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Abstract

Actual printing and dyeing wastewater (APDW), as one of the most difficult types of
wastewater to treat, has become a significant environmental risk due to its toxicity and
the challenges associated with its degradation. Microalgae-based treatment of APDW
is a promising, eco-friendly, and cost-effective strategy. In this study, a cyanobacterium,
Synechocystis aquatilis, was isolated from APDW. The strain demonstrated good environ-
mental tolerance and the capacity to remove pollutants and valorize biomass simulta-
neously. Under optimized conditions, it removed COD (120.27 mg-L~!-d~!), NH4-N
(0.89 mg-L~1-d~1), and total phosphorus (9.52 mg-L.~!-d~1), while achieving substantial
decolorization. The strain concurrently accumulated lipids (373.08 mg/g), polysaccharides
(167.85 mg/g), and proteins (72.05 mg/g). Mechanistic analyses revealed that S. aquatilis
microalgae adsorb dyes and impurities via bioadsorption and then biodegrade dyes and
nitrogen and phosphorus compounds via NADPH generation, glutamate and butyrate
metabolism, and oxidoreductase activity. This study presents a promising application of
S. aquatilis as a novel and environmentally friendly treatment method for APDW, enabling
simultaneous wastewater treatment and resource recovery.

Keywords: Synechocystis aquatilis; actual printing and dyeing wastewater; biodegradation;
decolorization

1. Introduction

With the increasing demand for textiles, a large amount of printing and dyeing wastew-
ater will be produced [1]. Actual printing and dyeing wastewater (APDW) is challenging
to treat due to its complex composition, which contains various dyes, color fixatives, heavy
metals, and surfactants [2]. Untreated APDW is characterized by high chemical oxygen
demand (COD), elevated pH, and high toxicity, resulting in severe environmental pollution
in rivers, soils, and oceans. APDW reduces water transparency and inhibits aquatic plant
growth, disrupting aquatic ecosystems. Moreover, the chemical dyes in APDW containing
aromatic structures are mutagenic and carcinogenic, causing serious toxicity to aquatic
organisms and humans through the food chain [3,4]. Therefore, APDW must be treated
before discharge.
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Currently, the treatment technologies for APDW include physical adsorption [5],
membrane separation [6], chemical coagulation [7], chemical oxidation, and photocatalytic
oxidation [8,9]. Physical adsorption exhibits high adsorption, but the cost of adsorbents is
high. Chemical flocculation and chemical oxidation can remove dyes, COD, phosphorus,
and ammonia nitrogen from wastewater, but they produce large amounts of chemical
sludge during treatment, causing secondary pollution [10]. Therefore, exploring low-cost
and environmentally friendly methods to treat APDW has become an important research
topic [11].

Biological treatments have attracted considerable attention in wastewater treatment
due to their high efficiency and environmental friendliness [12]. There are many biological
treatment materials, such as bacteria, fungi, and plants. Among them, microalgae are ideal
candidates for wastewater treatment. Microalgae remove pollutants via bioadsorption,
bioaccumulation, and biodegradation [13,14]. Microalgal cell surfaces contain functional
groups such as carboxyl, hydroxyl, and amino groups, which facilitate the adsorption of
pollutants [15]. Then, dye molecules and nitrogen and phosphorus compounds are trans-
ported into microalgal cells, where they can be biotransformed into non-toxic metabolites
via enzymatic processes [16]. Moreover, microalgal growth yields high-value by-products,
such as pigments, carbohydrates, lipids, and biomass, which can be utilized for biofuels,
biofertilizers, biological feeds, and drug production, offering economic benefits [17,18].
Despite these advantages, the challenge of using microalgae for practical applications is
poor tolerance in APDW. Thus, screening microalgal strains with high tolerance in APDW
and optimizing conditions are important.

In this study, the APDW was treated with Synechocystis aquatilis (S. aquatilis), a strain
with high tolerance in APDW that was isolated from it. The APDW treatment conditions
were optimized for S. aquatilis, and the physicochemical changes in the microalgae before
and after treating APDW were analyzed. Kinetic models for dye and COD adsorption
during wastewater treatment were developed, and the mechanisms of S. aquatilis were
investigated, including biosorption, enzyme activity profiles, and potential gene pathways
involved in these processes. Transcriptome analysis further elucidated changes in the
regulation of specific genes related to adaptive and degradation processes during APDW
treatment. This study, thus, presents an environmentally friendly APDW treatment method
using high-tolerance S. aquatilis.

2. Materials and Methods
2.1. Microalgae and Chemicals

The original APDW was obtained from pre-treatment, dyeing, printing, and post-
treatment processes involved in cotton fabric production at a printing and dyeing factory in
Shandong Province, China. The physical and chemical properties of APDW samples on 18
July 2022 and 6 August 2023 are shown in Table S1. The APDW was sterilized in the follow-
ing treatment studies to eliminate the influence of other microorganisms on the experiment.
Unless specifically indicated, all chemical reagents were purchased from Sinopharm Group
Chemical Reagent Co., Ltd, Shanghai, China. and were of analytical grade.

S. aquatilis was isolated and purified from the original APDW, and the specific proce-
dures are shown in Section S1. DNA sequencing was performed by Sangon Biotec, and
species were identified by NCBI (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) (accessed on
3 January 2024).

2.2. The System Construction of Treating APDW with S. aquatilis

S. aquatilis was inoculated into sterilized APDW (18 July 2022) and cultured for 9 days.
Samples were collected in two-day intervals for physicochemical and biological analyses.
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The effects of key variables on decolorization efficiency and microalgal growth were
systematically examined. The experimental factors included the APDW dilution ratio
(1~8 fold), initial pH (6~10), light intensity (3000~12,000 Lux), and inoculation proportion
(10~30%, v/v). Following sampling, the cultures were centrifuged at 4 °C and 4000 rpm
for 10 min (Centrifuge 5804 R, Eppendorf, Germany) to separate the biomass from the
supernatant before analysis.

The COD, NHy4-N, and TP values of the APDW were determined using reagent kits
from Zhejiang Lohand Environment Technology. The absorbance of APDW dyes was
measured on the ninth day from 300 to 700 nm at 0.5 nm increments (UV-1900; Shimadzu,
Hitachi, Japan). The biomass of S. aquatilis was estimated based on the chlorophyll concen-
tration [19]. Detailed information on these parameters is provided in Section S2.

2.3. The Sustainable System Treatment of APDW Under Optimized Conditions

The experiments were conducted using two parallel groups: an APDW treatment
group and a control group. The sterilized APDW was diluted two-fold with deionized
water and adjusted to pH 7. In the treatment group, Synechocystis aquatilis was inoculated at
20% (v/v) into diluted APDW (6 August 2023), which was maintained in 1 L flasks at 20 °C
and 9000 Lux and incubated for 9 days. The control group consisted of S. aquatilis cultivated
in BG-11 medium. Samples were collected at 2-day intervals to monitor wastewater quality
parameters, including COD, NH4-N, and TP, as well as microalgal growth dynamics.

2.4. The Proteins, Polysaccharides, and Lipids of S. aquatilis

The total proteins were extracted using the plant protein extraction kit (Suzhou Grace
Biotechnology Co., Ltd., Suzhou, China). The total polysaccharides were extracted using the
plant polysaccharides extraction kit (Suzhou Grace Biotechnology Co., Ltd.). The total lipid
content was measured using the chloroform-methanol extraction method. For detailed
experimental procedures, please refer to Section S3.

2.5. Water Quality Evaluation of APDW

The ecotoxicity of untreated and microalgae-treated APDW was assessed using a mung
bean germination assay. Surface-sterilized seeds (2% H;Oy; 15 min) were rinsed and soaked
for 6 h in deionized water (control), untreated APDW, or microalgae-treated APDW. The
seeds were then incubated between moist filter papers in Petri dishes at 25 °C in the dark for
72 h. The germination percentage and primary root length were recorded. The germination
rate and root inhibition were calculated as follows: germination rate (%) = (number of
germinated seeds/total number of seeds) x 100%; root length inhibition rate (%) = [(control
group-experimental group)/control group] x 100% [20].

