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INTRODUCTION

Surakarta is one of the largest batik-producing cities in Indonesia, driving rapid growth in
the industry and contributing to local economic development. However, many household-scale
batik businesses and small- to medium-sized enterprises lack adequate waste treatment facili-
ties. Disposal of waste without proper treatment that contains high levels of organic compounds
poses a serious environmental risk, as these compounds can be carcinogenic in aquatic ecosys-
tems by inhibiting sunlight penetration and oxygenation of water (Gokulan et al., 2019). Dye
waste from batik production increases Biochemical Oxygen Demand (BOD) and Chemical
Oxygen Demand (COD), negatively impacting river water quality due to ineffective dye waste
management (Dewi et al., 2018).
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Various physical, chemical, and biological methods have been reported to reduce the effects
of dye waste. However, color removal treatments using chemical and physical methods have the
disadvantage of requiring a large area and being expensive to manage. In addition, physical and
chemical waste treatment generates byproducts, such as sludge, that are difficult to handle. The treat-
ment of dye waste using biological agents is preferred because it requires relatively low maintenance
costs. Biological agents can utilize existing carbon sources and adapt to polluted environments using
microorganisms isolated from contaminated environments (Dewi, 2019). Fungi are potential candi-
dates for the decolorization of azo dyes. They can adsorb dye molecules onto fungal mycelium via
electrostatic interactions, followed by enzymatic breakdown of complex chemical bonds, thereby
reducing color (Munir et al., 2018). Mohamed et al. (2019) successfully isolated and characterized
Aspergillus niger capable of remediating dyes from Remazol Red waste. Safitri et al. (2020) also re-
ported another fungal species, Trichoderma viride, which adsorbed 76.27% of the dye. Rohmawati
& Kasiamdari (2022) stated that the fungus 7. yunnanense successfully decolorized Indigosol Gold-
en Yellow at a concentration of 250 ppm with an incubation time of 164 hours and a decolorization
percentage of 93%.

Dye oxidation can occur in the presence of laccase, which catalyzes electron transfer to mo-
lecular oxygen. During this process, the dye undergoes electron loss, with electrons being relayed
among Cu?" ions within the enzyme’s catalytic center, ultimately resulting in the four-electron re-
duction of oxygen to water (Morsy et al., 2020). Laccase (benzenediol: oxygen oxidoreductase, EC
1.10.3.2) catalyzes the oxidation of a wide range of substrates, including methoxylated phenols,
aromatic amines, phenolic acids, and several other compounds (Shanmugam et al., 2018).

Recent studies demonstrate that the effectiveness of biological treatment for azo dyes depends
on microbial enzymatic activity, functional adaptation, and environmental conditions influencing
dye decolorization. Genome-level analyses show that certain fungi decolorize dyes at 200 mg/L
through oxidative mechanisms involving peroxidase-related enzymes, thereby significantly reduc-
ing aromatic amine intermediates and supporting fungal adaptation in dye-contaminated environ-
ments (Bulacio Gil et al., 2018). Metagenomic investigations indicate that functional cooperation
among diverse microbial taxa enables decolorization efficiencies often exceeding 90% under alka-
line and saline conditions (Guo et al., 2020). Optimized bacterial consortia can utilize reactive dyes
as carbon sources, and post-treatment toxicity assessments in Vigna radiata demonstrate improved
plant growth and reduced phytotoxicity after decolorization (Manogaran et al., 2021). Integrated
multi-omics approaches highlight the importance of functional complementation within microbial
communities, which enhances aromatic compound degradation and contributes to overall system
stability in dye bioremediation (Balamurugan et al., 2025). These findings collectively support the
implementation of integrated evaluation strategies that combine enzymatic performance, functional
potential, and toxicity assessment to advance sustainable textile wastewater treatment technologies.

