.,
2018), whereas this study was conducted at a lignin concen-
tration of 17.5 g/L to better reflect the conditions found in
effluents from pulping and bleaching processes. This finding
underscores the ability of N. discreta biofilms to effectively
tolerate and treat high levels of lignin in wastewater.

3.2. Influence of factors on ligninolytic enzyme activities

Under nutrient-limiting conditions, cultures transition to a
secondary metabolic state during which ligninolytic enzymes
are produced (Baldrian, 2006). Enzyme activity for PPO and
VP was observed under all conditions, as detailed in the
following sections. Enhanced enzyme activity in acidic cul-
tures was noted from day 3 onwards, coinciding with the
formation of fully formed biofilms on the wastewater surface.
However, laccase activity was not detected in any of the cul-
tures. The absence of laccase activity can be attributed to the
presence of lignin degradation products in the wastewater,
which are known inhibitors of laccase, as demonstrated in
previous studies (Pamidipati and Ahmed, 2020).

3.2.1. Polyphenol oxidase activity

The highest PPO activity was obtained at the lowest pH (5)
and the lowest CuSQ,4 concentration (1 mg/L) (Fig. 2(a) and
Table A.3 in Appendix A). The mechanism and activity of
fungal PPOs are highly dependent on copper, which is essential
for their activity. Studies have shown that the removal of copper
from enzymes results in inactive forms, which can be reactivated
by adding excess copper (Yoruk and Marshall, 2003). The effect
of varying copper concentrations on enzyme activity depends on
the type of fungus (Viswanath et al., 2014). For instance, in
Trametes trogii, the addition of 1 000 pmol/L of CuSO, strongly
induced the production of laccase, whereas in Pleurotus
ostreatus, PPO was induced at much lower levels (150 umol/L)
of CuSOy4 (Levin et al., 2002; Palmieri et al., 1993). However,
higher levels of copper have been reported to inhibit fungal

growth and PPO activity in T. trogii (Levin et al., 2002). In this
study, increasing CuSO, concentration resulted in lower PPO
activity in N. discreta biofilms, indicating an inhibitory effect of
copper ions on PPO at high concentrations. This observation
explains the effect of CuSO4 on lignin degradation efficiency, as
discussed in the previous section.

A significant decrease in PPO activity was observed with
increasing pH (Fig. 2(a)). The growth of PPO is associated with
an optimum pH in the acidic range, consistent with the prefer-
ence of most fungi for acidic conditions (Palmieri et al., 1993).
This explains the enhanced PPO activity observed in acidic
cultures. Trace element concentration did not significantly
affect PPO activity. Consequently, the interaction between pH
and trace element concentration (Fig. 2(b)) was prominently
influenced by pH. As shown in Fig. 2(c), the highest PPO ac-
tivity was observed at the lowest levels of both CuSO, and trace
elements. These observations suggest several influences on PPO
activity: (1) pH dominance, overshadowing any potential effects
from other factors; (2) copper sensitivity, indicating an inhibi-
tory effect of CuSO, at higher concentrations; and (3) minimal
influence of trace element concentration, likely due to sufficient
quantities already present in the medium.

ANOVA for PPO activity presented in Table A.3 indicated
that initial pH and the addition of CuSQO, significantly influenced
lignin degradation (p = 0.048), while trace element concen-
tration showed no significant effect (p > 0.05). The analysis also
revealed the contributions of various factors to PPO activity: pH
accounted for the highest contribution at 58.23%, followed by
CuSO, concentration at 19.14%, and trace element concentra-
tion at 8.57%, which was the lowest. This ranking underscores
that pH was the most critical factor for PPO activity, with CuSO,
concentration being the second most important.

3.2.2. Versatile peroxidase activity

VP (E.C.1.11.1.16) has been primarily reported in genera
such as Pleurotus sp., Bjerkendera sp., and Physisporinus sp.
(Knop et al., 2015). This study represents the first report of VP
production in Neurospora sp., which have commonly been
associated with laccase and PPO production (Luke and Burton,
2001). Additionally, there is limited evidence of VP production
from biofilm structures in the literature (Sridhar, 2016).

In this study, VP activity was significantly affected by pH
(Fig. 2(d) through (f) and Table A.3 in Appendix A). The results
revealed complex interactions among pH, CuSO, concentration,
and trace element concentration. At a pH value of 5, increasing
CuSOy and trace element concentrations led to enhanced VP
activity, contrasting with the observed pattern for PPO activity.
This resulted in relatively consistent overall lignin degradation
across all CuSOy levels due to the opposing effects of VP and
PPO. Conversely, in higher pH conditions, increasing CuSO,
concentrations caused a decrease in VP activity. However, at a
pH value of 7, VP activity remained low regardless of CuSO,
concentrations. These findings highlight the intricate balance
between different enzymatic activities in lignin degradation and
underscore the importance of pH in regulating VP activity.