2.6. Kinetic Models

The mechanism involved in the degradation process of dyes and COD with
S. aquatilis was determined using different kinetic models (first-order kinetic model, second-
order kinetic model, pseudo-first-order kinetic model, and pseudo-second-order kinetic
model) [21,22]. The degradation of dyes was determined using methylene blue as a sample.

The equations for the kinetic models are as follows:

First-order (FO) kinetic model: ln%’ = kit, where Cj is the initial concentration, C is
the concentration at time t, and k; is the rate constant.

Second-order (SO) kinetic model: Cl, - CLO = kot, where Cj is the initial concentration,
C; is the concentration at time t, and k» is the rate constant.

Pseudo-first-order (PFO) kinetic model: In(Cyax — Ct) = InCyyax — k1t, where Cpax
is the maximal degradation concentration, C is the concentration at time t, and k; is the
rate constant.
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imal degradation concentration, C; is the concentration at time t, and k; is the rate constant.

Pseudo-second-order (PSO) kinetic model: C% + ﬁ, where Cpax is the max-

2.7. The Mechanism of Treatment of APDW with S. aquatilis
2.7.1. The Morphology of S. aquatilis

The S. aquatilis samples before and after treatment were fixed in 2.5% (v/v) glutaralde-
hyde for 2 h, dehydrated with ethanol with graded concentrations from 10% to 100%, and
dried with the critical point method. The scanning electron microscopy (S-3400N, Hitachi,
Japan) was used to observe the morphological characteristics of S. aquatilis.

2.7.2. Genome Extraction and Sequencing

S. aquatilis was grown in BG-11 medium at 26 °C for 9 days to generate sufficient
biomass for DNA extraction. Total genomic DNA was subsequently extracted using the
E.Z.N.A. HP Plant DNA Kit (Omega Bio Inc., Norcross, GA, USA). Ligation products
were verified via electrophoresis and PCR and then sequenced on an Illumina NovaSeq
6000 platform (Majorbio Biotechnology Co., Ltd., Shanghai, China). For genome assembly,
SOAPdenovo2 was employed, and genome functional annotation was conducted against
the NR, Swiss-Prot, Pfam, EggNOG, GO, and KEGG databases [23].

2.7.3. Transcriptome Profiling Using mRNA Sequencing

S. aquatilis was grown in BG-11 medium and APDW at 26 °C for 9 days to extract
RNA. Total RNA was extracted using the Trizol RNA extraction kit (Invitrogen, Carlsbad,
CA, USA). Quality control of RNA samples incorporated electrophoresis and Agilent 2100
bioanalyzer analysis. Eukaryotic mRNA was first depleted of rRNA, fragmented, and
subjected to reverse transcription into cDNA using the NEBNext Ultra RNA Library Prepa-
ration Kit (NEB#7530, New England Biolabs, Ipswich, MA, USA). cDNA fragments were
end-repaired, A-tailed, ligated to Illumina adapters, amplified via PCR, and sequenced on
an [llumina NovaSeq 6000 platform (Majorbio Biotechnology Co., Ltd., Shanghai, China).
The RT-qPCR was conducted using the SYBR qPCR Master Mix Q711 kit on the StepOne-
Plus™ Real-Time PCR instrument (Thermo Fisher Scientific, Waltham, MA, USA). In this
experiment, Rnp was selected as the internal reference gene. The RT- qPCR data were
analyzed using the 2~22Ct method.

2.7.4. Determination of Enzyme Activity of S. aquatilis

The experiment compared the differences in superoxide dismutase, peroxidase, malon-
dialdehyde, and total antioxidant activity in S. aquatilis before and after APDW treatment.
These enzymes were measured using test kits (Nanjing Jiancheng Corp., Nanjing, China),
and the detailed extraction procedure is provided in Section S4.

2.8. Statistical Analysis

Three parallel experiments were conducted in each experiment. All data were ex-
pressed as mean =+ standard deviation (SD), statistically analyzed using Microsoft Ex-
cel and SPSS 13.0. The graphs were drawn using Origin (2018). One-way analysis of
variance (ANOVA) was used to assess statistical differences, with p < 0.05 considered
statistically significant.

3. Results
3.1. Isolation of Microalgae

Sequence homology analysis identified the isolated microalgal strain as Synechocystis
aquatilis. Phylogenetic analysis using the MEGA 11 software further confirmed this clas-
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sification, clustering the strain robustly within the S. aquatilis clade (Figure S1). Morpho-
logically, the strain exhibited typical S. aquatilis characteristics, appearing oval-shaped
with a distinct blue—green pigmentation. Previous studies have utilized S. aquatilis in
environmental research to investigate the toxicity of tin and cadmium. However, research
on its application in APDW treatment is lacking. S. aquatilis isolated from APDW may be a
promising algal strain for biological wastewater treatment of APDW.

3.2. The System Construction of S. aquatilis Treatment of APDW
3.2.1. Effect of Dilution Fold of APDW on APDW Treatment

The impact of APDW dilution on treatment performance is shown in Figure 1. Increas-
ing the dilution factor enhanced pollutant removal, with COD, NH4-N, and TP removal
efficiencies rising from 19.13% to 53%, 18.11% to 96.21%, and 0.53% to 17.98%, respectively.
This trend paralleled improvements in the physiological status of S. aquatilis, as reflected
in elevated chlorophyll content (Figure S2b), indicating that reduced toxicity alleviated
growth inhibition and restored metabolic activity. At lower dilution ratios, APDW exerted
a pronounced inhibitory effect on algal growth. In contrast, biomass accumulation in the
two-, four-, and eight-fold-diluted groups converged after day 9, suggesting that beyond
a threshold dilution, growth limitation was largely relieved. From an engineering per-
spective, higher dilution ratios also increase operational costs due to additional freshwater
input. By balancing pollutant removal efficiency, biomass productivity, and economic
feasibility, the two-fold dilution represents the optimal treatment condition.

3.2.2. Effect of pH of APDW on APDW Treatment

Solution pH exerted a decisive influence on both APDW remediation performance
and the physiological status of S. aquatilis. Post-treatment analyses revealed pronounced
differences in dye removal efficiency across pH conditions, with pH = 7 yielding the highest
overall removal (Figure 1). Under this condition, COD and NH4-N removal increased
rapidly during the first seven days, reaching maxima of 35.17% (day 5) and 47.11% (day 7),
respectively, before declining slightly by day 9. Despite this decrease, removal efficien-
cies remained substantial, suggesting ongoing biotransformation of residual dyes and
associated organic compounds rather than simple stagnation of treatment performance.
Algal growth dynamics mirrored these trends. As shown in Figure S2a, biomass accu-
mulation progressively declined with increasing pH, indicating that alkaline conditions
imposed physiological stress on S. aquatilis. Therefore, pH 7 was determined to be the
optimal condition.

3.2.3. Effect of Light Intensity on APDW Treatment

Light intensity critically regulated both pollutant removal efficiency and biomass pro-
ductivity during APDW treatment. Across all treatments, COD, NHy4-N, and TP removal
increased progressively with time. Among the tested conditions, 9 kLux yielded the highest
removal efficiencies for COD (41.44%) and TP (35.16%) (Figure 2). Although NH4-N re-
moval at 9 kLux (60.43%) was marginally lower than that observed at 3 kLux (62.38%) and
6 kLux (62.07%), the differences were not statistically significant. Biomass accumulation
exhibited a positive correlation with light intensity up to 9 kLux, consistent with enhanced
photosynthetic carbon fixation before the onset of photoinhibition. In contrast, exposure
to 12 kLux suppressed growth, likely reflecting damage to the photosynthetic apparatus
and increased reactive oxygen species (ROS) generation under excessive irradiance [24].
Due to the APDW's dark colors and low transparency, the 3k Lux, 6k Lux, and 9k Lux light
intensities were found suitable for S. aquatilis growth. Integrating pollutant removal perfor-
mance and biomass productivity, 9 kLux emerged as the optimal operational condition for
S. aquatilis-mediated treatment of APDW.
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Figure 1. The influence of APDW dilution factor and pH on APDW treatment. (a—c) COD, NH4-N
and TP removal rate at different dilution ratios. (d—f) COD, NH4-N and TP removal rate at different
pH values. (g) Dye removal rate (on the ninth day) at different dilution ratios. (h) Dye removal rate
(on the ninth day) at different pH values.