Numerous studies have investigated fungal dye treatment. However, most research lacks in-
tegrated screening approaches that combine enzymatic analysis, high-concentration dye decoloriza-
tion efficiency, and environmental safety testing, particularly for indigenous fungi from Surakarta.
This research addresses these limitations by isolating and identifying potential fungal isolates from
local batik wastewater and employing a comprehensive methodology that assesses ligninolytic abil-
ity, laccase enzyme activity, decolorization capacity at various dye concentrations (500, 1000, 1500
ppm) with reduced incubation periods, and toxicity evaluation of the treated wastewater. This study
hypothesizes that indigenous fungal isolates from batik wastewater environments exhibit effective
laccase-mediated decolorization at high dye concentrations, thereby reducing phytotoxicity during
seed germination. The results provide valuable insights for developing practical, cost-effective biore-
mediation technologies for textile effluent management.
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MATERIALS AND METHODS

Study Site and Period
This study was initially conducted at Universitas Gadjah Mada in 2021 and subsequently con-
tinued as an extended research project from September 2024 to January 2025 at Universitas Merangin.

Sample Collection

Liquid waste samples were collected at the disposal site or waste storage area, with 100 mL of
each sample collected and stored in a refrigerator at 4 °C. Soil and sludge samples were collected from
the waste disposal site. Five grams of soil were collected from 15 cm below the surface using a shov-
el. The soil samples were placed in sterile, sealed containers and then filtered. After filtering, the soil
samples were transferred to sterile bottles. All samples were collected in triplicate (n = 3). The soil and
sludge samples were placed in 50 mL sterile polypropylene tubes and stored in Styrofoam containers
with ice gel.

Fungi Isolation and Morphological Identification

Isolation was performed using the serial dilution method. The sample was mixed with 1 mL of
sterile distilled water in a test tube and diluted to 10*. A 500 pL aliquot from the serial dilution was
spread onto the surface of PDA medium supplemented with streptomycin at a concentration of 100
mg/L as a bacterial growth inhibitor. Purification was carried out by taking the mycelium from the
edge of the medium aseptically and transferring it to fresh PDA medium, which was incubated at room
temperature for seven days. Pure cultures on slant agar media were used as stock cultures and stored at
4 °C in a refrigerator.

Fungal colony morphology was characterized by cultivating pure isolates on PDA to assess mac-
roscopic features, including colony surface texture, radial striations, concentric ring formation, growth
rate, surface pigmentation, reverse coloration, and margin structure. Microscopic examination was con-
ducted using the slide culture method, with samples stained with Lactophenol Cotton Blue to observe
fungal microstructures. Identification was conducted at the genus level based on morphological charac-
teristics in accordance with standard taxonomic keys for Trichoderma. Molecular identification using
ITS sequencing was not performed.

Screening of Ligninolytic Activity of Fungal Isolates

Ligninolytic activity of the fungal isolates was screened using PDA medium supplemented with
tannic acid. One plug of the fungal isolate was inoculated onto PDA medium containing 1% tannic acid
and the antibacterial agent streptomycin, and the culture was incubated for 7 days (Dewi et al., 2018).
Color changes were observed on the culture plates (Senthivelan et al., 2019). Each enzymatic assay was
conducted in triplicate (n = 3). Positive results showed a brown zone on the selective medium, which
was qualitatively assessed.