ANOVA for VP activity (Table A.3 in Appendix A) indicated
that pH was the most significant factor for VP activity,
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Fig. 2. Interaction plots showing enzyme activity of PPO and VP in response to changes in pH, CuSO, concentration, and trace element concentration.

contributing 59.2% to the variance ( p = 0.012). Similar to PPO
activity, pH ranked as the most influential factor among the three
factors. However, unlike PPO, variations in CuSQO, concentra-
tion did not significantly affect VP activity (p > 0.05).

3.3. Influence of factors on biofilm composition and
water retention value

Biofilms were observed at the air—liquid interface of all
reactors approximately 24 h after inoculation, with their
thickness increasing daily as new layers formed on the
surface (Fig. A.2 in Appendix A). A strong positive corre-
lation between lignin removal efficiency and the water
retention value (WRYV) of biofilms was observed with a two-
tailed significance test, yielding a Pearson's correlation co-
efficient (R) of 0.854 and an associated p-value of 0.003.
This indicates that the properties of biofilms were closely
related to their ability to degrade lignin. A higher WRV
suggests a greater water holding capacity, which can facili-
tate mass transfer and thereby influence lignin degradation
efficiencies.

Fig. 3(a) shows the wet and dry weights of biofilms and WRV
as influenced by pH and CuSO, levels. Compared to CuSO,
concentration, pH had a more significant effect on biofilm
thickness, which was notably higher at a pH value of 5 across all
conditions. The biofilm wet weight and WRV decreased with
increasing pH across all CuSO, concentration levels. However,
the normalised dry weight increased with rising pH. This can be
attributed to the enhanced solubility of lignin at high pH levels,
leading to greater availability of carbon sources for cell growth.

Chemical analysis of EPS extracted from the biofilms revealed
higher polysaccharide and protein concentrations in biofilms
grown under more acidic conditions (Fig. 3(b)). Given that
polysaccharides are hydrophilic, biofilms in acidic conditions
absorb more water (Ahmed et al., 2020), resulting in improved
lignin degradation. Copper is known to influence biofilm for-
mation in both bacterial (Vargas-Straube et al., 2020) and fungal
(Gomes et al., 2020) biofilms, with increased copper levels
inhibiting EPS production. In this study, increasing CuSO,4 con-
centrations resulted in decreased polysaccharide and protein
contents, particularly at lower pH levels (Fig. 3(b)), indicating
that copper ions affected biofilm growth and EPS composition.
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Fig. 3. Bubble plots for comparing biofilm wet weight, normalised biofilm dry weight, and WRV and for comparing normalised biofilm dry
weight, polysaccharide content, and protein content.

3.4. Influence of factors on biofilm microstructure diameter, and pore area using the ImageJ application. This

analysis aimed to establish the relationship between the
The SEM images (Fig. 4(a) through (c)) of the harvested microstructural features of the biofilms and their lignin
biofilms were analysed to measure filament length, filament removal capabilities. Culture pH is known to affect fungal

(b) SEM image of biofilms grown at pH of 6
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(c) SEM image of biofilms grown at pH of 7 (d) Bubble plot for comparing biofilm filament
length (labels above bubbles), thickness (colour
intensity), and total pore area (bubble size)

Fig. 4. Representative SEM images of biofilms grown at pH values of 5, 6, and 7 (with SEM accelerating voltage of 15 kV, 1 500 magnifications, and
backscattered electron mode) and bubble plot for comparing biofilm filament length, thickness, and total pore area (adapted from Taneja (2023)).
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morphology, with an increase in pH resulting in shorter hyphal
length and increased hyphal thickness (Papagianni, 2004). The
biofilms grown at a pH of 5 exhibited longer and thinner hy-
phae compared to those grown under neutral conditions, which
displayed a more globular appearance (Fig. 4(a) and (c)). As
the solubility of lignin is lower in acidic conditions (Norgren
and Edlund, 2014), the lower pH of wastewater leads to
reduced availability of lignin for the cells, prompting them to
grow longer in search of nutrients, as observed in previous
studies (Ahmed et al., 2020). A significant correlation was
found between lignin removal efficiency and the total pore
area of biofilms using a two-tailed significance test, yielding a
Pearson's correlation coefficient (R) of 0.780 7 and a p-value
of 0.013.

Additionally, the total pore area decreased with increasing
pH (Fig. 4(d)). These results are consistent with previous
studies, which reported an inverse correlation between fila-
ment diameter and total pore area (Ahmed et al., 2020). The
pore area observed in biofilms under neutral pH conditions
was significantly lower, resulting in thinner and less water-
absorbing biofilms. Higher biofilm porosity is desirable as
it allows for greater wastewater flow through the channels in
biofilms, thereby exposing a greater surface area of
filaments.