3.2.4. Effect of Algae Supplementation on APDW Treatment

The initial inoculum density of S. aquatilis substantially influenced APDW treatment
performance. Across all groups, COD removal increased progressively and peaked on day
7 before declining (Figure 2), indicating a dynamic balance between active assimilation
and subsequent nutrient limitation. The 20% inoculation group achieved the highest COD
removal efficiency (47.69%), significantly outperforming the 10% and 30% groups (32.46%
and 19.76%, respectively) during the later treatment phase. A similar trend was observed
for TP removal, which reached 49.05% on day 7 in the 20% group. In contrast, NHs-N
removal converged across treatments after day 5, suggesting that nitrogen assimilation
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capacity was not strongly constrained by inoculum density under the tested conditions.
Dye removal efficiencies were comparable between the 20% and 30% groups, indicating
that further increases in biomass did not proportionally enhance chromaticity reduction.
Biomass in the 20% group increased steadily throughout the experiment, whereas the 30%
group exhibited an initial rise followed by a decline (Figure S2d). This collapse likely reflects
rapid nutrient depletion under excessive cell density, resulting in metabolic stress, growth
arrest, and reduced overall system stability. Therefore, 20% inoculation was determined to
be the optimal condition.
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Figure 2. The influence of light intensity and algae supplementation on APDW treatment. (a—c) COD,
NHy4-N and TP removal rate at different light intensities. (d—f) COD, NH4-N and TP removal rate at
different algae supplementation percentages. (g) Dye removal rate (on the ninth day) at different light
intensities. (h) Dye removal rate (on the ninth day) at different algae supplementation percentages.
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3.3. A Sustainable System for Treatment of APDW Under Optimized Conditions

The S. aquatilis treatment of APDW (taken on 6 May 2023) significantly improved
under optimized conditions (pH 7, a light intensity of 9k Lux, and 20% S. aquatilis sup-
plementation) (Figure 3a—d). The COD content in APDW decreased to 2416.5 mg/L on
the seventh day, with a removal rate of 120.27 mg-L~!-d~!. The NH4-N and TP contents
decreased to 5.50 mg/L and 364.0 mg/L, with removal rates of 0.89 and 9.52 mg-L~!-d !, re-
spectively. These reductions were accompanied by a visible color transition from blue-grey
to light brown (Figure S3), consistent with substantial chromaticity attenuation. Spectral
analysis further confirmed significantly higher dye removal of 55.75%, particularly within
the 500-750 nm range.
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Figure 3. The treatment of APDW in optimal condition and by-products of S. aquatilis (a) COD,
(b) NH4-N, (c) TP, (d) dye removal rate on the ninth day, (e) chlorophyll concentration and (f) by-
product content. a,b indicates significant difference between experimental group and blank group
(p < 0.05).

Beyond pollutant removal, APDW supported robust algal growth. As a high-strength
organic wastewater enriched in nitrogen and phosphorus, APDW provided substantial
nutrient resources [25]. Biomass accumulation and chlorophyll content were significantly el-
evated compared with BG-11 medium (blank), with total chlorophyll reaching 0.74 mg L1
in APDW versus 0.55 mg L~ !in BG-11 (Figure 3). This enhancement indicates efficient
nutrient assimilation and metabolic activation, demonstrating that S. aquatilis tolerates and
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exploits APDW as a growth substrate. The APDW treatment simultaneously generated
substantial algal biomass enriched in bioactive compounds, which could be used as biofer-
tilizers. Other research used Chlorella vulgaris as a biofertilizer, which enhanced the rates of
corn and soybean growth [26].

3.4. Proteins, Polysaccharides, and Lipids Generated by S. aquatilis After Treatment of APDW

Beyond pollutant removal, S. aquatilis generated value-added biomolecules, includ-
ing proteins, polysaccharides, and lipids. Protein content was higher in BG-11 medium
(118.80 mg/g) than in APDW (72.05 mg/g) (Figure 3), indicating that nutrient imbalance
and wastewater-associated stress reshaped intracellular carbon allocation. Although lipid
content in APDW-grown cells was lower than in BG-11 controls, it remained substantial,
demonstrating preserved carbon storage capacity under high-strength wastewater condi-
tions. The comparatively reduced lipid accumulation is consistent with previous reports
that excessive phosphorus availability constrains lipid biosynthesis by favoring protein and
structural growth over storage metabolism [27]. Similar adaptive responses have been ob-
served in other wastewater systems, where lipid accumulation in Scenedesmus sp. reached
24.89% in monosodium glutamate wastewater [28], and filamentous algae exhibited lipid
increases from 12.8 to 66.4 mg/g in saline wastewater [29]. These results indicate that
APDW supports algal growth and sustains appreciable lipid production, underscoring the
feasibility of coupling wastewater remediation with biofuel-oriented biomass valorization.

3.5. Water Quality Evaluation

The mung bean test was used to evaluate the water quality of APDW. Mung bean
seed germination was used to assess the phytotoxicity of APDW before and after treatment.
The germination index (%) and root lengths of germinated mung beans were measured, as
detailed in Table S2. Figure 4 depicts the effects of APDW (before and after treatment) and
pure water on mung bean growth after 4 days. Mung bean in S. aguatilis-treated APDW
exhibited root growth of 1.55 cm, greater than that in untreated APDW (0 cm) and shorter
than that in the pure water group (3.4 cm).

3.6. Kinetic Models of APDW Treatment

The adsorption of methylene blue and COD onto S. aquatilis over time was evaluated
using four distinct kinetic models: first-order (FO), second-order (SO), pseudo-first-order
(PFO), and pseudo-second-order (PSO) kinetics (Figure 5). The parameters for each model
are detailed in Table S3. The PSO rate constants (k2) for methylene blue and COD were
determined to be 0.0350 and 0.00013, respectively. In the case of PSO kinetics, the value of
R? was greater than 0.95 for both methylene blue and COD adsorption, specifically 0.97
and 0.996, respectively. The R? values of the FO, SO, and PFO models were 0.525, 0.537,
and 0.758 for methylene blue and 0.633, 0.637, and 0.596 for COD adsorption, respectively.
These higher R? values indicated that the PSO kinetic model provided a superior fit for the
adsorption data, indicating its suitability for methylene blue and COD adsorption onto
the surface of S. aquatilis. The PSO kinetics suggested that the adsorption process for dyes
(methylene blue) and COD removal followed a chemical adsorption and ion exchange
mechanism, consistent with the finding of Mahmoudi et al., who reported that the date
pits effectively removed methylene blue and conformed well to the pseudo-second-order
model [30].
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Figure 4. The phytotoxicity test of mung bean. (a) pure water, (b) untreated APDW and (c) treated APDW.
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Figure 5. Kinetic models of COD and methylene blue. (a) PSO kinetics model of COD and (b) PSO

kinetics model of methylene blue.

3.7. The Mechanism of S. aquatilis Treatment of APDW
3.7.1. Biosorption Mechanism of S. aquatilis Treatment of APDW

Scanning electron microscopy (SEM) revealed pronounced structural differences be-
tween cells grown in BG-11 and APDW (Figure S4). In BG-11, S. aquatilis cells appeared
spherical, smooth, and actively dividing. In contrast, APDW-exposed cells exhibited sur-
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face wrinkling and occasional membrane disruption, indicating environmental stress. Cells
formed compact aggregates in APDW, with particulate matter adhering to their surfaces.
These aggregates likely result from the secretion of extracellular polymeric substance (EPS)
and the abundance of functional groups (carboxyl, hydroxyl, and amino moieties) on
the cell wall, facilitating electrostatic and chemical interactions with dye molecules and
suspended solids. This structural evidence supports biosorption as an initial and critical
step in pollutant removal.

