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Abstract: Despite widespread industrial use, the environmental safety of hydroquinone (HQ), a
benzene compound from plants used in processes like cosmetics, remains uncertain. This study eval-
uated the ecotoxicological impact of HQ on soil and river environments, utilizing non-target indicator
organisms from diverse trophic levels: Daphnia magna, Aliivibrio fischeri, Allium cepa, and Eisenia fetida.
For a more environmentally realistic assessment, microbial communities from a river and untreated
soil underwent 16S rRNA gene sequencing, with growth and changes in community-level physiologi-
cal profiling assessed using Biolog EcoPlate™ assays. The water indicator D. magna exhibited the
highest sensitivity to HQ (EC50 = 0.142 µg/mL), followed by A. fischeri (EC50 = 1.446 µg/mL), and
A. cepa (LC50 = 7.631 µg/mL), while E. fetida showed the highest resistance (EC50 = 234 mg/Kg). Re-
markably, microbial communities mitigated HQ impact in both aquatic and terrestrial environments.
River microorganisms displayed minimal inhibition, except for a significant reduction in polymer
metabolism at the highest concentration (100 µg/mL). Soil communities demonstrated resilience up
to 100 µg/mL, beyond which there was a significant decrease in population growth and the capacity
to metabolize carbohydrates and polymers. Despite microbial mitigation, HQ remains highly toxic to
various trophic levels, emphasizing the necessity for environmental regulations.

Keywords: hydroquinone; acute toxicity; Daphnia magna; Aliivibrio fischeri; Allium cepa; Eisenia fetida;
microbial communities

1. Introduction

Hydroquinone (HQ) is an aromatic compound found in various forms as a natural
product from plants and animals [1]. It also has widespread applications in human and
industrial activities, likely serving as the major benzene metabolite.

HQ serves various applications as a reducing agent in photographic developers, an
antioxidant, and a polymerization inhibitor in the production of monomers, polymers, dyes,
pigments, rubber products, and various chemicals. Historically, it has been used in the
cosmetics industry for applications such as skin lightening, hyperpigmentation treatment,
anti-aging products, sunscreen formulations, coating fingernails, and hair dyes.

However, according to the harmonized classification and labelling (ATP01) ap-proved
by the European Union (European Chemical Agency, ECHA) [2], this substance can cause
serious health damage, including genetic defects, and its cosmetic use is prohibited by
Regulation (EC) No. 1223/2009, with exceptions such as professional uses (hair dyeing
and artificial nail systems). Since the 1960s, it has also been used as a medical product
in topical treatments for acne scars, post-inflammatory hyperpigmentation, and certain
types of dermatitis, and this use continues to be authorized by the European Medicines
Agency (EMA) and the Food and Drug Administration (FDA) [3] in pharmaceutical and
over-the-counter products (Medical Pharmaceutical Formulary, PharmaBooks, 2010).

While there is a minor natural release of HQ by plants and animals, industrial uses
and their discharges are the main cause of the dispersion of HQ into the environment [4–6].
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Although numerous techniques have been developed for its detection, there are
not many studies that reveal concentrations at which this product can be found in the
environment. HQ has been detected in bleachery effluents from kraft pulp production [4]
at concentrations up to 40 µg/L and as an intermediate metabolite in many other effluents
such as phenolic resins [5] and organophosphate esters [6]. Moreover, HQ is the key
intermediate of many degradation pathways, such as paracetamol [7,8], bisphenol A [9], or
the disinfectant chlorophene [10] among many others. In acetaminophen-contaminated
sludge from wastewater purification plants, HQ is one of the most commonly detected
intermediates [11]. Additionally, the formation of HQ and other derivatives in the early
stages of phenol oxidation appears to increase the toxicity of phenolic wastewaters, making
HQ more toxic than the initial product [12,13].

Wastewater containing this product ends up in watercourses. Thus HQ has been
detected in river water at different sampling sites and in different months [14,15] at concen-
trations up to 1000 µg/L and even at similar concentrations in tap water [16,17]. It has also
been detected in stream water near public landfills [18].

In addition to these pathways, other routes can carry this product to the soil. For ex-
ample, HQ has been shown to be a byproduct of the degradation of the pesticide pen-
tachlorophenol, dispersed globally in soils [19] as well as he commonly used herbicide
fenoxaprop-p-ethyl [20]. HQ is also applied to soil as a urease inhibitor [21].

The classification provided by companies to ECHA in the European Union regulation
Registration REACH [22] (Authorization, and Restriction of Chemicals) identifies this
substance as highly toxic to aquatic life with long-lasting effects.

Some studies show high HQ toxicity to aquatic organisms, including algae (EC50: 50 to
11,000 µg/L) [23], with cyanobacterial species (such as Microcystis aeruginosa) being much
more susceptible than coccal green algal species. Green musk chara exhibited phytotoxicity
at 1.1 µg/L [24]. HQ is also toxic to mollusks [25] and adverse effects are documented in
fish species, e.g., zebrafish embryos (EC50: 3.2 mg/L to < 0.1 mg/L) [26], rainbow trout,
and fathead minnows [27,28].

Little is known about the effect of HQ on terrestrial invertebrates. It appears to be
toxic to snails [29] and insects such as Apis mellifera [30]. Phytotoxic effects have also
been reported on plants of the genus Vallisneria and Lemna. HQ was lethal to rice above
5 mM [24] and acts by inhibiting germination of Cucuvis sativus seeds (103.9 mg/L of HQ
inhibits 50% of seeds germination) [31].

Few studies have examined HQ’s impact on entire environmental communities. Some
focus on its effects on microbial communities in wastewater treatment plants [32–35],
however little is known about its ecotoxicity in river or edaphic microbial communities.

HQ has been proposed as a urease inhibitor in agricultural soils to minimize ammonia
volatilization, enhancing nitrogen utilization efficiency for plant benefit [21]. This would be
another route of entry of HQ into soil systems. Limited evidence suggests minor impacts
on soil microorganism community structure when used alone or in combination with other
urease inhibitors [36,37].

Therefore, despite the apparent toxicity of this product and its abundant dispersion in
the environment, there are still gaps in the interpretation of the HQ impact on the environ-
ment through individual non-target indicators. Moreover, studies that include communities
of organisms such as bacteria and have a more realistic environmental point of view are
lacking. To maintain a healthy ecosystem, it is crucial to adopt an integrated approach
that considers not only individual species but also their interconnected relationships, as
multiple species coexist closely within it.

Therefore, the objectives of this study are:

(a) To evaluate the toxicity of HQ on key indicator organisms in soil and water for which
little information exists.

(b) To evaluate for the first time the toxicity of HQ on 16 S rRNA gene-sequenced fluvial
and soil microbial communities in order to more realistically assess the impact on
these environments.
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Thus, by studying the impact of HQ on different trophic levels, individuals, and communi-
ties, we can obtain a complete perspective of the impact of this compound on the environment.

2. Materials and Methods
2.1. Reagents

HQ (CAS: 123-31-9) was obtained from Acofarma (Barcelona, Spain) with a purity of
99.5%. Table 1 shows the main properties of HQ.

Table 1. Physical and chemical properties of hydroquinone.

Hydroquinone Properties

Molecular weight 110.11 g/mol [38]
Water solubility 73 g/L at 25 ◦C [38]
Melting point 170–172 ◦C [38]
Boiling point 287 ◦C [38]

Dipole moment 1.4–2.4 D [38]
Density 1341 kg/m [39]

Vapour pressure 2.34 × 10−3 Pa at 25 ◦C [39]
pH stability 4.0–7.0 [39]

Partition coefficient (log pow) 0.59 [40]
pKa pK1 = 9.9 pK2 = 11.6 [40]

2.2. Daphnia Magna Assay

The impact of HQ on D. magna was investigated following the standard procedure
outlined in Daphtoxkit FTM magna (1996), reference DM121219 from Vidrafoc (Barcelona,
Spain), and in accordance with OECD 202 (2004) [41] guidelines. The kit was stored in
darkness at 5 ◦C until use. Initially, D. magna eggs were incubated at 22 ◦C under 6000 lx
light conditions using a TOXKIT model CH-0120D-AC/DC incubator (ECOTEST, Valencia,
Spain) for 72 h. Subsequently, neonates were fed with one vial of spirulina microalgae
for 2 h and exposed to solutions of HQ at concentrations of 0.01, 0.1, 0.5, 1, and 2 µg/mL,
dissolved in synthetic freshwater (ISO 6341, 2012) [42], for 24 h in the same incubator but
under complete darkness.

The pH was maintained between 7–7.5, rendering adjustments unnecessary. Each con-
centration was evaluated using 5 replicates, each containing 5 organisms, with synthetic
freshwater serving as the negative control. After 24 h of exposure, daphnias showing
no movement for 15 s after gentle agitation were considered immobile. The obtained
results were utilized to calculate the LC50, representing the concentration of the compound
resulting in 50% lethality.

2.3. Aliivibrio Fischeri Assay

The assessment of A. fischeri acute toxicity was carried out by evaluating biolumi-
nescence inhibition caused by the presence of HQ, in accordance with the established
protocol outlined in (ISO 11348-3, 2007) [43]. The strain utilized for this analysis was
A. fischeri NRRL-B-11,177, obtained from Macherey-Nagel (ref. 945 006, Dueren, Germany).
Lyophilized A. fischeri were reconstituted using the provided reactivation solution and
stored at 4 ◦C for 5 min.

HQ stock solutions were prepared using a 2% NaCl stock solution at various con-
centrations: 0.1, 1, 10, 100, and 1000 µg/mL. Solutions did not require pH adjustment.
The assay was conducted in quadruplicate, in four tubes containing bacteria and each HQ
concentration solution, and one tube with just a 2% NaCl stock solution serving as the
negative control.

To initiate the assay, baseline luminescence was measured. Subsequently, 0.5 mL of
each HQ dilution prepared for testing was added to the corresponding tubes. Within
the recommended time frame specified by the standard, after a 30-min incubation pe-
riod, the second measurement of luminescence inhibition was conducted. Measurements
were recorded using a Biofix® Lumi-10 luminometer (Macherey-Nagel, Dueren, Germany).
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The test endpoint was determined by the reduction in bacterial light production. The EC50
values were expressed as a percentage of luminescence inhibition and calculated in com-
parison to the control.