Laccase Activity

Laccase activity was quantified using a crude enzyme extract obtained after cultivation in a de-
fined production medium. The medium comprised 5.0 g/L glucose, 5.0 g/L peptone, 1.0 g/L KH2POA4,
1.0 g/L ammonium acetate, 0.01 g/L MgSO4, 0.01 g/L CaCl2, 0.001 g/L MnSO4, 0.001 g/L FeS-
0O4:7H20 and 0.0005 g/L CuSO4, adjusted to pH 6.0. Fungal inoculum was prepared by transferring
two 5 mm mycelial plugs from seven-day-old cultures grown on PDA into 100 mL of the medium in
500 mL Erlenmeyer flasks. Cultures were incubated at 25 + 3 °C with shaking at 150 rpm to facilitate
enzyme production. All experiments were performed in triplicate (n = 3).
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Laccase activity was assessed spectrophotometrically by monitoring the oxidation of 2.5
mM ABTS. The assay reaction mixture consisted of 1 mL of 2.5 mM ABTS, 1 mL of 0.1 M sodi-
um acetate buffer at pH 4.5, and 1 mL of the crude enzyme extract. The rate of ABTS oxidation
was determined by measuring the absorbance increase at 420 nm over 10 minutes. Enzyme ac-
tivity units were defined as the amount of enzyme required to catalyze the oxidation of 1 pmol of
ABTS per minute under the assay conditions (Patel & Bhaskaran, 2016). A blank control, substi-
tuting the enzyme extract with distilled water, was measured to correct for non-enzymatic oxida-
tion. Laccase activity was determined using standard spectrophotometric principles, with careful
consideration of reaction and enzyme volumes, optical path length, extinction coefficient, and
reaction time, as recommended by Baltierra-Trejo et al., (2015). Laccase activity was calculated
according to the following formula:

AAmin™! x V
v X € X d

Laccase activity U/ml =

Where:

AA/min = Absorbance change per minute measured at 420 nm.

A" = Total reaction volume in the assay mixture (mL).

VvV = Volume of crude enzyme extract used in the reaction (mL).
€ = Extinction coefficient of ABTS at 420 nm (36.000 M' cm™)
d = optical path length of the cuvette (cm).

Decolorization Assay of Remazol Red Dye at Various Concentrations

The decolorization test was performed in Potato Dextrose Broth (PDB) medium supple-
mented with the dye. The decolorization test was performed by inoculating five plugs into 100 mL
of 24 g/ PDB supplemented with Remazol Red dye at concentrations of 500, 1000, and 1500 ppm
(Al-Tohamy et al., 2020 & Salem et al., 2019). Erlenmeyer flasks containing fungi and dye were
then shaken at 150 rpm for 120 hours at room temperature (Abd El-Rahim et al., 2017). All treat-
ments were conducted in triplicate (n = 3). The percentage of decolorization of the supernatant
was measured using a UV-Vis spectrophotometer. The absorbance of the samples before and after
treatment was measured at a wavelength (1) of 530 nm for Remazol Red (Mohamed et al., 2019).
The percentage of decolorization was measured using the following formula:

Initial Absorbation — Final Absorbation
Initial Absorbation X 100%

Percentage decolorization =

Fungal Biomass

Fungal biomass was measured using 30 mL of PDB supplemented with various concen-
trations of dye (500, 1000, and 1500 ppm) and inoculated with one fungal plug under aseptic
conditions. The culture was then shaken at 150 rpm. Biomass was determined at 24-hour intervals
using filter paper. The samples were then dried at 105 °C and weighed until constant weight was
achieved. Biomass determination was performed in triplicate (n = 3) (Hadibarata et al., 2018).

Phytotoxicity Test of the most potent fungi isolate

Decolorization products derived from the most effective isolates and from water (control)
were prepared for the phytotoxicity test. Twenty mung bean seeds (Vigna radiata L) were planted
in sterilized soil. The experiment involved irrigating each seedling with 5 mL of the respective
treatment. After five days, seed germination percentage, shoot (plumule) length, and root (radicle)
length were measured to assess plant growth (Gao et al., 2020). Each treatment was conducted in
triplicate (n = 3).
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Data Analysis

All data were presented as mean + standard deviation (SD) based on three independent
replicates. Statistical analyses were performed using SPSS version 25.0. Two-way analysis of
variance (ANOVA) was used to evaluate the effects of incubation time and dye concentration
on decolorization efficiency. Duncan’s multiple-range test was applied to determine significant
differences at the 0.001 significance level. Subsequently, the most effective isolate was selected
for detailed analysis and discussion.