3.7.2. Biotransformation Mechanism of S. aquatilis Treatment of APDW

Six samples of S. aquatilis were sequenced using the Illumina Novaseq platform. RNA
sequencing generated high-quality datasets (average clean reads: 22.02~25.50 million;
Q30 > 96%), with strong reproducibility among biological replicates (Figure S5). Compara-
tive transcriptomic analysis identified 912 differentially expressed genes (DEGs), including
471 upregulated and 441 downregulated genes in APDW-treated cells relative to BG-11
controls (Figure S6). This study randomly selected four differentially expressed genes
(two upregulated genes and two downregulated genes) for validation analysis to evaluate
the accuracy of transcriptome sequencing data (Figure S9).

GO enrichment revealed that downregulated DEGs predominantly involved photo-
synthesis, proton-transporting ATP synthase, proton channels, and membrane protein
complexes. Suppression of these pathways likely restricted toxin influx and reduced energy
expenditure on photophosphorylation, reflecting an adaptive stress response (Figure 6).
Conversely, upregulated DEGs were significantly enriched in oxidoreductase activity, elec-
tron transfer, NAD(P)H generation, glutamate biosynthesis, butanoate metabolism, and
organic substance transport. This pattern indicates a metabolic transition toward redox-
intensive biodegradation. Enhanced butanoate metabolism, likely derived from glycolysis
and lipid oxidation, feeds pyruvate into the TCA cycle, generating abundant NADH and
ATP to sustain electron-dependent dye transformation [31]. These findings align with those
reported by Chen [32]. The Anoxybacillus sp.-degraded azo dye was related to carbohydrate,
lipid, and amino acid metabolisms. These metabolisms provided the necessary energy for
dye degradation.

Enzymes involved in azo dye degradation, including monooxygenases, methyltrans-
ferases, pyrophosphatases, hydrolases, and eight oxidoreductases, were significantly in-
duced (Figures S6 and S7; Table 1), consistent with electron-mediated cleavage and oxi-
dation of phenolic and azo groups [33]. P450 cytochrome-related genes (gene 1361) and
Mg chelatase-like ATPases were induced, promoting hydroxylation and epoxidation reac-
tions that further facilitate pollutant transformation [34]. Genes encoding glycosyltrans-
ferases were upregulated, suggesting enhanced stress sensing and chemical modification
of dye molecules to reduce cytotoxicity. Glycosyltransferases can bind to various hetero-
substances, transferring sugar groups from donors to dye molecules via catalytic reactions.
Moreover, stress-responsive regulators, including histidine kinases, were also induced,
reflecting activation of adaptive signaling networks (Table 1). Meanwhile, a modest ele-
vation in malondialdehyde (MDA) levels (Table 2) indicated limited membrane damage,
consistent with the observed resilience of S. aquatilis under APDW exposure.

In addition, APDW contains substantial carbon-, nitrogen-, and phosphorus-bearing
compounds. Genes related to carbohydrate transport and nitrogen metabolism—including
0464, 1631, and 1648—were upregulated (2.1-2.85-fold; Figure S8). These findings suggest
that S. aquatilis actively assimilates organic nutrients from wastewater, including nitro-
gen compounds, utilizing them for growth and metabolism. KEGG enrichment further
highlighted nitrogen metabolism and atrazine degradation pathways, suggesting func-
tional overlap between heterocyclic compound transformation and azo dye biodegradation
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(Figure S7). Moreover, the ability of S. aquatilis to metabolize both organic and inorganic
nutrients suggests a versatile response to the diverse components present in APDW. Further
confirmation of specific metabolic pathways involved in nutrient assimilation through
mass balance will be researched in the future.

Collectively, these results reveal that S. aquatilis responds to APDW stress through inte-
grated transcriptional programs that couple energy generation, electron flux, and enzymatic
capacity to sustain growth while efficiently degrading dyes and reducing nutrient loads.

GO enrichment analysis
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Figure 6. GO and KEGG enrichment of S. aquatilis in BG-11 and APDW (a) GO analysis of downregu-
lated DEGs, (b) GO analysis of upregulated DEGs, (c) KEGG enrichment of downregulated DEGs
and (d) KEGG enrichment of upregulated DEG. * p < 0.05, ** p < 0.001, *** p < 0.0001.

Table 1. Expression of genes related to degrading APDW in S. aquatilis.

Gene Name (Number) Gene ID (log2FoldChange)

gene0274 (2.23); gene0455 (1.02); genel506 (2.24);
Oxidoreductase (9) genel807 (1.24); gene2621 (1.43); gene3201 (2.19);

gene3202 (2.67); gene3203 (1.62); genel535 (1.05)
Monooxygenase (1) genel286 (1.48)
Hydrolase (1) gene3337 (1.61)

enel1030 (1.83); genel753 (1.23); gene2156 (1.03);

Methyltransferase (7) frenezsﬁ (1.42); genezm (1.27); S o0el0032 (1.87)
Aminotransferase (1) genel263 (2.78)
Cytochrome oxidase (2) gene0464 (2.32); gene2329 (5.14)
Pyrophosphatase (2) gene2050 (1.22); gene0720 (1.55)

https://doi.org/10.3390/w18101167


https://doi.org/10.3390/w18101167

Water 2026, 18, 1167 14 of 20
Table 2. The enzyme activities of S. aquatilis in APDW.
Enzymes Activities Experiment Group Control Group
POD (U/mg prot) 33.457 11.262
SOD (U/mg prot) 167.321 37.954
MDA (nmol/mg prot) 21.031 16.217
T-AOC (umol/g) 0.270 0.144

3.7.3. Role of Enzymes of S. aquatilis in Degradation Process

Transcriptomic analysis revealed pronounced upregulation of genes encoding antioxi-
dant and oxidoreductive enzymes in S. aquatilis following exposure to APDW. To validate
these transcriptional responses at the functional level, the enzymatic activities of peroxi-
dase (POD), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC) were
quantified in cells cultivated in APDW and BG-11 medium (Table 2). All three activities
were significantly elevated in APDW-treated cultures. SOD activity increased more than
four-fold relative to the control, indicating a strong oxidative stress response. POD and
overall antioxidant capacity were likewise enhanced, reflecting intensified redox turnover
under wastewater conditions. The activation of these enzymatic systems likely serves
a dual function: maintaining intracellular redox homeostasis under chemical stress and
facilitating electron transfer reactions associated with dye transformation.

4. Discussion

This research investigated factors affecting APDW treatment, including the dilution
fold of APDW, pH, light intensity, and algae supplementation. In terms of the dilution
fold of APDW, S. aquatilis showed high tolerance to APDW without the need for extensive
dilution or nutrient supplementation. Previous studies indicated that Chlorella required
wastewater to be diluted four times or even over 10 times for treatment [33], whereas
S. aquatilis exhibited far higher tolerance than Chlorella and other algae species. This high
tolerance reduces operational complexity and treatment costs, making it a promising can-
didate for large-scale remediation of APDW (Table 3). The pH is vital for examining the
degradation ability of S. aquatilis. S. aquatilis demonstrated higher nitrogen consumption
at pH 7 compared with alkaline conditions [35]. Given that most dyes in APDW are
cationic, electrostatic attraction between positively charged dye molecules and the neg-
atively charged algal surface likely enhances adsorption under neutral conditions. At a
higher pH, although the adsorption potential may have increased, cellular growth was
impaired, ultimately reducing the overall treatment capacity. Maintaining pH 7 reduces the
need for costly pre-treatment processes, further supporting the economic feasibility of this
approach. In addition, light intensity and inoculum density further influenced degradation
kinetics, reflecting the dependence of remediation on photosynthetically driven redox
metabolism. The biomass generated by S. aquatilis could be used for multiple high-value
applications. The industrial feasibility of such systems depends on several factors, includ-
ing the costs associated with wastewater dilution, biomass harvesting, and the potential
revenue from biomass utilization. Detailed techno-economic analyses will be required for
future industrial applications to make the system economically viable on a larger scale.
A transition from single-purpose wastewater treatment to resource-recovery systems was
suggested. Seed germination assays using mung bean confirmed that treated APDW exhib-
ited reduced phytotoxicity, indicating that biodegradation products were less harmful than
the parent dye compounds. This ecological validation strengthens the case for environmen-
tal safety and practical reuse of treated effluent. The results were consistent with the Haq
research [36].
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Table 3. Comparative Summary of Algal-Based Wastewater Treatment Studies.
Algal Strain Wastewater Type Tolerance Performance Reference
0 Actual printing and dyeing  Dilution 2 times (3300 mg/L COD, .
5. aquatilis wastewater (APDW) 590 mg/L TP and 15 mg/L NHy4-N) This research
Diluted 16-200 times (cADWS)
C. sorokiana Azo dye wastewater concentrations of 112.5, 90, 67.5, 45, 22.5, [33]
and 9 mg/L)
. Actual printing and dyeing  Ddilution 4 times (200 mg/L COD,
C. sorokiana wastewater (APDW) 10 mg/L TP and 9 mg/L NHy4-N) [37]
Shewanella CI Reactive Red 66 25, 50, 100, 150 and 200 mg/L [38]
Anoxybacillus sp. PDR2  Actual textile effluent 1720-2170 mg/L COD [39]
A. lipolytica Congo red 25-125 mg/L Congo red [40]