2.4. Allium cepa Assay

Bulbs from the A. cepa species, specifically the Stuttgarter Riesen variety with a
14/21 gauge, were obtained from the Fitoagrícola Company (Castellón, Spain). In the
preparatory phase of the experimental setup, the young bulbs underwent a peeling process
to ensure the preservation of root ring integrity. Acute toxicity experiments involving
A. cepa were conducted following the methodology outlined by Fiskesjö [44].

The bulbs were carefully arranged in 15 mL tubes, and mineral water (Aguas de
San Martín de Veri S.A., Huesca, Spain) was selected as the growth medium due to its
suitable calcium and magnesium content, as detailed on the product’s official website
(https://www.veri.es/es/el-producto, accessed on 10 April 2023). Ecotoxicological tests
were conducted with 12 replicates for each concentration: 0.03, 0.3, 3.0, 30, and 300 mg/L.
The negative control consisted of water alone. The bulbs were cultivated in an incubator
under light conditions at a temperature of 25 ◦C for a duration of 72 h, with the test
solutions being refreshed every 24 h. The endpoint for assessment was the measurement of
root growth inhibition, and the EC50 was calculated as part of the analysis.

2.5. Eisenia Fetida Assay

Mature individuals of E. fetida were obtained from composters located at Todo Verde
(Madrid, Spain). Prior to the commencement of the tests, the earthworms underwent a
15-day acclimatization period in a substrate conditioned with sphagnum peat provided
by the Spanish Flowers Company (Barcelona, Spain). The earthworms were carefully
maintained under stable environmental conditions, specifically at a temperature range of
18–25 ◦C, pH levels between 7.5–8, and humidity levels maintained at 80–85%.

For the ecotoxicity assessment, adult earthworms aged above 60 days, with clitellum,
and weighing between 300–600 mg, were selectively chosen for the experiments. The tox-
icity tests adhered to the guidelines outlined in OECD 207 (1984) [45] methodology, as
previously detailed in research [46]. These tests were conducted in a standardized soil
substrate comprising quarzitic sand and kaolinic clay (both from Imerys Ceramics España,
S.A., Castellón, Spain), and sphagnum peat (Verdecora vivarium, Zaragoza, Spain) in a
proportionate ratio of 7:2:1.

Polypropylene containers, equipped with perforated lids to facilitate ventilation and
minimize moisture loss, were used for the experiments. Each container was filled with
600 mg of the artificial soil mixture. Within each container, ten earthworms were placed
alongside HQ solutions, with final concentrations set at 0.1, 1.0, 10, 100, and 1000 mg/Kg.
The moisture content of the substrate was adjusted to 35–45% of the dry soil weight using
deionized water. Negative controls were established following the same procedural steps
but without the inclusion of HQ. Each concentration level was subjected to triplicate testing.

Throughout the experimental period, the containers were carefully maintained under
controlled environmental conditions, specifically at a temperature of 20 ± 2 ◦C, relative
humidity ranging between 80–85%, and light intensity maintained at 400–800 lx. The as-
sessment of earthworm mortality was conducted 14 days after the initiation of treatment,
and subsequently, the LC50 values were calculated.

2.6. River and Soil Microorganisms Community Assay
2.6.1. River Samples

In October 2022, water samples were collected from the Gallego River (Zaragoza,
Spain) for genetic and chemical analyses, along with Biolog EcoPlates™ assays (Tiselab
S.L., Barcelona, Spain) and transported to the laboratory following ISO 19458:2006 [47]
procedures by AENOR. In situ measurements revealed a water temperature of 17 ◦C
using a Nahita thermometer (ICT S.L., La Rioja, Spain), pH 7.5 determined with PanReac
AppliChem A011435 (Darmstadt, Germany), and a conductivity of 2.8 mS measured with a

https://www.veri.es/es/el-producto


Toxics 2024, 12, 115 5 of 24

Hanna HI8733 (Merck Madrid, Spain) conductivity meter. Analysis of the river water can
be seen in Table A1.

For genetic analysis, microorganisms were obtained from 5 L of river water, filtered
through a 0.22 µm cellulose nitrate filter Sartorius (Göttingen, Germany) using a vacuum
flask. The filtered microorganisms were reconstituted in a sterile Falcon tube with 50 mL of
phosphate-buffered saline (PBS), subjected to centrifugation at 5000× g for 10 min, and the
resulting pellet preserved at −80 ◦C for subsequent sequencing.

To prepare for ecotoxicity assays, 1 L of river water underwent filtration through a
70 µm nylon sieve (Becton Dickinson, Madrid, Spain) to remove debris. The filtered water
was stored at 4 ◦C in the dark until used in Biolog EcoPlates™ experiments. Additionally,
two liters of the same water were promptly transported to Laboratorios Valero Analítica
(Zaragoza, Spain) on the sampling day for physicochemical analysis (Table A1).

2.6.2. Soil Samples

In November 2022, soil samples were obtained from a pesticide-free crop field at the
Agri-food Research and Technology Center of Aragon (CITA, Zaragoza, Spain). The soil
analysis was conducted by the CITA Soil and Irrigation Unit, and detailed results are
available in Table A2.

For genetic analysis, 20 g of soil was mixed with 100 mL of sterile water. After 30 min of
stirring under sterile conditions and a settling period of 1 h, 10 mL of the sample underwent
sonication for 1 min, followed by centrifugation at 1000× g for 10 min. In a sterile environment,
the supernatant was collected, and soil microorganisms were isolated using a 0.22 µm cellulose
nitrate filter (Sartorius Spain SA, Madrid, Spain) and a vacuum flask. The filter content was
washed with sterilized PBS, followed by centrifugation at 5000× g for 10 min. The resulting
pellets were collected and stored at −80 ◦C for subsequent sequencing.

Before ecotoxicity assays, 10 g of soil underwent preliminary sieving using a 2 mm
sieve (Becton Dickinson, Madrid, Spain). The pre-sieved soil was mixed with 95 mL of
sterile water in an Erlenmeyer flask for 30 min, followed by a settling period of 1 h. After
settling, 10 mL of the upper portion of the flask was transferred to Falcon tubes, experi-
encing centrifugation at 1000× g for 10 min, with the sterile collection of the supernatant.
This process was repeated five times, and the cumulative supernatant was passed through
a 70 µm nylon sieve (Becton Dickinson, Madrid, Spain) to remove suspended soil debris,
ensuring a purified sample suitable for inoculation in Biolog plates.

2.6.3. Genetic Sequencing of River and Soil Microorganisms

The preprocessed solution from the conclusion of Sections 2.6.1 and 2.6.2 underwent
an additional filtration step utilizing Sartori 0.2 µm cellulose nitrate filters that had been
thoroughly rinsed with a PBS (Phosphate Buffered Saline) solution with a pH of 7.5.
The PBS solution was collected in Falcon tubes and centrifuged at 5000× g for 10 min.
Following careful removal of the supernatants, the resulting pellets were frozen at −80 ◦C
for subsequent genetic analysis using the Froilabo, Trust −80 ◦C system.

DNA extraction was performed employing the AllPrep® PowerViral® DNA/RNA
Kit (QiaGen, Barcelona, Spain), following the manufacturer’s guidelines. Subsequently,
the purified DNA samples were quantified fluorimetrically using Picogreen®, and 1.5 ng
of input DNA from each sample was employed to amplify the V3-V4 region of the 16S
rRNA gene. The V3-V4 specific PCR consisted of 21 cycles and was performed using Q5®

Hot Start High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) and
100 nM primers. After amplification, positive 16S-derived bands were assessed through
agarose gel electrophoresis, and DNA products were diluted. A second PCR, consisting of
13 cycles, was carried out in the presence of 400 nM primers, belonging to the Access Array
Barcode Library for Illumina Sequencers (Fluidigm, CA, USA) collection. This second
PCR finalizes the Illumina library construction and assigns each sample a unique barcode.
Following individual library preparation, samples were assessed for size and concentration
using a Tape Station (Agilent, Madrid, Spain), and an equimolar pool was created. The pool
was purified using AMPure beads and quantified via quantitative PCR using the “Kapa-
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SYBR FAST qPCR kit for LightCycler480” (Sigma-Aldrich, Madrid, Spain) and a reference
standard for quantification.

The pool of amplicons was denatured before being loaded onto a flowcell at a concen-
tration of 10 pM, where clusters were formed and subjected to sequencing using a “MiSeq
Reagent Kit v3” in a 2 × 300 pair-end sequencing run on a MiSeq sequencer.

The resulting fastq files were generated using the bcl2fastq tool integrated into the
Illumina sequence workflow. Phylogenetic analysis was conducted using the 16S Metage-
nomics app of Base Space v1.1.0 (Illumina, Madrid, Spain), with Greengenes (13_5) serving
as the database for taxonomic assignment.

2.6.4. Community-Level Physiological Profiling (CLPP) of River and Soil Microorganisms

To investigate the impact of HQ on the metabolic activity of microbial communities
in water and soil, Biolog EcoPlate tests from Tiselab S.L. (Barcelona, Spain) were utilized.
This method allowed monitoring changes in the utilization of 31 diverse carbon sources, as
detailed in previous studies [48]. For ecotoxicity assessment, solutions containing HQ at
varying concentrations (0.1, 10, and 100 µg/mL) were prepared in sterile water, each with a
final volume of 150 µL, and added to the wells of a Biolog plate under sterile conditions.

Prefiltered river water (see Section 2.6.1) or the supernatant obtained from the soil
sample (Section 2.6.2) was used for studying the metabolic activity of river and soil mi-
croorganisms, respectively. The pH of these solutions was maintained between 6 and 7.
Each concentration was tested in triplicate, with all procedures conducted under sterile
conditions within a flow chamber. After preparation, the plates were placed in the dark at
a temperature of 25 ◦C for 7 days, ensuring sterile conditions throughout the experiment.