RESULTS AND DISCUSSION

Isolation and Screening Ligninolytic Activity, and Morphological Identification of Fungal
Isolates

Samples were collected from four home industries in Surakarta, yielding 12 samples:
four soil, four sludge, and four water samples contaminated with batik wastewater from dyeing
sites and waste channels. Qualitative screening for ligninolytic activity was indicated by the
formation of brown zones surrounding fungal colonies, which were subsequently scored. Three
isolates demonstrated significant ligninolytic ability and were labeled 24 SPX, 12 SPL, and 19
SPS. The brown zones were classified according to their ligninolytic capacity (Table 1). Isolates
12 SPL, 19 SPS, and 24 SPX showed the same ligninolytic activity. Although several isolates
demonstrated similar ligninolytic screening results, subsequent quantitative laccase activity and
decolorization assays were required to identify the most promising isolate. Illuri et al. (2021)
stated that the brown halo surrounding colonies reflects total polyphenol oxidase activity. Ayu
& Kasiamdari, (2022); Dewi et al. (2018); and Rohmawati & Kasiamdari, (2022), successfully
1solated fungal strains with the potential to decolorize Remazol Black, Indigosol Blue, and Indi-
gosol Yellow dyes. This finding suggests that tannic acid screening may serve as a preliminary
indicator for selecting fungi with potential for dye decolorization. In contrast to Alfarra et al.
(2013), tannic acid cannot be used as the sole test to confirm that the enzyme produced is lac-
case. Therefore, enzymatic activity and decolorization assays were further conducted to confirm
the capability.
Table 1. Scoring of ligninolytic ability of three potential isolates

Brown zone scoring

Isolates
+ ++ +++ ++++
24 SPX +++
12 SPL +++
19 SPS +++

Morphological characterization of the fungal isolates revealed that they belonged to the
same genus. Under microscopic observation (Table 2), isolates 24 SPX, 12 SPL, and 19 SPS
shared similar characteristics, including septate hyphae, verticillate and branched conidiophores
with two to three phialides, and round conidia, consistent with Trichoderma sp. Identification
was conducted at the genus level using morphological characteristics. However, molecular con-
firmation via ITS sequencing provides greater taxonomic resolution and should be incorporated
into future studies aimed at strain-level characterization.
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Table 2. Morphological identification of three potential fungal isolates

Isolates Surface Surface

Mi ic Characteristi Identificati
Code Colony Color Texture icroscopic Characteristics dentification

24 SPX Green Granular Conidiophores, conidia, and phialides Trichoderma sp. 1
12SPL  Light green  Cottony Conidiophores, conidia, and phialides Trichoderma sp. 2
19 SPS  Light green  Cottony Conidiophores, conidia, and phialides Trichoderma sp. 3

Laccase Activity

Laccase activity measurements indicated variation among fungal isolates during the 120-
hour incubation period (Figure 1). Isolate Trichoderma sp. 1 showed the highest laccase enzyme
activity compared to other potential isolates, with peak activity at 72 hours of incubation at 3.67
U/mL, followed by isolates Trichoderma sp. 2 with enzyme activities of 1.84 U/mL at 72 hours
of incubation. Meanwhile, isolate 7richoderma sp. 3 showed the highest activity at 98 hours with
1.66 U/mL. The highest Laccase activity varied among fungal isolates, exhibiting distinct temporal
expression profiles. The laccase activity of Trichoderma sp. 1 fell within a moderate but functionally
relevant range when compared with well-established ligninolytic fungi. For instance, Pleurotus
ostreatus HK35 produced crude laccase activity of approximately 3.48 U/mL when cultivated on
rice bran medium (Isanapong et al., 2024). Although the absolute laccase activity of Trichoderma
sp. 1 was lower than that of purified laccase preparations from Pleurotus species, its relatively rapid
peak production within 72 hours demonstrated a significant advantage in terms of reduced induction
time and accelerated enzymatic response. Phanerochaete chrysosporium has been reported to
exhibit enhanced laccase production primarily under co-cultivation conditions, where synergistic
interactions with other white-rot fungi significantly stimulate enzyme expression (Singh et al., 2020).