Kinetic modeling indicated that dye removal followed pseudo-second-order behavior,
suggesting that adsorption rates scale with the square of available binding sites and are,
therefore, governed by chemisorption rather than purely physical partitioning. The cell
wall of S. aquatilis is enriched with imidazole, amino, carboxyl, hydroxyl, and carbonyl
functional groups capable of forming electrostatic interactions and hydrogen bonds with
dye molecules. This chemically active interface likely initiates contaminant capture, con-
tributing substantially to the observed reductions in COD and chromophoric compounds.

The mechanisms of S. aquatilis treating APDW mainly involve biosorption, bioaccu-
mulation, and biodegradation. The various functional groups are present on the surface
of S. aquatilis cells, such as carboxyl, sulfate, amino, and hydroxyl groups. The negatively
charged surface of algae favors binding to dye molecules with a positive charge. Latifa
found that -OH and -COOH functional groups of Fucus spiralis bind with MB via hydrogen
bonding [41]. In addition, Deb elucidated that Bacillus sp. secreted extracellular substances
such as EPS, promoting the formation of stable cellular aggregates during the cell culture
process, which presented synergistic improvement in dye degradation [42]. Many dyes are
positively charged, which could combine with the electrons, causing structural changes in
dye molecules. The Shewanella-CdS facilitated azo dye hydroxylation via electron transfer,
influencing the efficiency of dye degradation [43]. Azo bonds were found to be vulner-
able to electron attack and azo dye decolorization via extracellular electron transfer [44].
Transcriptomic analysis revealed that S. aquatilis in APDW upregulated glycolysis, the
tricarboxylic acid cycle, lipid oxidation, and amino acid biosynthesis, indicating elevated
generation of NAD(P)H and electrons. Azo bonds (-N=N-), known to be susceptible
to electron attack, undergo reductive cleavage and hydroxylation reactions, leading to
decolorization and structural modification. The progressive color fading of APDW during
treatment is consistent with such electron-mediated disruption of chromophoric systems.
The transcriptome results indicated that the nitrogen, phosphorus, and atrazine degrada-
tion pathway metabolism genes in S. aquatilis were also significantly upregulated. The
Arthrobacter aurescens TC1 degraded atrazine via dichlorination, hydroxylation, and hy-
drolysis [45]. The atrazine structures were similar to those of the nitrogen-containing
compounds and azo dyes in APDW, indicating that S. aquatilis similarly degraded these
compounds. Similar conclusions can be drawn for phosphorus pathways. The mechanism
of S. aquatilis treatment of APDW is depicted in Figure 7. In the future, gene editing tech-
nology will be used to overexpress the key biodegradation genes in S. aquatilis to obtain
biomaterials with higher removal efficiencies.
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Figure 7. The mechanism of S. aquatilis-treated APDW.

Enzymes play a significant role in the degradation process. The transcriptome results
suggested that the oxidoreductase could catalyze the reduction of azo bonds (-N=N-) to
aromatic amine products and provide electrons for dye degradation [46]. The NADH-
DCIP reductases transformed reactive Orange 16 into a colorless substance via electrons
in Bacillus sp., as a marker enzyme in dye degradation [47]. Therefore, S. aquatilis used
the oxidoreductase to break the nitrogen bonds in dyes and transformed them into aro-
matic amines, which was consistent with the increasing content of NH-N during the
later stage of APDW treatment. Enzyme activity assays also validated the transcriptome
results. Antioxidant enzymes are crucial in maintaining the stability of cells, enhancing
tolerance to environmental stresses, and eliminating the toxicity of phenolic amines in the
physiological and metabolic processes of microalgae [48]. POD biodegrades phenol and
synthetic dyes [49]. It provides many electrons and has a high redox potential to attack the
aminoxyl radical (-N-O) of dye compounds [50]. POD, SOD, and T-AOC were produced
during the treatment, facilitated electron transfer, and accelerated the degradation of dyes
and other nitrogen and phosphorus compounds. These results suggest that oxidoreductase
promotes the degradation of dyes and transforms them into compounds that can promote
the growth of S. aquatilis, which was consistent with the findings from the transcriptomic
analysis. POD and SOD are also crucial in protecting cells against environmental stress [51].

5. Conclusions

This study provides a high-tolerance microalga, S. aquatilis, for APDW treatment. The
results demonstrated that S. aquatilis had potential for APDW treatment. The degradation
rates of COD, NHy-N, and TP in APDW under optimized conditions were 120.27, 0.89,
and 9.52 mg-L~1-d !, respectively. Meanwhile, S. aquatilis produced several high-value
by-products (a 373.08 mg/g lipid yield, 167.85 mg/g of polysaccharide, and 72.05 mg/g
of protein). The mechanism of APDW degradation involved bioadsorption, bioaccu-
mulation, and biodegradation facilitated by functional group adsorption, DNA repair
pathways, oxidoreductase degradation, and electron transfer to tolerate APDW effectively.
Thus, S. aquatilis provides an environmentally friendly method to treat APDW, with enor-
mous potential for development. In future studies, gene-editing methods and synergistic
bacteria—algae interactions will be employed to investigate the use of S. aquatilis in treating
wastewater, aiming to enhance treatment efficiency.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w18101167/s1, Figure S1: S. aquatilis under the microscope (a)
and phylogenetic tree of S. aquatilis (b); Figure S2: The content of Chlorophyll concentration of
S. aquatilis in different condition (a) pH, (b) dilution fold of APDW, (c) light intensity, (d) algae
supplementation; Figure S3: The change of APDW color during the S. aquatilis treatment; Figure S4:
The surface morphology of S. aquatilis by scanning electron microscopy (SEM) (a,b) S. aquatilis in BG-
11medium, (c,d) S. aquatilis in APDW; Figure S5: Heat map of inter-sample correlation. Y: S. aquatilis
after treatment of APDW; D: S. aquatilis in BG-11 medium; Figure S6: DEGs volcano in Y and
D. Y: S. aquatilis after treatment of APDW; D: S. aquatilis in BG-11 medium; Figure S7: GO and
KEGG enrichment of upregulated DEGs in S. aquatilis in BG-11 and APDW (a) GO analysis of
upregulated DEGs in oxidoreductive enzymes, (b) GO analysis of upregulated DEGs in nitrogen,
(c) KEGG enrichment of upregulated DEGs in oxidoreductive enzymes, (d) KEGG enrichment of
upregulated DEGs in nitrogen; Figure S8: (a) Changes in oxidoreductive enzymes genes in S. aquatilis
(b) Changes in nitrogen genes in S. aquatilis; Figure S9: RT-qPCR results for validation of RNA-seq
data. (a,b) Down regulated genes. (c,d) Up regulated genes; Table S1: The physical and chemical
properties of APDW samples; Table S2: The germination index (%) and root lengths of germinated
mung beans; Table S3: Kinetic models of the adsorption of methylene blue and COD and statistical
analysis. References [52-56] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, L.W.; Methodology, X.Q. and L.W.; Investigation, X.Q.
and L.W.; Writing—original draft, X.Q. and L.W.; Writing—review and editing, X.Q., M.G., Y.S., SW.,
S5.G, XX, XL, XW, QEF,J.Z, LW. and G.W.; Supervision, G.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by Key R&D Program of Shandong Province, China (No.
2025CXGC010618; 2025LZGC037); Key Technology Research Projects in Qingdao City, China (No.
25-1-1-gjgg-54-hy); project 25-1-1-187-zyyd-jch supported by Qingdao Natural Science Foundation;
National Natural Science Foundation of China (No. 42276146); Ministry of Agriculture and Rural
Affairs of the People’s Republic of China, China [grant numbers CARS-50] and the Research Fund for
the Taishan Scholar Project of Shandong Province, China [grant numbers tspd 20210316].