Optical density (OD) measurements at a wavelength of 590 nm were taken immediately
after inoculation and then once daily. A Synergy H1 Microplate reader (BIO-TEK, Dallas,
TX, USA) with Gen5™ (version 2.0) data analysis software was used for this purpose.
The carbon utilization rate was determined by assessing the reduction of tetrazolium violet
redox, following the method outlined by Pohland [49].

2.7. Statistics and Graphic Representation

To establish dose–response curves for D. magna mobility, E. fetida survival, A. cepa root
elongation, and A. fischeri luminescence, logit logistic regression was applied using XLSTAT
software (version 2014.5.03, Addinsoft 2024). This approach facilitated the calculation of
LC50 and EC50 values, along with their corresponding standard errors (SE). The statistical
significance of the dose–response models was assessed through a chi-squared test.

Microbial activity for each Biolog EcoPlate was quantified using Average Well Color
Development (AWCD), following the methodology outlined by Garland and Mills [50], as
cited in previous studies [51].

Graphical representations of the results were generated using appropriate visualization
techniques, and Equation (1) was employed:

AWCD =
i=7

∑
i=0

(ODt=xi − ODt=x0) (1)

ODi represents the optical density value from each well at any given time after sub-
tracting the ODt = X0 from the ODt = Xi of that well.

The relationship between AWCD values from the three replicates and the significance
of differences were assessed using a Student’s t-test for two independent samples, per-
formed with XLSTAT software (version 2014.5.03). The coefficient of variation (CV) is used
to assess the relative dispersion of absorbance data in the three replicates.

Finally, AWCD curves were fitted to a logistic model (Equation (2)) for sigmoid microbial
growth, as described in previous studies [52] using the Excel Solver (Microsoft 365) complement:

AWCD =
Cmax

1 + eb−rt (2)
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Here, Cmax represents the carrying capacity or the maximum achievable population
density, r is the intrinsic rate of population increase, and b is a fitting parameter.

3. Results and Discussion
3.1. Impact of Hydroquinone on Daphnia magna

Figure 1a shows the D. magna dose–response curve to HQ.
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The calculated EC50 24 h for HQ is 0.142 (0.104–0.204) µg/mL, indicating high toxicity of
this product on D. magna. The toxic effects of HQ on this organism have been documented
in previous studies [53] and when calculating the EC50, the values obtained after 24 h of
exposure, are very similar to ours, with EC50 = 0.150 µg/mL [54,55]. After 48 h of exposure,
values are slightly higher at 0.25–0.28 µg/mL [20]. Interestingly, another aquatic crustacean
species, also belonging to Branchiopoda, Ceriodaphnia dubia, shows a very similar sensitivity
to HQ as D. magna with EC50 values of 0.15 µg/mL as well [27].

D. magna is a good indicator of water quality since it is exposed to toxics through a dual
pathway: surface exposure and also through its diet as it is a filter-feeding organism. HQ is
a relatively small molecule (MW = 110.11 g/mol) and electrically neutral, with a pKa of
approximately 9.9 and 11.6 [40], which might facilitate its passage through cell membranes.
Changes in membrane permeability can affect the integrity of the cell membranes of
D. magna, subsequently altering cellular homeostasis and leading to cell death. However, it
is not a very lipophilic compound (LogKow = 0.59) [40].

On the other hand, it is soluble in water (73 g/L at 25 ◦C) [38] which enhances its
bioavailability. Therefore, the digestive tract may be the main route of exposure to these
organisms, facilitating the entry of HQ into D. magna, which could lead to cardiac [56] and
nervous [57] disturbances. It could also act by inducing oxidative stress [58] or affecting
the protein content in the hemolymph, as observed in other invertebrates [59]. Similar
to benzene, HQ can inhibit the activity of certain enzymes such as topoisomerase II [60],
negatively impacting essential cellular processes for the survival of D. magna. This, in
conjunction, would explain the high toxicity of HQ observed on this organism.

3.2. Impact of Hydroquinone on A. fisheri

The toxicity of HQ to the bacteria A. fischeri is illustrated in Figure 1b and the obtained
EC50 was 1.446 (1.155–1.796) µg/mL. Limited data exist on the toxicity of HQ to A. fis-
cheri, as studies typically focus on the toxicity of byproducts, including HQ, generated
during the decomposition of various products such as paracetamol [61], benzidine [62],
benzoquinone [63], sulfamethoxazole [64], sulfanilamide [65] or clofibric acid [66] among
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others. It is noteworthy that almost all studies agree that HQ is one of the most toxic
byproducts, even more than the original product.

The EC50 value for A. fischeri exposed to HQ (as dimethomorph intermediate on TiO2
suspension) in a 2% NaCl solution was measured at 0.08 mg/L [67] but the exposure
time was only 5 min. A. Santos et al. [68] reported an EC50 of 0.041 mg/L (15 min) in
A. fischeri during the catalytic oxidation of phenol. These results are challenging to compare
due to different experimental conditions, and in our case, the exposure was for 30 min.
Nevertheless, all results suggest that HQ is highly toxic to this aquatic indicator.

The Gram-negative outer covering of A. fischeri may partially shield the bacterium
from intracellular exposure to HQ, acting as a selective barrier. Due to its size, HQ may
face challenges in traversing the porins of the outer membrane of the Gram-negative wall
or interacting with its lipopolysaccharides. Alternatively, it could be expelled by efflux
pumps. This may explain its somewhat lower toxicity compared to D. magna. However,
once inside the prokaryotic cell, it is likely to have toxicity mechanisms similar to those
observed in D. magna.

To the best of our knowledge, no information is available regarding the mechanism
of action of HQ on A. fisheri. However, documented inhibitory effects on the growth of
pathogenic bacteria such as Pseudomona aeruginosa, Klebsiella pneumoniae, and Escherichia coli
have been reported [69–71]. Additionally, studies on other bacteria within the genus Aliivib-
rio [72,73] observed antimicrobial activity of HQ derivatives. Interestingly, these derivatives
appear to downregulate genes of Aliivibrio spp. implicated in motility, protease synthe-
sis, indol, and capsular polysaccharide production, suggesting a potential mechanism of
action [72].

The substantial impact of HQ on both A. fischeri and D. magna suggests potentially
significant effects on river ecosystems. However, assessing its effects on complete commu-
nities, such as microbial ones, is essential for a more realistic diagnosis.

In Figure 2, the genetic sequencing of river microbial communities can be seen.
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3.3. Impact on River Microbial Communities: Growth and Community-Level Physiological
Profiling (CLPP)

Figure 2 shows that river microorganism sequencing generated a total of 65,615 reads,
all of which passed quality filters with a 100% success rate. Sequencing comprehensively
covered all taxonomic levels, achieving >95% for phylum, class, and order, >50% for family
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and genus, and 23.33% for species. Figure 2a displays the most prevalent taxa (>2%) for
river microorganisms at each taxonomic level. In Figure 2b, a visual representation is
provided, illustrating the most prominently observed phyla with pie chart slices indicating
their respective percentages.

The three predominant phyla were: Cyanobacteria (41.4% of the bacterial reads),
Proteobacteria (29%), and Bacteroidetes (12.2%). Notably, 16.5% of bacterial reads remained
unidentified, highlighting the presence of novel sequences in this study.

The Cyanobacteria phylogenetically belong to oxygenic phototrophic bacteria fre-
quently found in rivers [74,75]. Almost all Cyanobacteria were classified within the class
Oscillatoriophycidaeae (94.4%), with the majority falling under the order Chroococcales, a
dominant group in freshwater biotopes [76].

Within Proteobacteria, we encountered three predominant classes: Gammaproteobacteria
and Betaproteobacteria, exhibiting similar abundances at 34.7% and 31.5%, respectively,
and Bacteroidetes at 13.22%. Proteobacteria, a prolific phylum of Gram-negative bacteria in
freshwater bacterial communities [77] demonstrates rapid growth in response to organic
nutrients [78]. Gammaproteobacteria, known for its high taxonomic diversity, featured
Alteromonadales as the most prevalent order (31%), a representative of river microbial
communities [79,80]. Notably, the order Pseudomonadales (8% of Gammaproteobacteria reads)
includes the Pseudomonadaceae and Moraxellaceae families, some of whose members, such
as Pseudomonas, play an active role in the degradation of phenolic compounds [81,82].
Betaproteobacteria were predominantly of the Burkholderiales order (74.7%), and among the
Alphaproteobacteria, Rhodobacterales stood out (42.5%).

Within Bacteroidetes, Gram-negative anaerobic bacteria with significant involvement in
the degradation of humic materials and polymers [78], we found two dominant classes:
Flavobacteria (54% of Bacteroidetes) and Sphingobacteriia (40.5%).

Freshwater microbial communities have been suggested as excellent bioindicators for
assessing the impact of micropollutants in river ecosystems [83] because disruptions at this
level can have consequences throughout all trophic levels [83,84], leading to unpredictable
effects on the ecological balance of the aquatic environment [85]. These communities serve
as the foundation of the aquatic food web, particularly among primary producers, and also
play a significant role in organic matter decomposition, thereby contributing to nutrient
cycling and energy exchange, as well as the degradation of pollutants [86,87].

While our results indicate high toxicity of HQ in various aquatic indicators, it is surprising
how the impact on the growth and metabolic capacity of these microbial communities appears
to be buffered, as if these communities could effectively withstand HQ’s toxic effects.

In Figure 3 the effect of HQ on river microbial communities, measured as AWCD, can
be seen. Furthermore, Figure 4 illustrates the impact of this product on the microbial profile
of the community, compared to the control.Toxics 2024, 12, x FOR PEER REVIEW 12 of 27 
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Furthermore, among the diversity of taxa, there may also exist varying metabolic
capabilities, with certain bacteria potentially possessing mechanisms capable of degrading
HQ. These microorganisms may derive greater advantages than others, potentially reshap-
ing ecological interactions where the dominant flora that degrades HQ hydroquinone can
be gradually formed [88,89]. As can be seen (Figure 3), although at the beginning there
were small differences, after 72 h the growth of the community exposed to HQ practically
matched those of the control, possibly due to these readjustments within the community.