3.5. Correlations between lignin removal efficiency,
enzyme activities, and biofilm properties

This study conducted an in-depth analysis to identify
correlations between lignin removal efficiency, enzyme ac-
tivities, and biofilm properties, revealing several significant
relationships (Fig. 5). Lignin removal efficiency exhibited a
strong positive correlation with VP activity (R = 0.86 and
p < 0.05). In contrast, no significant correlation was
observed between lignin removal efficiency and PPO activ-
ity. Additionally, a positive correlation was found between
lignin removal efficiency and total protein content in the
spent media.

This study identified strong correlations between lignin
removal efficiency and various biofilm properties, consistent
with previous findings (Tabraiz et al., 2022). Specially, lignin
removal efficiency showed positive correlations with WRV
(R = 0.85 and p < 0.05), total pore area (R = 0.78 and
p < 0.05), and filament length (R = 0.71 and p < 0.05). In
contrast, a negative correlation was observed with filament
diameter (R = —0.72 and p < 0.05).

These findings underscore the intricate relationship be-
tween biofilm characteristics and lignin removal efficiency,
highlighting the crucial role of the extracellular matrix in
pollutant degradation and its significant influence on water
adsorption, as noted by Yadav et al. (2023). This compre-
hensive analysis provides valuable insights into the factors
affecting lignin removal efficiency and may inform future
strategies for optimizing biofilm-based pollutant degradation
processes.

3
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Fig. 5. Pearson's correlation plot showing correlations between lignin
removal efficiency (LRE), polyphenol oxidase activity (PPO), ver-
satile peroxidase activity (VP), water retention value (WRV), poly-
saccharide content (Carbs), protein content (Protein), total pore area
(TPA), filament diameter (FD), and filament length (FL) (asterisks in
upper triangle signify variables exhibit significant correlations, with
kv kR and “*¥**” denoting p < 0.05, p < 0.01, and p < 0.001,
respectively; red and blue colours denote positive and negative cor-
relations, respectively; and Pearson's correlation coefficient (R) values
are presented in lower triangle).

4. Conclusions

This study utilized the Taguchi DoE approach to identify
key process parameters and their optimal values for lignin
removal in high-strength wastewater using N. discreta bio-
films. The findings reveal complex interactions between
environmental factors, enzyme activities, and biofilm proper-
ties, all of which contribute to lignin removal.

Wastewater pH emerged as the most significant factor
affecting the lignin removal efficiency of N. discreta biofilms.
At a pH value of 5, other factors had minimal influence on
overall lignin removal. Interestingly, at this pH, increasing
CuSO, concentration enhanced VP activity while decreasing
PPO activity, resulting in relatively consistent overall lignin
degradation across various CuSOy levels. This highlights the
intricate balance between different enzymatic activities in the
lignin degradation process.

This study also revealed significant positive correlations
between lignin removal efficiency and various biofilm prop-
erties, including WRV (R = 0.85 and p < 0.05), total pore area
(R = 0.78 and p < 0.05), filament length (R = 0.71 and
p < 0.05). A negative correlation was observed between lignin
removal efficiency and filament diameter (R = —0.72 and
p < 0.05). Additionally, the extracellular matrix composition,

Water Science and Engineering, https://doi.org/10.1016/j.wse.2025.02.001

Please cite this article as: Taneja, H et al., Optimising a novel biofilm-based process using Neurospora discreta for enhanced treatment of lignin-rich wastewater,




Himani Taneja et al. / Water Science and Engineering xxxx, xxx(Xxx): xxx 9

particularly protein content, showed a positive correlation with
lignin removal efficiency.

This research represents the first report of VP production in
Neurospora sp., expanding our understanding of lignin-
degrading capabilities across fungal species and growth
forms. The biofilm-based process discussed in this study
demonstrated up to 88% lignin removal from wastewater
containing relatively high lignin concentrations (17.5 g/L),
significantly higher than those typically reported in the liter-
ature (0.05—0.10 g/L). Given the ability of fungal biofilms to
tolerate and treat high concentrations of lignin, the proposed
process has the added advantage of footprint reduction and the
potential for modular scalability, making it a sustainable and
cost-effective alternative to large-scale wastewater treatment.

The novel biofilm-based process for the treatment of high-
strength lignin-containing wastewater can potentially reduce
the need for diluting effluents from paper and pulp industries.
The insights gained into the relationships between process
parameters, enzyme activities, and biofilm properties provide a
foundation for optimizing biofilm-based wastewater treatment
systems.
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