Comparable temporal patterns of laccase production have been reported in other Trichoderma
species, although absolute enzyme activity may vary depending on strain characteristics and
cultivation conditions. For example, Adnan et al. (2015) observed peak laccase activities of 5.8 U/
mL in 7. atroviride FO3 after 98 hours of incubation. Variations in laccase activity among fungal
species reflect differences in enzyme secretion pathways and the genetic diversity among isolates.
Overall, these comparisons indicate that 7richoderma sp. 1 displayed competitive early-stage
laccase production and effective functional activity. This balance between production rate and
enzymatic efficiency supported the suitability of Trichoderma sp. 1 as a practical ligninolytic agent
for dye decolorization processes under relatively short incubation periods. Several factors influenced
enzyme activity variation, including the formulation of the cultivation medium, the endogenous
laccase biosynthesis capacity of fungi, and growth environment parameters that control the level and
timing of enzyme expression.
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Figure 1. Time-course of laccase activity in three Trichoderma isolates during 120 h incubation. Error bars represent
mean + standard deviation (n = 3)
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Decolorization of Remazol Red at Various Concentration

The highest laccase activity observed in Trichoderma sp. 1 likely contributed to its superior
and faster decolorization performance, indicating a functional linkage between enzymatic pro-
duction and dye removal kinetics. As shown in (Figure 2), isolate Trichoderma sp. 1 exhibited
the highest decolorization activity across varying concentrations of Remazol Red dye, followed
by Trichoderma sp. 2, and Trichoderma sp. 3. Trichoderma sp. 1 achieved a maximum decolori-
zation of 72.51% at 500 ppm following 120 hours of incubation, while decolorization decreased
to 48.96% and 32.89% at 1000 ppm and 1500 ppm, respectively. The visual progression of de-
colorization by Trichoderma sp. 1 at all concentrations and incubation times (Figure 3). The
observed decolorization may involve adsorption of dye molecules onto fungal hyphae, followed
by enzymatic degradation, as reported in previous studies. (Kaur et al., 2015; Zainip et al., 2021).
However, the present study did not experimentally distinguish between adsorption and enzymatic
degradation mechanisms. Based on Figure 2, the higher the dye concentration in the medium, the
greater the inhibition of decolorization activity. According to Parmar (2014), dye concentration
influences the decolorization activity of Acridine Acid dye. Aspergillus sp. decolorized efficiently
at a concentration of 100 ppm, whereas higher dye concentrations resulted in decreased decolori-
zation ability. Afiya et al. (2019) reported that dye decolorization at initial concentrations ranging
from 10 to 125 mg/L decreased with increasing dye concentration. Maximum decolorization by
Coriolus versicolor and Pleurotus ostreatus occurred at 10 mg/L, with 94%-83% decolorization,
and decreased gradually at higher dye concentrations. Similarly, Safitri et al. (2020) reported that
T. viride showed reduced decolorization of the Remazol Brilliant Violet dye at higher concentra-
tions, which was associated with increased dye toxicity.

100
90
80

m 500 ppm
70
60 1000 ppm
50 I
1500

40 I pem
30 T
20 T I

10 =

0

Trichoderma sp.1 Trichoderma sp.2 Trichoderma sp.3
Fungal isolates

Decolorization (%)

Figure 2. Decolorization efficiency of Remazol Red by three Trichoderma isolates at 500, 1000, and 1500 ppm after
120 h of incubation. Error bars represent mean + standard deviation (n = 3).