Zhang et. al. [77] observed that concentrations of HQ at 100 mg/L (the highest tested
in this study) in wastewater treatment plants resulted in the establishment of a stable
community dominated by the same taxa we have identified in our samples (Cyanobacteria,
Proteobacteria, and Bacteroidetes). These taxa showed minimal variation in their relative
abundance compared to the control [32]. Specifically, the abundance of Cyanobacteria
remained largely unaffected, Bacteroidetes showed a slight increase, and Proteobacteria
exhibited a minor decrease in this study. The limited impact on Cyanobacteria, which
constitute nearly half of our samples, may explain the minimal metabolic changes observed
in our study, even at the highest concentration. Proteobacteria, as the largest group of
Gram-negative bacteria with a wide range of metabolic pathways and a major role in
the degradation of phenolic compounds [90], could withstand the HQ impact despite
experiencing a modest decline (on the order of 10% at 100 mg/L) according to Zhang et. al.
In fact, several members of this group present in our samples have been reported to be able
to metabolize HQ.

Among the Gammaproteobacteria we found Pseudomonadales (specifically Pseudomonas
genera) and members of the Moraxellaceae family, both proficient in utilizing and degrading
HQ [80,81,91,92]. Additionally, within the Betaproteobacteria, we observed the presence of
Burkholderiales, also capable of following HQ degradation pathways [7].

On the other hand, Bacteroidetes are known for their capacity to degrade various com-
plex carbon compounds, including HQ [93], potentially increasing in number to compensate
for the loss of Proteobacteria.

Beyond these changes in community structure reported, our results demonstrate that
the final result of this taxonomic rearrangement within the community is that the metabolic
capacity of the entire community is minimally affected by HQ (Figure 4).

Only a decrease in the ability to metabolize polymers at the highest concentration of
100 µg/mL (p = 0.02) appears to occur. All other changes in the metabolic profile of the
microbial community are not significant at any of the concentrations tested. This would be
consistent with studies showing that functional genes for carbohydrate metabolism and
energy metabolism were maintained at a high level following HQ exposure [32].

Therefore, although initially, the microbial flora was stressed by the influent HQ,
which may even trigger the secretion of secondary metabolites that increase toxicity [32,33]
the microbial community, after a succession of biological communities, gradually forms a
dominant flora capable of degrading or tolerating HQ. As a result, the metabolic capacity
of the microbial community remains stable, and it is foreseeable that the impact of HQ on
rivers will be minimal.

In many countries, the implementation of maximum concentration limits for the
industrial discharge of phenols has been established [5,94]. These limits typically range from
low mg/L to µg/L, depending on the specific discharge location and the flow characteristics
of the watercourse (EC, Commission Implementing Decision (EU), 2018) [95]. While these
levels may provide protection for microbial communities, it is not necessarily guaranteed
for other aquatic organisms, such as D. magna.

3.4. Impact of Hydroquinone on Allium cepa

HQ also exhibits phytotoxicity on A. cepa, significantly impacting bulb root growth.
EC50 obtained was 7.631 (6.720–8.676) µg/mL and the dose–response curve after 72 h
exposition is shown in Figure 5a.
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While it has long been recognized that phenols can cause chromosomal fragmentation
in A. cepa and disrupt root mitosis upon exposure [96], as far as our knowledge goes, the
ecotoxicity of HQ on this plant has not been quantified before.

HQ demonstrates phytotoxicity on other plants as well: it reduces shoot growth in
oats (Avena sativa L. ‘Goodfield’) and inhibits redroot pigweed [97], as well as impacting the
growth of leaves, roots, and stems in common beans (Phaseolus vulgaris) [98]. Additionally,
it exerts a phytotoxic effect on the germination of the plant species Trigonella foenum-
graecum [99].

Previous reports have suggested changes in the polarization of the plant cell mem-
brane after exposure to HQ, which could impact substance transport, although this effect
appears to be minor in explaining cell death [98]. Probably, the primary mode of action
of HQ involves significant damage to cellular membrane integrity, leading to a loss of
metabolic activities and macromolecules, accompanied by associated oxidative stress [24].
Damaged cells may then initiate an apoptosis process [99].

3.5. Impact of Hydroquinone on Eisenia fetida

Our results demonstrate that, despite E. fetida being the most resilient bioindicator
among the four tested, it still exhibits detectable toxicity. The dose–response of the earth-
worm exposed to HQ can be seen in Figure 5b with LC50 of 234.05 (184.13–281.18) mg/kg.
When comparing the toxicity values of HQ on E. fetida to other phenolic compounds of
plant origin (non-quinones), such as tannic acid, the latter shows much higher values
(LC50 > 2000 µg/L) [100]. However, to the best of our knowledge, the impact of HQ on
earthworms, particularly E. fetida, has not been previously investigated. While some ev-
idence of toxicity can be found in the literature, it often pertains to compounds within
the HQ family or chemically distinct derivatives, and it may involve different earthworm
species. For instance, exposure studies involving various polyesters containing HQ, among
other compounds, showed an E. fetida survival rate exceeding 80% after 14 days, suggesting
a moderate level of toxicity to these bioindicators [101].

Interestingly, Osman [102] observed that additional earthworm species, including
L. rubellus and A. chlorotica, seem to exhibit susceptibility to oxidative stress induced by
quinones. This susceptibility may be attributed to their deficiency or notably low levels of
DT-diaphorase, an enzyme recognized for its significant role in quinone detoxification.

The exposure of earthworms to HQ can occur through the ingestion of particles
carrying the active product [103] and through percutaneous means. Earthworms possess
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a highly water-absorbent and water-loss-tolerant cuticle, allowing for significant water
exchange through the body wall [104]. HQ’s relatively low molecular weight and slight
hydrophobic nature could enable its permeability in biological membranes [105]. However,
it is likely that ingestion, in this case, is what triggers the cytotoxic effects.

Earthworms play a crucial role in soil health and fertility as they decompose organic
matter and mix the soil, improving its structure and enhancing its ability to retain water
and nutrients, thereby allowing plants to access these nutrients. Therefore, their decline or
reduction can have significant consequences for soil fertility [106].

The activity of these organisms is intimately connected to that of soil microorganisms,
as earthworms have an important role in promoting microbial activity, likely by feeding on
microorganisms or by selecting and stimulating specific microbial groups [107].

3.6. Impact on Soil Microbial Communities: Growth and Community-Level Physiological
Profiling (CLPP)

Figure 6 shows the great diversity of soil taxa. In this case the total reads were
61,347 and 100% passed quality filtering. It was possible to identify >90% of taxa at the
taxonomic level of Phylum, Class, Order and Family, 88.63% at Genus and only 24.23%
at species level. Figure 6a displays the relative abundance of the main taxons within
each taxonomic level of the most prevalent taxa (>2%). Figure 6b, a visual representation
highlights the most prominently detected phyla.
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Figure 6. (a) Relative abundance of genetically sequenced microorganisms from a river within their
taxonomic classifications at each level. (b) Illustration of phyla that are most prominently observed in
soil. The significance of differences from the control is indicated by p-values (t—Student), and the
dispersion of values among the three replicates is represented by the coefficient of variation (CV).

In our samples, we observed a predominance of two bacterial phyla: Actinobacteria,
which constituted 48.7% of the bacterial reads, and Proteobacteria, making up 34.6% of the
composition. Additionally, we detected a smaller proportion of Firmicutes, accounting for
8.0% of the total reads. This taxonomic distribution aligns with the typical bacterial diver-
sity encountered in uncontaminated edaphic ecosystems where Proteobacteria are usually
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very abundant [108,109], Actinobacteria phyla are well represented [82] and Firmicutes are
frequently detected [110–112].

Among the Actinobacteria, the Class Actinobacteria predominates (68.0%), practically all
belonging to the order Actynomycetales, ubiquitous in different soil types [110,111,113,114].
More than half of Proteobacteria were Alphaproteobacteria (60.9%) followed by Deltaproteobac-
teria (17.9%) and Gammaproteobacteria (15.7%). Almost all Alphaproteobacteria are of the order
Sphingomonadales with a small representation of the order Rhizobiales (8.11% of the Alphapro-
teobacteria). Among the Deltaproteobacteria, Myxococcales predominate (52.9%), all of them
belonging to the family Cystobacteraceae and the genus Cystobacter. In Gammaproteobacteria,
all the Pseudomonadaceae family are Pseudomonas. Among the Firmicutes, Bacilli (54.1%) and
Clostridia (33.3%) are the predominant class.

In Figure 7, the effects of HQ on community growth measured as AWCD are depicted.
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As can be observed, microbial communities also appear to withstand HQ exposure
well, except at concentrations greater than 100 µg/mL (p = 0.05). In this case, there is
no initial growth decline followed by subsequent recovery, as seen in the case of river
microorganisms. Instead, at 100 µg/mL, growth is partially inhibited right from the
beginning of HQ exposure. This heightened sensitivity of soil microbial communities
compared to aquatic ones is consistent with findings from other studies where soil or
sediment microorganisms seem to be more vulnerable to potentially toxic compounds than
aquatic microorganisms [115,116]. This observation has also been noted for products or
extracts of plant origin [51,117].

Moreover, at the metabolic level (see Figure 8), the concentration of 100 µg/mL induces
a significant decrease in the ability to metabolize not only polymers (p = 0.012), as observed
in the case of river microbial communities, but also carbohydrates (p = 0.006). Nevertheless,
at lower concentrations, there are no significant changes in the metabolic profile (p > 0.05)
for any metabolite.
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Figure 8. Metabolic effect differentiation by carbon sources of the soil microorganisms exposed
in different concentrations to hydroquinone with respect to the control (O axis) ((a) 0.1 µg/mL;
(b) 10 µg/mL; (c) 100 µg/mL). Each point is the average value of three replicates (Average Well Color
Development (AWCD) in Time (h).

There are very few studies that have examined the effect of HQ on soil microbial
communities. Nevertheless, there is evidence that HQ may indeed impact microbial growth.
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Chen [118] observed that soils amended with HQ experience a decrease in the growth
of cultivable microbial populations, with HQ being the most toxic dihydroxybenzene
compared to other phenolic compounds such as resorcinol and catechol. It has also been
reported that soil microorganisms’ exposure can lead to minor changes, such as an increase
in the relative abundance of groups involved in fermentation and cellulolysis [36], which, in
some way, may account for the slight variations in the metabolic profile we have detected.