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: Author Quancheng Fan was employed by the company Yuyue Home Textile
Co., Ltd. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest. The
authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

References

1. Chen, H,; Yu, X; Wang, X.N.; He, Y.; Zhang, C.; Xue, G.; Liu, Z.; Lao, H.; Song, H.; Chen, W,; et al. Dyeing and finishing
wastewater treatment in China: State of the art and perspective. J. Clean. Prod. 2021, 326, 129353. [CrossRef]

2. Rawat, D.; Sharma, U.; Yadav, A ; Poria, P,; Farooqi, F.; Pani, B.; Mukherjee, P; Singh, M.; Sharma, R.S.; Mishra, V. A bottom-up
approach to select microbes from textile wastewater for detoxification of aromatic amine and azo dye in a single stage. . Water
Process Eng. 2023, 53, 103668. [CrossRef]

3.  Al-Tohamy, R.; Ali, S.S; Li, EH.; Okasha, K.M.; Mahmoud, Y.A.-G.; Elsamahy, T.; Jiao, H.; Fu, Y.; Sun, J. A critical review on
the treatment of dye-containing wastewater: Ecotoxicological and health concerns of textile dyes and possible remediation
approaches for environmental safety. Ecotoxicol. Environ. Saf. 2022, 231, 113160. [CrossRef] [PubMed]

4. Artifon, W.; Cesca, K.; Andrade, C.J.; de Souza, A.A.U.; de Oliveira, D. Dyestuffs from textile industry wastewaters: Trends and
gaps in the use of bioflocculants. Process Biochem. 2021, 111, 181-190. [CrossRef]

5. Tu,N.T.T; Thien, T.V.; Du, PD.; Chau, V.T.T.; Mau, T.X.; Khieu, D.Q. Adsorptive removal of Congo red from aqueous solution
using zeolitic imidazolate framework—67. J. Environ. Chem. Eng. 2018, 6, 2269-2280. [CrossRef]

6. Filho, CM.T; Silva, R.D.S,; Cavalcant, C.D.A.K.; Granato, M.A.; Machado, R.A.F.; Marangoni, C. Membrane distillation for the

recovery textile wastewater: Influence of dye concentration. J. Water Process Eng. 2022, 46, 102611. [CrossRef]

https://doi.org/10.3390/w18101167


https://www.mdpi.com/article/10.3390/w18101167/s1
https://www.mdpi.com/article/10.3390/w18101167/s1
https://doi.org/10.1016/j.jclepro.2021.129353
https://doi.org/10.1016/j.jwpe.2023.103668
https://doi.org/10.1016/j.ecoenv.2021.113160
https://www.ncbi.nlm.nih.gov/pubmed/35026583
https://doi.org/10.1016/j.procbio.2021.10.030
https://doi.org/10.1016/j.jece.2018.03.031
https://doi.org/10.1016/j.jwpe.2022.102611
https://doi.org/10.3390/w18101167

Water 2026, 18, 1167 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tang, X.M.; Wang, T.; Zhang, S.X.; Fang, L.; Zheng, H. Enhanced performance of a novel flocculant containing rich fluorine
groups in refractory dyeing wastewater treatment: Removal mechanisms. Sep. Purif. Technol. 2021, 263, 118411. [CrossRef]
Nagaraja, K.; Arunpandian, M.; Hwan, O.T. A facile green synthesis of manganese oxide nanoparticles using gum karaya polymer
as a bioreductant for efficient photocatalytic degradation of organic dyes and antibacterial activity. Int. |. Biol. Macromol. 2024,
273,133123. [CrossRef]

Wang, L.J.; Qiang, X.; Song, Y.L.; Wang, X.; Gu, W.; Niu, J.; Sun, Y.; Srinuanpan, S.; Wang, G. Green synthesis of gold nanoparticles
by phycoerythrin extracted from Solieria tenuis as an efficient catalyst for 4-nitrophenol reduction and degradation of dyes in
wastewater. Mater. Today Sustain. 2023, 23, 100435. [CrossRef]

Song, Y.; Wang, L.J.; Qiang, X.; Gu, W,; Ma, Z.; Wang, G. An overview of biological mechanisms and strategies for treating
wastewater from printing and dyeing processes. J. Water Process Eng. 2023, 55, 104242. [CrossRef]

Donkadokula, N.Y,; Kishore, K.A.; Iffat, N.; Saroj, D. A review on advanced physico-chemical and biological textile dye wastewater
treatment techniques. Rev. Environ. Sci. Bio/Technol. 2020, 19, 543-560. [CrossRef]

Song, Y.L.; Wang, L.].; Qiang, X.; Gu, W.; Ma, Z.; Wang, G. The promising way to treat wastewater by microalgae: Approaches,
mechanisms, applications and challenges. J. Water Process Eng. 2022, 49, 103012. [CrossRef]

Qin, L.; Gao, M.Z.; Zhang, M.Y,; Feng, L.; Liu, Q.; Zhang, G. Application of encapsulated algae into MBR for high-ammonia
nitrogen wastewater treatment and biofouling control. Water Res. 2020, 187, 116430. [CrossRef]

Li, WH.; Wang, L.J.; Qiang, X.; Song, Y.; Gu, W.; Ma, Z.; Wang, G. Design, construction and application of algae-bacteria
synergistic system for treating wastewater. J. Environ. Manag. 2024, 366, 121720. [CrossRef] [PubMed]

Ashfaq, A.; Banat, F.; Alsafar, H.; Hasan, S.W. Algae biotechnology for industrial wastewater treatment, bioenergy production,
and high-value bioproducts. Sci. Total Environ. 2022, 806, 150585.

Ellatif, S.A.; Ei-Sheekh, M.M.; Senousy, H.H. Role of microalgal ligninolytic enzymes in industrial dye decolorization. Int. J.
Phytoremediation 2021, 23, 41-52. [CrossRef]

Yadav, M.; Thakore, S.; Jadeja, R. Removal of organic dyes using Fucus vesiculosus seaweed bioadsorbent an ecofriendly approach:
Equilibrium, kinetics and thermodynamic studies. Environ. Chem. Ecotoxicol. 2022, 4, 67-77. [CrossRef]

Gudiukaite, R.; Nadda, A.K;; Gricajeva, A.; Shanmugam, S.; Nguyen, D.D.; Lam, S.S. Bioprocesses for the recovery of bioenergy
and value-added products from wastewater: A review. J. Environ. Manag. 2021, 300, 113831. [CrossRef]

Ritchie, R.J. Universal chlorophyll equations for estimating chlorophylls a, b, ¢, and d and total chlorophylls in natural assemblages
of photosynthetic organisms using acetone, methanol, or ethanol solvents. Photosynthetica 2008, 46, 115-126. [CrossRef]
Kapoor, R.T,; Rafatullah, M.; Tajarudin, H.A.; Siddiqui, M.R.; Alam, M. Treatment of Direct Red 28 Dye through Phoenix
dactylifera L. Fruit Seed Biochar: Equilibrium, Kinetics, Thermodynamics, and Phytotoxicity Studies. Sustainability 2023, 15,
15266. [CrossRef]

Almomani, F; Bohsale, R.R. Bio-sorption of toxic metals from industrial wastewater by algae strains Spirulina Platensis and
Chlorella Vulgaris: Application of isotherm, kinetic models and process optimization. Sci. Total Environ. 2020, 755, 142654.
[CrossRef]