72h 96h 120h

500 ppm 1000 ppm 1500 ppm

Figure 3. Visual progression of Remazol Red decolorization by Trichoderma sp. 1 at 500, 1000, and 1500 ppm over
24-120 h of incubation.
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Growth Profile of Three Potential Isolates in Remazol Red at Various Concentrations

Measurements of fungal dry weight decreased gradually as the medium dye concentration
increased, indicating an inhibitory effect on fungal growth at higher concentrations. Among the
isolates, Trichoderma sp. 3 exhibited the greatest dry biomass when exposed to Remazol Red at
500, 1000, and 1500 ppm, with recorded weights of 0.27 g, 0.24 g, and 0.20 g, respectively (Figure
4). Conversely, isolate Trichoderma sp. 1 showed the lowest dry weight across all test concentra-
tions: 0.22 g, 0.20 g, and 0.15 g. Fungal biomass decreased with increasing dye concentration in
the medium. This indicates that high dye concentrations can inhibit fungal growth. Ranjusha et al.
(2010) found that a decrease in the total biomass production of Aspergillus flavus at a dye concen-
tration of 1000 mg/L caused the total biomass to decrease significantly to 1.44 g/L, indicating a
change in the glucose concentration in the growth medium that had an initial dye concentration of
0-1000 mg/L. Media without dye allowed fungi to utilize glucose efficiently. Glucose consump-
tion decreased with increasing initial dye concentration, indicating that higher concentrations in-
hibited fungal biomass (Mohamed et al., 2019).(Mohamed et al., 2019).

The absence of a direct correlation between fungal biomass and decolorization efficiency
demonstrated that enzymatic activity, rather than fungal growth, primarily governs dye removal.
Based on Figures 2 and 4, high fungal growth rates were not always directly proportional to decol-
orization activity. Isolate Trichoderma sp. 1 showed the highest decolorization activity (72.51%)
at 500 ppm, with a dry weight of 0.22 g. In contrast, isolate 7richoderma sp. 3 had the highest dry
weight (0.27 g) at 500 ppm Remazol Red dye, but only achieved 37.86% decolorization. These
findings are in line with Dewi (2019), who reported that Aspergillus sp. 5 isolates had the highest
dry weight of 0.370 g, whereas the decolorization activity obtained was only 21.04%.

0.50 m 500 ppm
T8 0.40 1000 ppm
g 0.30 1500 ppm

£ 020
E 0.10

0.00

Trichoderma sp.1 Trichoderma sp.2 Trichoderma sp.3
Fungi isolates

Figure 4. Dry biomass production of three 7Trichoderma isolates cultured in Remazol Red at 500, 1000, and 1500
ppm after 120 h of incubation. Error bars represent mean + standard deviation (n = 3).

Evaluation of Trichoderma sp. 1 Decolorization Under Diverse Remazol Red Concentration,
Incubation Time, and Associated pH Change

Based on the screening results, Trichoderma sp. 1 was selected for further statistical analysis
due to its superior ligninolytic activity and decolorization performance. Two-way ANOVA re-
vealed significant main effects of incubation time (F(4, 30) =3631.00, p <0.001) and dye concen-
tration (F(2, 30) = 17828.10, p < 0.001) on Remazol Red decolorization efficiency. A significant
interaction between incubation time and dye concentration was also observed (F(8, 30) = 219.04,
p <0.001). Post hoc analysis using Duncan’s multiple range test confirmed significant differences
among treatments, as indicated by different superscript letters (Table 3).

Decolorization efficiency increased with decreasing dye concentration and increasing incu-
bation time. A dye concentration of 500 ppm yielded the highest decolorization efficiency, reaching
72.51% after 120 hours of incubation, which was significantly higher than that of other treatments.
In contrast, at 1500 ppm, decolorization efficiency remained low (32.89-48.96%) across all incu-
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Table 3. Effects of dye concentration and incubation time on Remazol Red decolorization and pH change during