The use of HQ as a urease inhibitor [21] to prevent urease from breaking down into
urea, thus increasing the availability of NH3/NH4

+ for plant uptake [119], has led to a
limited number of studies examining the effect of HQ on soil microorganisms, especially
in nitrification and denitrification processes, with varying results. On one hand, HQ, in
line with our findings, appears to induce minimal changes in the community composition
and functional profiles of the soil microbial community, with little impact on ureolysis
groups [36,120]. However, other authors have reported that ammonia oxidation microbes
were inhibited following HQ application [37] or that HQ delays urea hydrolysis, subse-
quently affecting nitrification and denitrification [121]. Nevertheless, there are limited
reports on the effects of long-term HQ application on the soil nitrification and denitrifi-
cation microbial community. Our results, however, do not indicate significant changes in
the capacity to metabolize substrates potentially involved in nitrogen metabolism, such as
carboxylic and ketonic acids, amino acids, or amines and amides.

The resilience exhibited by these soil microorganisms to HQ at concentrations below
100 µg/mL may stem from strategies akin to those described for aquatic microorganisms.
In this scenario, we also encounter a significant diversity of taxonomic groups, making the
replacement of sensitive species with more resistant ones, capable of degrading HQ, an
expected occurrence. According to genetic sequencing, we have identified several genera,
including Pseudomonas (3.31% of the total reads) and Burkholderia (Figure 6, within the
section “other Proteobacteria”) and members belonging to the order Rhizobiales, all of them
able to metabolize HQ [80,122,123]. Furthermore, as previously discussed, taxonomic
groups within the Sphingomonadaceae family (constituting 19.6% of total soil reads) have
been found to possess mechanisms for safeguarding against HQ exposure [124].

Other mechanisms, such as the production of specific enzymes for phenolic compound
detoxification, as described in Actinomycetales members (constituting 32.94% of total reads
in our samples) [125], and the formation of biofilms, as demonstrated by Corynebacteriaceae
within the Actinomycetales order (representing 32.94% of total reads), able to metabolize
HQ [126], are also plausible. In fact, the microbial diversity, structure, and function of a
biofilm imparts a high metabolic capacity. It has been reported that biofilms are capable of
removing more than 95% of phenolic compounds, including HQ [35].

Therefore, our findings suggest that unless occurring at exceptionally high concentra-
tions rarely encountered in the environment, the impact of HQ on soil microbial communi-
ties is likely to have minimal effects on microbial growth and will not significantly impair
their metabolic capacity.

4. Conclusions

This study demonstrates that HQ, a contaminant found in river ecosystems at con-
centrations on the order of µg/L, exhibits high toxicity to aquatic organisms such as
D. magna and A. fisheri, as well as terrestrial indicators like the plant A. cepa and the in-
vertebrate E. fetida. However, the concentration ranges at which ecotoxicity is observed
(0.142–234 µg/mL) are several orders of magnitude higher than current environmental
levels. Remarkably, both riverine and soil communities appear resilient to HQ exposure,
exhibiting effects on growth or metabolic profiles only at the highest tested concentrations,
notably 100 µg/mL. This resilience may be attributed to the diverse array of degradative
and protective taxa within these microbial communities, which mitigate HQ impact in both
aquatic and terrestrial environments.

Currently, entities such as the European Parliament and the Environmental Protection
Agency (EPA) have instituted discharge limits for phenolic compounds at levels ranging
from 0.05 µg/mL [127] to 1 µg/mL [128] orders of magnitude lower than those causing



Toxics 2024, 12, 115 19 of 24

ecotoxicity in microbial communities but not necessarily in other aquatic organisms like
D. magna or A. fischeri. It is important to consider that this exposure is persistent over
extended periods and may interact with other toxins. Additionally, HQ frequently appears
as an intermediate in the transformation of other compounds, potentially elevating its
environmental levels. Cumulative effects, especially in soil, cannot be ruled out. Therefore,
the toxicity values provided in this study should guide the maintenance and potential
strengthening of discharge regulations, particularly to protect sensitive environments such
as rivers and soils.
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Appendix A

Table A1. Analysis of the river water from which the microorganism samples were obtained.

Physical-Chemical Analysis of the River Water Sample

HCO−
3 (mg/L) 313

TDS (mg/L) 1925
MES (mg/L) 6
Cl− (mg/L) 618 ± 93

SO4
2− (mg/L) 415 ± 62

NO3
− (mg/L) 17.7 ± 2.7

NO2
− (mg/L) <0.05

F− (mg/L) 0.071 ± 0.011
PO43− (mg/L) 0.6 ± 0.09
NH4

+(mg/L) <0.1
O2 (mg/L) 2.3

DQO (O2) (mg/L) <25
DBO5 (mg/L) <5

Ca (mg/L) 235 ± 80
Mg (mg/L) 38.1 ± 13.7
Na (mg/L) 415 ± 95
K (mg/L) 6.08 ± 1.95



Toxics 2024, 12, 115 20 of 24

Table A2. Analysis of the soil from which the microorganism samples were collected.

Soil Composition Surface Soil 30 cm Deep Soil

Clay content (%) 20.98 23.61
Sand content (%) 16.08 13.10
Silt content (%) 62.94 63.29

pH 7.9 ± 0.5 8.1 ± 0.5
K (mg/L) 238 ± 40 208 ± 35

Mg (mg/Kg) 244 ± 39 242 ± 39
P Oslen (mg/Kg) 13 ± 2 10 ± 1.7

EC1:5 (dS/m) 0.6 ± 0.09 0.4 ± 0.06
Organic matter (g/100 g) 2.46 ± 0.31 2.35 ± 0.30

References
1. Braga, V.C.C.; Pianetti, G.A.; César, I.C. Comparative stability of arbutin in Arctostaphylos uva-ursi by a new comprehensive

stability-indicating HPLC method. Phytochem. Anal. 2020, 6, 884–891. [CrossRef]
2. ECHA; European Chemical Agency. ECHA, Hydroquinone. Available online: https://echa.europa.eu/substance-information/-/

substanceinfo/100.004.199 (accessed on 17 January 2024).
3. Matsumoto, M.; Todo, H.; Akiyama, T.; Hirata-Koizumi, M.; Sugibayashi, K.; Ikarashi, Y.; Ono, A.; Hirose, A.; Yokoyama, K.

Risk assessment of skin lightening cosmetics containing hydroquinone. Regul. Toxicol. Pharmacol. 2016, 16, 128–135. [CrossRef]
[PubMed]

4. Remberger, M.; Hynning, P.A.; Neilson, A.H. 2,5-dichloro-3,6-dihydroxybenzo-1,4-quinone—identification of a new organochlo-
rine compound in kraft mill bleachery effluents. Environ. Sci. Technol. 1991, 25, 1903–1907. [CrossRef]

5. Neven, L.; Barich, H.; Rutten, R.; De Wael, K. Novel (photo)electrochemical analysis of aqueous industrial samples containing
phenols. Microchem. J. 2022, 181, 107778. [CrossRef]

6. Choi, Y.; Jeon, J.; Kim, S.D. Identification of biotransformation products of organophosphate ester from various aquatic species by
suspect and non-target screening approach. Water Res. 2021, 200, 117201. [CrossRef] [PubMed]

7. Marchlewicz, A.; Guzik, U.; Wojcieszynska, D. Over-the-Counter Monocyclic Non-Steroidal Anti-Inflammatory Drugs in
Environment-Sources, Risks, Biodegradation. Water Air Soil. Pollut. 2015, 226, 355. [CrossRef] [PubMed]

8. Zur, J.; Wojcieszynska, D.; Hupert-Kocurek, K.; Marchlewicz, A.; Guzik, U. Paracetamol—toxicity and microbial utilization.
Pseudomonas moorei KB4 as a case study for exploring degradation pathway. Chemosphere 2018, 206, 192–202. [CrossRef]
[PubMed]

9. Wang, W.; Yu, H.; Qin, H.; Long, Y.; Ye, J.; Qu, Y. Bisphenol A degradation pathway and associated metabolic networks in
Escherichia coli harboring the gene encoding CYP450. J. Hazard. Mater. 2020, 388, 121737. [CrossRef] [PubMed]

10. Bolobajev, J.; Oncu, N.B.; Viisimaa, M.; Trapido, M.; Balcioglu, I.; Goi, A. Column experiment on activation aids and biosurfactant
application to the persulphate treatment of chlorophene-contaminated soil. Environ. Technol. 2015, 36, 348–357. [CrossRef]

11. Hoang Nhat Phong, V.; Le, G.K.; Thi Minh Hong, N.; Xuan-Thanh, B.; Khanh Hoang, N.; Rene, E.R.; Thi Dieu Hien, V.; Ngoc-Dan
Thanh, C.; Mohan, R. Acetaminophen micropollutant: Historical and current occurrences, toxicity, removal strategies and
transformation pathways in different environments. Chemosphere 2019, 236, 124391. [CrossRef]

12. Wang, Y.; Li, X.; Sun, X. The transformation mechanism and eco-toxicity evaluation of butylated hydroxyanisole in environment.
Ecotoxicol. Environ. Saf. 2022, 231, 113179. [CrossRef]

13. Tentscher, P.R.; Escher, B.I.; Schlichting, R.; König, M.; Bramaz, N.; Schirmer, K.; von Gunten, U. Toxic effects of substituted
p-benzoquinones and hydroquinones in in vitro bioassays are altered by reactions with the cell assay medium. Water Res. 2021,
202, 117415. [CrossRef] [PubMed]

14. Di Marzio, W.D.; Saenz, M.; Alberdi, J.; Tortorelli, M.; Silvana, G. Risk assessment of domestic and industrial effluents unloaded
into a freshwater environment. Ecotoxicol. Environ. Saf. 2005, 61, 380–391. [CrossRef]