Pathak, V.V.; Kothari, R.; Chopra, A.K.; Singh, D. Experimental and kinetic studies for phycoremediation and dye removal by
Chlorella pyrenoidosa from textile wastewater. J. Environ. Manag. 2015, 163, 270-277. [CrossRef] [PubMed]

Gao, S.; Yang, W.T,; Li, X,; Zhou, L.; Liu, X.; Wu, S.; Wang, L.; Wang, G. Cryptochrome PtCPF1 regulates high temperature
acclimation of marine diatoms through coordination of iron and phosphorus uptake. ISME ]. 2024, 18, 19. [CrossRef] [PubMed]
Xie, Y.; Chen, L.; Sun, T.; Zhang, W. Deciphering and engineering high-light tolerant cyanobacteria for efficient photosynthetic
cell factories. Chin. J. Chem. Eng. 2021, 30, 82-91. [CrossRef]

Alstyne, K.L.V. Seawater nitrogen concentration and light independently alter performance, growth, and resource allocation in
the bloom-forming seaweeds Ulva lactuca and Ulvaria obscura (Chlorophyta). Harmful Algae 2018, 78, 27-35. [CrossRef]
Loganathan, B.G.; Orsat, V.; Lefsrud, M. Utilizing the microalgal biomass of Chlorella variabilis and Scenedesmus obliquus produced
from the treatment of synthetic dairy wastewater as a biofertilizer. J. Plant Nutr. 2020, 44, 1486-1497. [CrossRef]

Yang, EE; Xiang, W.Z.; Li, T.; Long, L. Transcriptome analysis for phosphorus starvation-induced lipid accumulation in
Scenedesmus sp. Sci. Rep. 2018, 8, 16420. [CrossRef]

Liu, M.Y,; Yu, Z,; Jiang, L.Q.; Hou, Q.; Xie, Z.; Ma, M.; Yu, S.; Pei, H. Monosodium glutamate wastewater assisted seawater to
increase lipid productivity in single-celled algae. Renew. Energy 2021, 179, 1793-1802. [CrossRef]

Cao, J.; Chen, F; Fang, Z.; Gu, Y,; Wang, H.; Lu, J; Bi, Y.; Wang, S.; Huang, W.; Meng, F. Effect of filamentous algae in a
microalgal-bacterial granular sludge system treating saline wastewater: Assessing stability, lipid production and nutrients
removal. Bioresour. Technol. 2022, 354, 127182. [CrossRef]

Mahmoudi, K.; Hosni, K.; Hamdi, N.; Srasra, E. Kinetics and equilibrium studies on removal of methylene blue and methyl
orange by adsorption onto activated carbon prepared from date pits—A comparative study. Korean |. Chem. Eng. 2015, 32, 274-283.
[CrossRef]

https://doi.org/10.3390/w18101167


https://doi.org/10.1016/j.seppur.2021.118411
https://doi.org/10.1016/j.ijbiomac.2024.133123
https://doi.org/10.1016/j.mtsust.2023.100435
https://doi.org/10.1016/j.jwpe.2023.104242
https://doi.org/10.1007/s11157-020-09543-z
https://doi.org/10.1016/j.jwpe.2022.103012
https://doi.org/10.1016/j.watres.2020.116430
https://doi.org/10.1016/j.jenvman.2024.121720
https://www.ncbi.nlm.nih.gov/pubmed/38972186
https://doi.org/10.1080/15226514.2020.1789842
https://doi.org/10.1016/j.enceco.2021.12.003
https://doi.org/10.1016/j.jenvman.2021.113831
https://doi.org/10.1007/s11099-008-0019-7
https://doi.org/10.3390/su152115266
https://doi.org/10.1016/j.scitotenv.2020.142654
https://doi.org/10.1016/j.jenvman.2015.08.041
https://www.ncbi.nlm.nih.gov/pubmed/26349408
https://doi.org/10.1093/ismejo/wrad019
https://www.ncbi.nlm.nih.gov/pubmed/38365245
https://doi.org/10.1016/j.cjche.2020.11.002
https://doi.org/10.1016/j.hal.2018.07.005
https://doi.org/10.1080/01904167.2020.1862191
https://doi.org/10.1038/s41598-018-34650-x
https://doi.org/10.1016/j.renene.2021.08.006
https://doi.org/10.1016/j.biortech.2022.127182
https://doi.org/10.1007/s11814-014-0216-y
https://doi.org/10.3390/w18101167

Water 2026, 18, 1167 19 of 20

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Zhang, S.H.; Wang, L.].; Zhou, B.J.; Zhang, D.; Tang, G.; Guo, L. Characteristics of humification, functional enzymes and bacterial
community metabolism during manganese dioxide-added composting of municipal sludge. Environ. Res. 2024, 252, 119151.
[CrossRef]

Chen, G.T;; An, X.J; Feng, L.L.; Xia, X.; Zhang, Q. Genome and transcriptome analysis of a newly isolated azo dye degrading
thermophilic strain Anoxybacillus sp. Ecotoxicol. Environ. Saf. 2020, 203, 111047. [CrossRef]

Tarbajova, V.; Kolackova, M.; Chaloupsky, P.; Dobesova, M.; Capal, P; Pilat, Z.; Samek, O.; Zemanek, P; Svec, P.,; Sterbova, D.S.;
et al. Physiological and transcriptome profiling of Chlorella sorokiniana: A study on azo dye wastewater decolorization. . Hazard.
Mater. 2023, 460, 132450. [CrossRef]

Yu, X.; Mao, C.L.; Zong, S.M.; Khan, A.; Wang, W.; Yun, H.; Zhang, P; Shigaki, T.; Fang, Y.; Han, H.; et al. Transcriptome analysis
reveals self-redox mineralization mechanism of azo dyes and novel decolorizing hydrolases in Aspergillus tabacinus LZ-M. Environ.
Pollut. 2023, 325, 121459. [CrossRef]

Liu, J.J.; Pemberton, B.; Scales, P.; Martin, G.J. Ammonia tolerance of filamentous algae Oedogonium, Spirogyra, Tribonema and
Cladophora, and its implications on wastewater treatment processes. Algal Res. 2023, 72, 103126. [CrossRef]

Hagq, I; Kalamdhad, A.S.; Pandey, A. Genotoxicity evaluation of paper industry wastewater prior and post-treatment with laccase
producing Pseudomonas putida MTCC 7525. |. Clean. Prod. 2022, 342, 130981. [CrossRef]

Song, Y.L.; Wang, L.J.; Qiang, X.; Guo, M.; Gu, W.; Wu, S.; Gao, S.; Liu, X.; Xie, X; Fan, Q.; et al. Design, construction and evaluation
of collaborative bio-system of Vibrio fluvialis with Chlorella sorokiniana for treating actual printing and dyeing wastewater. Chem.
Eng. J. 2024, 500, 157459. [CrossRef]

Chaieb, K.; Kouidhi, B.; Ayed, L.; Hosawi, S.B.; Abdulhakim, J.A.; Hajri, A.; Altayb, H.N. Enhanced textile dye removal from
wastewater using natural biosorbent and Shewanella algae B29: Application of Box Behnken design and genomic approach.
Bioresour. Technol. 2023, 374, 128755. [CrossRef]

Samuchiwal, S.; Gola, D.; Malik, A. Decolourization of textile effluent using native microbial consortium enriched from textile
industry effluent. . Hazard. Mater. 2021, 402, 123835. [CrossRef] [PubMed]

Wang, Y.X; Jiang, L.; Shang, H.G.; Li, Q.; Zhou, W. Treatment of azo dye wastewater by the self-flocculating marine bacterium
Aliiglaciecola lipolytica. Environ. Technol. Innov. 2020, 19, 100810. [CrossRef]

Lim, S.L.; Chu, W.L.; Phang, S.M. Use of Chiorella vulgaris for bioremediation of textile wastewater. Bioresour. Technol. 2010, 101,
7314-7322. [CrossRef]