decolorization by Trichoderma sp. 1

Dye concentration (ppm) Incubation (Hour) Decolorization (%) pH
24 38.84 +1.49¢ 7.00 £0.02
48 50.07 = 1.85°¢ 7.40 £ 0.01
500 72 64.76 + 0.59° 7.10 £ 0.01
96 71.35 = 1.04* 6.88 £ 0.02
120 72.51 £ 0.11* 7.17 £ 0.05
24 29.89 £0.41¢ 7.50 £0.03
48 31.09 £ 0.78¢ 7.80 £ 0.24
1000 72 39.41 +£0.71¢ 7.44 £ 0.16
96 47.41 £ 0.10¢ 7.15+£0.07
120 48.96 + 1.13¢ 7.39 £ 0.28
24 15.74 £ 0.23¢ 7.90 £0.30
48 19.47 + 0.59¢ 8.23£0.33
1500 72 22.93 + 0.46f 8.15£0.15
96 32.41 £0.17% 8.20 £0.42
120 32.89 + 0.06% 8.28 £ 0.66

Note: Values are presented as mean =+ standard deviation. Different superscript letters indicate significant differences
among treatments according to Duncan’s multiple range test (p < 0.001).

bation times, indicating inhibition of decolorization at higher dye concentrations. Changes in
pH during the decolorization process ranged from 6.88 to 8.28, indicating that decolorization
occurred under neutral to slightly alkaline conditions.

The decline in decolorization efficiency with increasing dye concentration indicates that
Remazol Red inhibits the metabolic and enzymatic activity of Trichoderma sp. 1, particularly
at higher concentrations. Increased dye levels disrupt fungal growth and ligninolytic enzyme
systems by inducing oxidative stress or limiting substrate accessibility. This disruption explains
the reduced decolorization observed at 1000 and 1500 ppm, even after prolonged incubation.
Conversely, extended incubation periods generally enhance decolorization, indicating that suffi-
cient contact time is required for enzymatic adaptation and dye degradation. However, once en-
zymatic activity stabilizes or substrate inhibition occurs, prolonged incubation may not further
enhance dye removal. The consistently lower Duncan groupings at higher dye concentrations
confirm that pollutant load, rather than incubation time, is the primary determinant of decolori-
zation efficiency. These findings highlight the importance of optimizing both dye concentration
and retention time in fungal-based bioremediation to balance enzymatic capacity and reduce
toxic stress.

Incubation time significantly affected the decolorization efficiency of dyes by Trichoder-
ma sp. 1 at all concentrations tested, with a gradual increase in decolorization efficiency ob-
served as incubation time extended from 24 to 120 hours. At a concentration of 500 ppm, decol-
orization efficiency increased over time, rising from 38.84% at 24 hours to 72.51% at 120 hours.
This pattern is consistent with enzymatic biodegradation kinetics, in which fungi require time
to produce degradative laccase enzymes. These results align with Parshetti et al. (2007), who
observed that the removal of Reactive Blue-25 by A. ochraceus NCIM-1146 required longer
incubation as dye concentration increased. A. ochraceus NCIM-1146 achieved maximum decol-
orization after 20 days of incubation at a dye concentration of 100 mg/L.
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Changes in medium pH during the decolorization process showed a pattern that correlated
with dye concentration and biodegradation efficiency. At a concentration of 500 ppm, the medium
pH remained relatively stable at 6.88—7.40, which represents optimal conditions for the activity of
ligninolytic enzymes responsible for decolorization. Ning et al. (2018) and Nabeela et al. (2023)
stated that pH is important in decolorization because it is closely related to degradative enzyme
activity. Under alkaline conditions, enzyme activity can be reduced, resulting in more efficient
color removal under neutral to slightly acidic conditions. The observed shift toward alkaline con-
ditions at higher dye concentrations coincided with reduced decolorization efficiency, indicating
decreased stability and activity of ligninolytic enzymes under alkaline conditions.