15. Otitoju, O.B.; O Alfred, M.; Olorunnisola, C.G.; Aderinola, F.T.; O Ogunlaja, O.; Olukanni, O.D.; Ogunlaja, A.; O Omorogie, M.; I
Unuabonah, E. Distribution and toxicity of dihydroxybenzenes in drinking water sources in Nigeria. RSC Adv. 2024, 14, 982–994.
[CrossRef]

16. Karami-Kolmoti, P.; Beitollahi, H.; Modiri, S. Electrochemical Sensor for Simple and Sensitive Determination of Hydroquinone in
Water Samples Using Modified Glassy Carbon Electrode. Biomedicines 2023, 11, 1869. [CrossRef]

17. Yang, L.; Zhao, H.; Fan, S.; Li, B.; Li, C.-P. A highly sensitive electrochemical sensor for simultaneous determination of hydroquinone
and bisphenol A based on the ultrafine Pd nanoparticle@TiO2 functionalized SiC. Anal. Chim. Acta 2014, 852, 28–36. [CrossRef]

18. Hernandez, S.R.; Kergaravat, S.V.; Isabel Pividori, M. Enzymatic electrochemical detection coupled to multivariate calibration for
the determination of phenolic compounds in environmental samples. Talanta 2013, 106, 399–407. [CrossRef]

19. Varela, A.; Martins, C.; Nunez, O.; Martins, I.; Houbraken, J.A.M.P.; Martins, T.M.; Leitao, M.C.; McLellan, I.; Vetter, W.; Galceran,
M.T.; et al. Understanding fungal functional biodiversity during the mitigation of environmentally dispersed pentachlorophenol
in cork oak forest soils. Environ. Microbiol. 2015, 17, 2922–2934. [CrossRef]

https://doi.org/10.1002/pca.2953
https://echa.europa.eu/substance-information/-/substanceinfo/100.004.199
https://echa.europa.eu/substance-information/-/substanceinfo/100.004.199
https://doi.org/10.1016/j.yrtph.2016.08.005
https://www.ncbi.nlm.nih.gov/pubmed/27521610
https://doi.org/10.1021/es00023a010
https://doi.org/10.1016/j.microc.2022.107778
https://doi.org/10.1016/j.watres.2021.117201
https://www.ncbi.nlm.nih.gov/pubmed/34015574
https://doi.org/10.1007/s11270-015-2622-0
https://www.ncbi.nlm.nih.gov/pubmed/26478634
https://doi.org/10.1016/j.chemosphere.2018.04.179
https://www.ncbi.nlm.nih.gov/pubmed/29751245
https://doi.org/10.1016/j.jhazmat.2019.121737
https://www.ncbi.nlm.nih.gov/pubmed/31796352
https://doi.org/10.1080/09593330.2014.948493
https://doi.org/10.1016/j.chemosphere.2019.124391
https://doi.org/10.1016/j.ecoenv.2022.113179
https://doi.org/10.1016/j.watres.2021.117415
https://www.ncbi.nlm.nih.gov/pubmed/34348209
https://doi.org/10.1016/j.ecoenv.2004.10.002
https://doi.org/10.1039/D3RA04877B
https://doi.org/10.3390/biomedicines11071869
https://doi.org/10.1016/j.aca.2014.08.037
https://doi.org/10.1016/j.talanta.2013.01.024
https://doi.org/10.1111/1462-2920.12837


Toxics 2024, 12, 115 21 of 24

20. Lin, J.; Chen, J.; Wang, Y.; Cai, X.; Wei, X.; Qiao, X. More toxic and photoresistant products from photodegradation of fenoxaprop-
p-ethyl. J. Agric. Food Chem. 2008, 56, 8226–8230. [CrossRef] [PubMed]

21. Candido, N.R.; Modolo, L.V.; Pasa, V.M.D.; de Fatima, A. Pyroligneous Acids of Coconut Shell, Black Wattle and Eucalyptus:
Physical-Chemical Characterization and in vitro Evaluation as Potential Urease Inhibitors. Quim. Nova 2023, 46, 961–971.
[CrossRef]

22. REACH, Authorization, and Restriction of Chemicals: 01/12/2023. Available online: http://data.europa.eu/eli/reg/2006/1907/oj
(accessed on 17 January 2024).

23. Baehrs, H.; Putschew, A.; Steinberg, C.E.W. Toxicity of hydroquinone to different freshwater phototrophs is influenced by time of
exposure and pH. Environ. Sci. Pollut. Res. 2013, 20, 146–154. [CrossRef] [PubMed]

24. Pandey, D.K.; Mishra, N.; Singh, P. Relative phytotoxicity of hydroquinone on rice (Oryza sativa L.) and associated aquatic weed
green musk chary (Chary zeylanica Willd.). Pestic. Biochem. Physiol. 2005, 83, 82–96. [CrossRef]

25. Briggs, G.G.; Henderson, I.F. Some Factors Affecting the Toxicity of Poisons to the Slug Deroceras-reticulatum (Muller) (Pulmonata,
Limacidae). Crop Prot. 1987, 6, 341–346. [CrossRef]

26. Lahnsteiner, F. The sensitivity and reproducibility of the zebrafish (Danio rerio) embryo test for the screening of waste water
quality and for testing the toxicity of chemicals. Atla-Altern. Lab. Anim. 2008, 36, 299–311. [CrossRef] [PubMed]

27. Abugazleh, M.K.; Ali, H.M.; Chester, J.A.; Al-Fa’ouri, A.M.; Bouldin, J.L. Aquatic toxicity of hydroquinone and catechol following
metal oxide treatment to Ceriodaphnia dubia and Pimephales promelas. Ecotoxicology 2023, 32, 656–665. [CrossRef]

28. Pereira, P.; Enguita, F.J.; Ferreira, J.; Leitão, A.L. DNA damage induced by hydroquinone can be prevented by fungal detoxification.
Toxicol. Rep. 2014, 1, 1096–1105. [CrossRef]

29. Stadnichenko, A.P.; Pogorelova, N.S.; Rudenko, S.A. The Effect of Different Concentrations of Hydroquinone on Horn Snails
(Gastropoda, Pulmonata, Bulinidae) Infected with Parthenitae of Tylodelphys-Excavata (Trematoda, Diplostomatidae). Parazitologiya
1991, 25, 462–467.

30. Devillers, J.; Boule, P.; Vasseur, P.; Prevot, P.; Steiman, R.; Seiglemurandi, F.; Benoitguyod, J.L.; Nendza, M.; Grioni, C.; Dive, D.;
et al. Environmental and Health Risks of Hydroquinone. Ecotoxicol. Environ. Saf. 1990, 19, 327–354. [CrossRef]

31. Wang, X.D.; Yu, J.Z.; Wang, Y.; Wang, L.S. Mechanism-based quantitative structure-activity relationships for the inhibition of
substituted phenols on germination rate of Cucumis sativus. Chemosphere 2002, 46, 241–250. [CrossRef]

32. Zhang, X.; Linghu, S.; Chen, Z.; Gu, H.; Chen, X.; Wei, X.; Hu, X.; Yang, Y.; Gao, Y. Bacterial diversity evolution process based
on physicochemical characteristics of sludge treating hydroquinone during acclimation. Environ. Sci. Pollut. Res. 2022, 29,
31686–31699. [CrossRef] [PubMed]

33. Chen, X.; Hu, X.; Lu, Q.; Yang, Y.; Linghu, S.; Zhang, X. Study on the differences in sludge toxicity and microbial community
structure caused by catechol, resorcinol and hydroquinone with metagenomic analysis. J. Environ. Manag. 2022, 302, 114027.
[CrossRef] [PubMed]

34. Wang, W.; Wu, B.; Pan, S.; Yang, K.; Hu, Z.; Yuan, S. Performance robustness of the UASB reactors treating saline phenolic
wastewater and analysis of microbial community structure. J. Hazard. Mater. 2017, 331, 21–27. [CrossRef] [PubMed]

35. Tian, H.; Xu, X.; Qu, J.; Li, H.; Hu, Y.; Huang, L.; He, W.; Li, B. Biodegradation of phenolic compounds in high saline wastewater
by biofilms adhering on aerated membranes. J. Hazard. Mater. 2020, 392, 122463. [CrossRef] [PubMed]

36. Li, W.; Xiao, Q.; Hu, C.; Liu, B.; Sun, R. A comparison of the efficiency of different urease inhibitors and their effects on soil
prokaryotic community in a short-term incubation experiment. Geoderma 2019, 354, 113877. [CrossRef]

37. Dong, D.; Kou, Y.; Yang, W.; Chen, G.; Xu, H. Effects of urease and nitrification inhibitors on nitrous oxide emissions and nitri-
fying/denitrifying microbial communities in a rainfed maize soil: A 6-year field observation. Soil. Tillage Res. 2018, 180, 82–90.
[CrossRef]

38. Weaver, J.H.; Frederikse, H.P.R. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 1977.
39. ECD; SIDS. “Hydroquinone,” CAS 123-31-9; UNEP Publications: Helsinki, Finland, 2012.
40. Suresh, S.; Srivastava, V.C.; Mishra, I.M. Adsorption of catechol, resorcinol, hydroquinone, and their derivatives: A review. Int. J.

Energy Environ. Eng. 2012, 3, 32. [CrossRef]
41. Organisation for Economic Co-operation and Development (OECD). Test No. 202: Daphnia sp. Acute Immobilisation Test.