Deb, M.; Redkar, N.; Manohar, C.S.; Jagtap, A.S.; Saxena, S.; Shukla, S. Bacillus sp. based nano-bio hybrids for efficient water
remediation. Environ. Pollut. 2023, 326, 121490. [CrossRef]

Wang, Y.; Jin, M.; Wang, J.; Bai, L.; Yang, Y.; Dai, H.; Cui, D.; Zhao, M. Light-driven biodegradation of azo dyes by Shewanella
decolorationis-CdS biohybrid in wastewater lacking electron donors. Appl. Microbiol. Biotechnol. 2023, 107, 447-457. [CrossRef]
Cui, M.H,; Liu, W.Z,; Tang, Z.E.; Cui, D. Recent advancements in azo dye decolorization in bio-electrochemical systems (BESs):
Insights into decolorization mechanism and practical application. Water Res. 2021, 203, 117512. [CrossRef] [PubMed]

Sajjaphan, K.; Shapir, N.; Wackett, L.P.; Palmer, M.; Blackmon, B.; Tomkins, J.; Sadowsky, M. Arthrobacter aurescens TC1 atrazine
catabolism genes trzN, atzB, and atzC are linked on a 160-kilobase region and are functional in Escherichia coli. Appl. Environ.
Microbiol. 2004, 70, 4402-4407. [CrossRef]

Chang, ]J.S.; Chou, C.E; Lin, Y.C; Lin, P-J.; Ho, J.-Y,; Hu, T.L. Kinetic characteristics of bacterial azo-dye decolorization by
Pseudomonas luteola. Water Res. 2001, 35, 2841-2850. [CrossRef]

Saratale, G.; Kalme, S.; Bhosale, S.; Govindwar, S. Biodegradation of kerosene by Aspergillus ochraceus NCIM-1146. |. Basic
Microbiol. 2007, 47, 400-405. [CrossRef] [PubMed]

Cheng, J.; Ye, Q.; Yang, Z.B.; Yang, W.; Zhou, ].; Cen, K. Microstructure and antioxidative capacity of the microalgae mutant
Chlorella PY-ZU1 during tilmicosin removal from wastewater under 15% CO;. |. Hazard. Mater. 2017, 324, 414-419. [CrossRef]
Joel, E.B.; Mafulul, S.G.; Adamu, H.E.; Goje, L.J.; Tijjani, H.; Igunnu, A.; Malomo, S.O. Peroxidase from waste cabbage (Brassica
oleracea capitata L.) exhibits the potential to biodegrade phenol and synthetic dyes from wastewater. Sci. Afr. 2020, 10, e00608.
[CrossRef]

Yang, W.P; Zhu, L.G.; Xu, W.T. Biologically inspired Co-MOF as catalase mimics with an unexpected ROS production ability for
the efficient removal of organic dyes. J. Environ. Chem. Eng. 2024, 12, 112358. [CrossRef]

Song, C.E; Wei, Y.L.; Qiu, Y.T,; Qi, Y,; Li, Y.; Kitamura, Y. Biodegradability and mechanism of florfenicol via Chlorella sp. UTEX1602
and L38: Experimental study. Bioresour. Technol. 2019, 272, 529-534. [CrossRef]

Latifa, T.; Hajer, B.H.; Hana, D.; David, D.; Christine, G.; Pascal, D.; Marwa, D.; Imen, E; Philippe, M.; Slim, A. Enhanced growth
and metabolite production from a novel strain of Porphyridium sp. Bioengineered 2024, 15, 2294160. [CrossRef]

Lu, Q.; Zhou, W.G.; Min, M.; Ma, X.C.; Ma, Y.W,; Chen, P.; Zheng, H.L.; Doan, Y.T.T.; Liu, H.; Chen, C. Mitigating ammonia
nitrogen deficiency in dairy wastewaters for algae cultivation. Bioresour. Technol. 2016, 201, 33—40. [CrossRef]

Fleita, D.; El-Sayed, M.; Rifaat, D. Evaluation of the antioxidant activity of enzymatically hydrolyzed sulfated polysaccharides
extracted from red algae: Pterocladia capillacea. LWT-Food Sci. Technol. 2015, 63, 1236-1244. [CrossRef]

https://doi.org/10.3390/w18101167


https://doi.org/10.1016/j.envres.2024.119151
https://doi.org/10.1016/j.ecoenv.2020.111047
https://doi.org/10.1016/j.jhazmat.2023.132450
https://doi.org/10.1016/j.envpol.2023.121459
https://doi.org/10.1016/j.algal.2023.103126
https://doi.org/10.1016/j.jclepro.2022.130981
https://doi.org/10.1016/j.cej.2024.157459
https://doi.org/10.1016/j.biortech.2023.128755
https://doi.org/10.1016/j.jhazmat.2020.123835
https://www.ncbi.nlm.nih.gov/pubmed/33254813
https://doi.org/10.1016/j.eti.2020.100810
https://doi.org/10.1016/j.biortech.2010.04.092
https://doi.org/10.1016/j.envpol.2023.121490
https://doi.org/10.1007/s00253-022-12307-0
https://doi.org/10.1016/j.watres.2021.117512
https://www.ncbi.nlm.nih.gov/pubmed/34384951
https://doi.org/10.1128/AEM.70.7.4402-4407.2004
https://doi.org/10.1016/S0043-1354(00)00581-9
https://doi.org/10.1002/jobm.200710337
https://www.ncbi.nlm.nih.gov/pubmed/17910104
https://doi.org/10.1016/j.jhazmat.2016.11.006
https://doi.org/10.1016/j.sciaf.2020.e00608
https://doi.org/10.1016/j.jece.2024.112358
https://doi.org/10.1016/j.biortech.2018.10.080
https://doi.org/10.1080/21655979.2023.2294160
https://doi.org/10.1016/j.biortech.2015.11.029
https://doi.org/10.1016/j.lwt.2015.04.024
https://doi.org/10.3390/w18101167

Water 2026, 18, 1167 20 of 20

55.  Forni, C.; Telo’, ER.; Caiola, M.G. Comparative analysis of the polysaccharides produced by different species of Microcystis
(Chroococcales, Cyanophyta). Phycologia 1997, 36, 181-185. [CrossRef]

56. Cao, M.X; Xu, H; Liu, B.Y,; Zhang, HR,; Jiang, L.; Yang, E.X. Comparison of performance of three protein content determination
kits for detecting micro protein. Lab. Test. 2024, 2, 126-130.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/w18101167


https://doi.org/10.2216/i0031-8884-36-3-181.1
https://doi.org/10.3390/w18101167

	Introduction 
	Materials and Methods 
	Microalgae and Chemicals 
	The System Construction of Treating APDW with S. aquatilis 
	The Sustainable System Treatment of APDW Under Optimized Conditions 
	The Proteins, Polysaccharides, and Lipids of S. aquatilis 
	Water Quality Evaluation of APDW 
	Kinetic Models 
	The Mechanism of Treatment of APDW with S. aquatilis 
	The Morphology of S. aquatilis 
	Genome Extraction and Sequencing 
	Transcriptome Profiling Using mRNA Sequencing 
	Determination of Enzyme Activity of S. aquatilis 

	Statistical Analysis 

	Results 
	Isolation of Microalgae 
	The System Construction of S. aquatilis Treatment of APDW 
	Effect of Dilution Fold of APDW on APDW Treatment 
	Effect of pH of APDW on APDW Treatment 
	Effect of Light Intensity on APDW Treatment 
	Effect of Algae Supplementation on APDW Treatment 

	A Sustainable System for Treatment of APDW Under Optimized Conditions 
	Proteins, Polysaccharides, and Lipids Generated by S. aquatilis After Treatment of APDW 
	Water Quality Evaluation 
	Kinetic Models of APDW Treatment 
	The Mechanism of S. aquatilis Treatment of APDW 
	Biosorption Mechanism of S. aquatilis Treatment of APDW 
	Biotransformation Mechanism of S. aquatilis Treatment of APDW 
	Role of Enzymes of S. aquatilis in Degradation Process 


	Discussion 
	Conclusions 
	References