Phytotoxicity Test of Decolorization Product by Trichoderma sp. 1

A reduction in germination percentage and seedling growth of Vigna radiata exposed to un-
treated dye demonstrates the presence of toxic compounds that inhibit metabolic activity and cell
division during germination. Higher dye concentrations resulted in pronounced growth inhibition,
with germination rates declining from 55% to 20% as concentrations increased from 500 to 1500
ppm (Table 4). This trend suggests that the accumulation of dye substances in seed tissues disrupts
essential physiological processes, such as water uptake, mobilization of food reserves, and bio-
synthesis of growth-regulating hormones. A substantial decrease in plumule length from 4.52 cm
to 1.36 cm was observed with increasing dye concentrations. In contrast, radicle length showed
only minor variation, ranging from 1.56 cm to 1.58 cm, suggesting that shoot development was
more sensitive to dye-induced stress than root elongation. Comparable phytotoxic responses in V.
radiata have been documented by Dewi et al. (2018), who observed that untreated dye effluents
suppressed normal seedling development.

In contrast, the lack of phytotoxic effects in the decolorized effluent demonstrates a signifi-
cant reduction in dye toxicity, as evidenced by normal seed germination and seedling development
comparable to the control (Table 4). This finding suggests that chemical modification of dye mol-
ecules occurred during the decolorization process, involving the degradation of chromophore and
auxochrome structures into simpler compounds. Chen et al. (2019) reported that decolorization of
triphenylmethane dyes by Bjerkandera adusta SWUSI4 is accompanied by enzymatic transfor-
mation, during which ligninolytic enzymes cleave complex dye structures into simpler aromatic
compounds with reduced biological toxicity.

The restoration of seed germination and seedling growth after decolorization indicates that
reduced phytotoxicity results from chemical transformation of dye molecules rather than solely
from color removal. The degradation of complex dye structures typically produces low-molecu-
lar-weight aromatic metabolites, such as aromatic amines and sulfonated aromatic compounds,
which are less bioreactive than the original dyes. Metabolomic studies by Sun et al. (2017) showed
that microbial metabolism of azo dyes lessened disruptions in key cellular metabolic pathways,
particularly those related to energy metabolism, suggesting that these transformation products im-
pose reduced biological stress. Similarly, Singh et al. (2024) found that biodegradation products
of Reactive Green 12 supported normal plant growth and eliminated phytotoxic effects. Although
complete mineralization was not evaluated, the observed reduction in phytotoxicity indicates that
the metabolic byproducts generated during fungal decolorization are less environmentally harmful
and pose a reduced risk to non-target plant species. However, it should be noted that metabolite
profiling was not performed in this study. Therefore, the proposed detoxification mechanism is in-
ferred from phytotoxicity outcomes and supported by previous literature rather than direct chem-
ical identification of transformation products. Further studies are required to confirm the specific
degradation pathway and metabolite composition.
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Table 4. Effects of decolorization products on germination percentage, plumule length, and radicle length of Vigna

radiata L.
Dye concentration Percentage of Plumule Radicle
(ppm) germination (%) (cm) (cm)

Control 100 12.50+0.65 6.00+1.20
500 55 4.52+0.47 1.56+0.05
1000 35 3.24+1.28 1.72+0.03
1500 20 1.36+0.04 1.58+0.06
Decolorized 500 100 11.20+0.84 5.80+0.20
Decolorized 1000 100 9.38+0.74 4.61+£0.59
Decolorized 1500 100 8.68+0.55 3.83+0.39
Note : Values are presented as mean + standard deviation.

CONCLUSION

Among the tested isolates, indigenous Trichoderma sp. 1 showed the greatest potential for
bioremediation of Remazol Red, as evidenced by strong ligninolytic activity and elevated laccase
production. This isolate efficiently removed dye color at moderate concentrations and incubation pe-
riods, underscoring its suitability for fungal-based dye treatment. Furthermore, phytotoxicity assess-
ments confirmed that the decolorized effluent did not inhibit seed germination or early plant growth,
demonstrating effective detoxification and enhanced environmental compatibility. Collectively,
these results indicate that indigenous Trichoderma sp. represents an effective and environmentally
safe biological agent for treating textile dye wastewater, especially in small-scale or cost-sensitive
remediation systems.
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