In OECD Guidelines for the Testing of Chemicals, Section 2; OECD: Paris, France, 2004.
42. UNE-EN ISO 6341; Water Quality—Determination of the Inhibition of the Mobility of Daphnia magna Straus (Cladocera Crustacea)—

Acute Toxicity Test. AENOR: Madrid, Spain, 2012.
43. ISO 11348; Water Quality—Determination of the Inhibitory Effect of Water Samples on the Light Emission of Aliivibrio fischeri

(Luminescent Bacteria Test). International Organization for Standardization: Geneva, Switzerland, 2007.
44. Fiskesjö, G. The allium test in wastewater monitoring. Environ. Toxicol. Water Qual. 1993, 8, 291–298. [CrossRef]
45. Organisation for Economic Co-operation and Development (OECD). Test No. 207: Earthworm, Acute Toxicity Tests. In OECD

Guidelines for the Testing of Chemicals, Section 2; OECD: Paris, France, 1984.
46. Pino, M.R.; Val, J.; Mainar, A.M.; Zuriaga, E.; Español, C.; Langa, E. Acute toxicological effects on the earthworm Eisenia fetida of

18 common pharmaceuticals in artificial soil. Sci. Total Environ. 2015, 518–519, 225–237. [CrossRef]
47. ISO 19458:2006; Water Quality—Sampling for Microbiological Analysis. AENOR: Madrid, Spain, 2007.
48. Pino-Otín, M.R.; Muñiz, S.; Val, J.; Navarro, E. Effects of 18 pharmaceuticals on the physiological diversity of edaphic microorgan-

isms. Sci. Total Environ. 2017, 595, 441–450. [CrossRef] [PubMed]

https://doi.org/10.1021/jf801341s
https://www.ncbi.nlm.nih.gov/pubmed/18683946
https://doi.org/10.21577/0100-4042.20230079
http://data.europa.eu/eli/reg/2006/1907/oj
https://doi.org/10.1007/s11356-012-1132-5
https://www.ncbi.nlm.nih.gov/pubmed/22956111
https://doi.org/10.1016/j.pestbp.2005.03.013
https://doi.org/10.1016/0261-2194(87)90065-2
https://doi.org/10.1177/026119290803600308
https://www.ncbi.nlm.nih.gov/pubmed/18662094
https://doi.org/10.1007/s10646-023-02672-5
https://doi.org/10.1016/j.toxrep.2014.10.024
https://doi.org/10.1016/0147-6513(90)90035-4
https://doi.org/10.1016/S0045-6535(01)00082-0
https://doi.org/10.1007/s11356-021-17325-5
https://www.ncbi.nlm.nih.gov/pubmed/35001263
https://doi.org/10.1016/j.jenvman.2021.114027
https://www.ncbi.nlm.nih.gov/pubmed/34872176
https://doi.org/10.1016/j.jhazmat.2017.02.025
https://www.ncbi.nlm.nih.gov/pubmed/28242525
https://doi.org/10.1016/j.jhazmat.2020.122463
https://www.ncbi.nlm.nih.gov/pubmed/32193113
https://doi.org/10.1016/j.geoderma.2019.07.035
https://doi.org/10.1016/j.still.2018.02.010
https://doi.org/10.1186/2251-6832-3-32
https://doi.org/10.1002/tox.2530080306
https://doi.org/10.1016/j.scitotenv.2015.02.080
https://doi.org/10.1016/j.scitotenv.2017.04.002
https://www.ncbi.nlm.nih.gov/pubmed/28395259


Toxics 2024, 12, 115 22 of 24

49. Pohland, B.; Owen, B. TAS technical bulletin. Biolog 2009, 1, 1–3.
50. Garland, J.L.; Mills, A.L. Classification and characterization of heterotrophic microbial communities on the basis of patterns of

community-level sole-carbon-source utilization. Appl. Environ. Microbiol. 1991, 57, 2351–2359. [CrossRef]
51. Pino-Otin, M.R.; Langa, E.; Val, J.; Mainar, A.M.; Ballestero, D. Impact of citronellol on river and soil environments using

non-target model organisms and natural populations. J. Environ. Manag. 2021, 287, 112303. [CrossRef]
52. Pino-Otín, M.R.; Ballestero, D.; Navarro, E.; González-Coloma, A.; Val, J.; Mainar, A.M. Ecotoxicity of a novel biopesticide from

Artemisia absinthium on non-target aquatic organisms. Chemosphere 2019, 216, 131–146. [CrossRef] [PubMed]
53. Lu, N.; Lu, Y.; Liu, F.; Zhao, K.; Yuan, X.; Zhao, Y.; Li, Y.; Qin, H.; Zhu, J. H3PW12O40/TiO2 catalyst-induced photodegradation of

bisphenol A (BPA): Kinetics, toxicity and degradation pathways. Chemosphere 2013, 91, 1266–1272. [CrossRef] [PubMed]
54. Tissot, A.; Boule, P.; Lemaire, J.; Lambert, S.; Palla, J.C. Photochemistry and Environment 10: Evaluation of the Toxicity of

Phototransformation Products of Hydroquinone and Chlorophenols in Aqueous-Media. Chemosphere 1985, 14, 1221–1230.
[CrossRef]

55. Crisinel, A.; Delaunay, L.; Rossel, D.; Tarradellas, J.; Meyer, H.; Saiah, H.; Vogel, P.; Delisle, C.; Blaise, C. Cyst-Based Ecotoxi-
cological Tests Using Anostracans—Comparison of 2 Species of Streptocephalus. Environ. Toxicol. Water Qual. 1994, 9, 317–326.
[CrossRef]

56. Kuznetsova, T.V.; Sladkova, G.V.; Kholodkevich, S.V. Evaluation of functional state of crayfish Pontastacus leptodactylus in normal
and toxic environment by characteristics of their cardiac activity and hemolymph biochemical parameters. J. Evol. Biochem.
Physiol. 2010, 46, 241–250. [CrossRef]

57. Prosser, L. Temperature. In Sravnitel ‘naya fiziologiya zhivotnykh (Comparative Animal Physiology); Wiley: Hoboken, NJ, USA, 1977;
Volume 2, pp. 84–209. ISBN 978-0-471-85767-9.

58. IPCS. Hydroquinone. Environ. Health Criteria 1994, 157. Available online: https://www.inchem.org/documents/ehc/ehc/ehc157
.htm (accessed on 17 January 2024).

59. Sladkova, S.V.; Kholodkevich, S.V. Total protein in hemolymph of crawfish Pontastacus leptodactylus as a parameter of the
functional state of animals and a biomarker of quality of habitat. J. Evol. Biochem. Physiol. 2011, 47, 160–167. [CrossRef]

60. Mondrala, S.; Eastmond, D.A. Topoisomerase II inhibition by the bioactivated benzene metabolite hydroquinone involves
multiple mechanisms. Chem. Biol. Interact. 2010, 184, 259–268. [CrossRef]

61. El Najjar, N.H.; Touffet, A.; Deborde, M.; Journel, R.; Leitner, N.K.V. Kinetics of paracetamol oxidation by ozone and hydroxyl
radicals, formation of transformation products and toxicity. Sep. Purif. Technol. 2014, 136, 137–143. [CrossRef]

62. Muneer, M.; Singh, H.K.; Bahnemann, D. Semiconductor-mediated photocatalysed degradation of two selected priority organic
pollutants, benzidine and 1,2-diphenylhydrazine, in aqueous suspension. Chemosphere 2002, 49, 193–203. [CrossRef] [PubMed]

63. Turkay, O.; Barisci, S.; Ozturk, H.; Ozturk, B.; Seker, M.G. Toxicological Profile of 1,4-Benzoquinone and Its Degradation Byproducts
during Electro-Fenton, Electrocoagulation, and Electrosynthesized Fe(VI) Oxidation. J. Environ. Eng. 2018, 144, 04018124. [CrossRef]

64. Guo, Q.; Zhou, Y.; Pang, S.-Y.; Gao, Y.; Duan, J.; Li, J.; Jiang, J. Transformation and detoxification of sulfamethoxazole by
permanganate (Mn(VII)) in the presence of phenolic humic constituents. Chem. Eng. J. 2021, 413, 127534. [CrossRef]

65. El-Ghenymy, A.; Maria Rodriguez, R.; Brillas, E.; Oturan, N.; Oturan, M.A. Electro-Fenton degradation of the antibiotic
sulfanilamide with Pt/carbon-felt and BDD/carbon-felt cells. Kinetics, reaction intermediates, and toxicity assessment. Environ.
Sci. Pollut. Res. 2014, 21, 8368–8378. [CrossRef] [PubMed]

66. Rosal, R.; Gonzalo, M.S.; Boltes, K.; Leton, P.; Vaquero, J.J.; Garcia-Calvo, E. Identification of intermediates and assessment of
ecotoxicity in the oxidation products generated during the ozonation of clofibric acid. J. Hazard. Mater. 2009, 172, 1061–1068.
[CrossRef] [PubMed]

67. Calza, R.; Massolino, C.; Pelizzetti, E. Photo-induced transformation of hexaconazole and dimethomorph over TiO2 suspension. J.
Photochem. Photobiol. A-Chem. 2008, 200, 356–363. [CrossRef]

68. Santos, A.; Yustos, P.; Quintanilla, A.; Garcia-Ochoa, F.; Casas, J.A.; Rodriguez, J.J. Evolution of toxicity upon wet catalytic
oxidation of phenol. Environ. Sci. Technol. 2004, 38, 133–138. [CrossRef] [PubMed]

69. Jeyanthi, V.; Anbu, P.; Vairamani, M.; Velusamy, P. Isolation of hydroquinone (benzene-1,4-diol) metabolite from halotolerant Bacillus
methylotrophicus MHC10 and its inhibitory activity towards bacterial pathogens. Bioprocess Biosyst. Eng. 2016, 39, 429–439. [CrossRef]

70. Jurica, K.; Gobin, I.; Kremer, D.; Cepo, D.V.; Grubesic, R.J.; Karaconji, I.B.; Kosalec, I. Arbutin and its metabolite hydroquinone as
the main factors in the antimicrobial effect of strawberry tree (Arbutus unedo L.) leaves. J. Herb. Med. 2017, 8, 17–23. [CrossRef]

71. Bikowska, B.Z.; Franiczek, R.; Sowa, A.; Polukord, G.; Krzyzanowska, B.; Sroka, Z. Antimicrobial and Antiradical Activity of
Extracts Obtained from Leaves of Five Species of the Genus Bergenia: Identification of Antimicrobial Compounds. Microb. Drug
Resist. 2017, 23, 771–780. [CrossRef] [PubMed]

72. Sathiyamoorthi, E.; Faleye, O.S.; Lee, J.-H.; Lee, J. Hydroquinone derivatives attenuate biofilm formation and virulence factor
production in Vibrio spp. Int. J. Food Microbiol. 2023, 384, 127534. [CrossRef] [PubMed]

73. Mol, V.P.L.; Abdulaziz, A.; Sneha, K.G.; Praveen, P.J.; Raveendran, T.V.; Parameswaran, P.S. Inhibition of pathogenic Vibrio harveyi
using calamenene, derived from the Indian gorgonian Subergorgia reticulata, and its synthetic analog. 3 Biotech 2020, 10, 248. [CrossRef]

74. Genuario, D.B.; Vaz, M.; de Vielo, I.S. Phylogenetic insights into the diversity of homocytous cyanobacteria from Amazonian
rivers. Mol. Phylogenetics Evol. 2017, 116, 120–135. [CrossRef] [PubMed]

75. Sun, F.L.; Wang, Y.S.; Wu, M.L.; Sun, C.C. Cyanobacterial community diversity in the sediments of the Pearl River Estuary in
China. Sci. Mar. 2017, 81, 477–485. [CrossRef]

https://doi.org/10.1128/aem.57.8.2351-2359.1991
https://doi.org/10.1016/j.jenvman.2021.112303
https://doi.org/10.1016/j.chemosphere.2018.09.071
https://www.ncbi.nlm.nih.gov/pubmed/30366267
https://doi.org/10.1016/j.chemosphere.2013.02.023
https://www.ncbi.nlm.nih.gov/pubmed/23540812
https://doi.org/10.1016/0045-6535(85)90143-2
https://doi.org/10.1002/tox.2530090411
https://doi.org/10.1134/S0022093010030038
https://www.inchem.org/documents/ehc/ehc/ehc157.htm
https://www.inchem.org/documents/ehc/ehc/ehc157.htm
https://doi.org/10.1134/S0022093011020058
https://doi.org/10.1016/j.cbi.2009.12.023
https://doi.org/10.1016/j.seppur.2014.09.004
https://doi.org/10.1016/S0045-6535(02)00190-X
https://www.ncbi.nlm.nih.gov/pubmed/12375866
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001467
https://doi.org/10.1016/j.cej.2020.127534
https://doi.org/10.1007/s11356-014-2773-3
https://www.ncbi.nlm.nih.gov/pubmed/24687785
https://doi.org/10.1016/j.jhazmat.2009.07.110
https://www.ncbi.nlm.nih.gov/pubmed/19709806
https://doi.org/10.1016/j.jphotochem.2008.08.018
https://doi.org/10.1021/es030476t
https://www.ncbi.nlm.nih.gov/pubmed/14740728
https://doi.org/10.1007/s00449-015-1526-0
https://doi.org/10.1016/j.hermed.2017.03.006
https://doi.org/10.1089/mdr.2016.0251
https://www.ncbi.nlm.nih.gov/pubmed/28118088
https://doi.org/10.1016/j.ijfoodmicro.2022.109954
https://www.ncbi.nlm.nih.gov/pubmed/36257185
https://doi.org/10.1007/s13205-020-02241-1
https://doi.org/10.1016/j.ympev.2017.08.010
https://www.ncbi.nlm.nih.gov/pubmed/28830829
https://doi.org/10.3989/scimar.04106.07A


Toxics 2024, 12, 115 23 of 24

76. McGregor, G.B.; Fabbro, L.D.; Lobegeiger, J.S. Freshwater planktic Chroococcales (Cyanoprokaryota) from North-Eastern
Australia: A morphological evaluation. Nova Hedwig. 2007, 84, 299–331. [CrossRef]

77. Battistuzzi, F.U.; Hedges, S.B. A Major Clade of Prokaryotes with Ancient Adaptations to Life on Land. Mol. Biol. Evol. 2009, 26, 335–343. [CrossRef]
78. Madigan, T.M.; Martinko, J.M.; Bender, K.S.; Buckley, D.H.; Stahl, D.A.; Aiyer, J.; Martinko, J.M. Brock Biology of Microorganisms,

Global Edition, 14th ed.; Pearson Education: Madrid, Spain, 2015.
79. Xia, N.; Xia, X.H.; Zhu, B.T.; Zheng, S.K.; Zhuang, J. Bacterial diversity and community structure in the sediment of the middle

and lower reaches of the Yellow River, the largest turbid river in the world. Aquat. Microb. Ecol. 2013, 71, 43–55. [CrossRef]
80. Narciso-da-Rocha, C.; Manaia, C.M. Multidrug resistance phenotypes are widespread over different bacterial taxonomic groups

thriving in surface water. Sci. Total Environ. 2016, 563, 1–9. [CrossRef]
81. Zhang, S.; Sun, W.; Xu, L.; Zheng, X.; Chu, X.; Tian, J.; Wu, N.; Fan, Y. Identification of the para-nitrophenol catabolic pathway, and

characterization of three enzymes involved in the hydroquinone pathway, in pseudomonas sp. 1-7. BMC Microbiol. 2012, 12, 27. [CrossRef]
82. Spain, J.C.; Gibson, D.T. Pathway for Biodegradation of Para-Nitrophenol in a Moraxella sp. Appl. Environ. Microbiol. 1991, 57, 812–819. [CrossRef]
83. Liu, S.; Wang, P.; Wang, C.; Chen, J.; Wang, X.; Hu, B.; Yuan, Q. Ecological insights into the disturbances in bacterioplankton

communities due to emerging organic pollutants from different anthropogenic activities along an urban river. Sci. Total Environ.
2021, 796, 148973. [CrossRef]

84. Zhang, M.; Sun, Q.; Chen, P.; Wei, X.; Wang, B. How microorganisms tell the truth of potentially toxic elements pollution in
environment. J. Hazard. Mater. 2022, 431, 128456. [CrossRef]

85. Wang, W.; Weng, Y.; Luo, T.; Wang, Q.; Yang, G.; Jin, Y. Antimicrobial and the Resistances in the Environment: Ecological and
Health Risks, Influencing Factors, and Mitigation Strategies. Toxics 2023, 11, 185. [CrossRef]

86. Schoffelen, N.J.; Mohr, W.; Ferdelman, T.G.; Duerschlag, J.; Littmann, S.; Ploug, H.; Kuypers, M.M.M. Phosphate availability
affects fixed nitrogen transfer from diazotrophs to their epibionts. ISME J. 2019, 13, 2701–2713. [CrossRef]

87. Wang, Z.; Han, S.; Cai, M.; Du, P.; Zhang, Z.; Li, X. Environmental behavior of methamphetamine and ketamine in aquatic
ecosystem: Degradation, bioaccumulation, distribution, and associated shift in toxicity and bacterial community. Water Res. 2020,
174, 115585. [CrossRef]

88. Zhang, C.; Li, J.; Cheng, F.; Liu, Y. Enhanced phenol removal in an innovative lignite activated coke-assisted biological process.
Bioresour. Technol. 2018, 260, 357–363. [CrossRef] [PubMed]

89. Zhao, J.; Chen, X.; Bao, L.; Bao, Z.; He, Y.; Zhang, Y.; Li, J. Correlation between microbial diversity and toxicity of sludge treating
synthetic wastewater containing 4-chlorophenol in sequencing batch reactors. Chemosphere 2016, 153, 138–145. [CrossRef] [PubMed]

90. Ansola, G.; Arroyo, P.; Saenz de Miera, L.E. Characterisation of the soil bacterial community structure and composition of natural
and constructed wetlands. Sci. Total Environ. 2014, 473, 63–71. [CrossRef] [PubMed]

91. Rios-Miguel, A.B.; Smith, G.J.; Cremers, G.; van Alen, T.; Jetten, M.S.M.; Camp, H.J.M.O.d.; Welte, C.U. Microbial paracetamol
degradation involves a high diversity of novel amidase enzyme candidates. Water Res. X 2022, 16, 100152. [CrossRef] [PubMed]

92. Park, S.; Oh, S. Activated sludge-degrading analgesic drug acetaminophen: Acclimation, microbial community dynamics,
degradation characteristics, and bioaugmentation potential. Water Res. 2020, 182, 115957. [CrossRef] [PubMed]

93. Traversi, D.; Villa, S.; Lorenzi, E.; Degan, R.; Gilli, G. Application of a real-time qPCR method to measure the methanogen
concentration during anaerobic digestion as an indicator of biogas production capacity. J. Environ. Manag. 2012, 111, 173–177.
[CrossRef] [PubMed]

94. Villegas, L.G.C.; Mashhadi, N.; Chen, M.; Mukherjee, D.; Taylor, K.E.; Biswas, N. A Short Review of Techniques for Phenol
Removal from Wastewater. Curr. Pollut. Rep. 2016, 2, 157–167. [CrossRef]

95. Commission Implementing Decision (EU). 2018/840 of 5 June 2018 establishing a watch list of substances for Union-wide
monitoring in the field of water policy pursuant to Directive 2008/105/EC of the European Parliament and of the Council
and repealing Commission Implementing Decision (EU) 2015/495 (notified under document C(2018) 3362). Official Journal of
the European Union. L 141/9. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0840
(accessed on 17 January 2024).

96. Westman, C.A. The Effect Hydroquinone on Mitosis in Allium cepa; Fordham University: New York, NY, USA, 1949.
97. Shettel, N.L.; Balke, N.E. Plant-Growth Response to Several Allelopathic Chemicals. Weed Sci. 1983, 31, 293–298. [CrossRef]
98. Keller, C.P.; Barkosky, R.R.; Seil, J.E.; Mazurek, S.A.; Grundstad, M.L. The electrical response of Phaseolus vulgaris roots to abrupt

exposure to hydroquinone. Plant Signal. Behav. 2008, 3, 633–640. [CrossRef] [PubMed]
99. Bouknana, D.; Jodeh, S.; Sbaa, M.; Hammouti, B.; Arabi, M.; Darmous, A.; Slamini, M.; Haboubi, K. A phytotoxic impact of phenolic compounds

in olive oil mill wastewater on fenugreek “Trigonella foenum-graecum”. Environ. Monit. Assess. 2019, 191, 405. [CrossRef] [PubMed]
100. Pino-Otín, M.R.; Lorca, G.; Val, J.; Ferrando, N.; Ballestero, D.; Langa, E. Ecotoxicological Study of Tannic Acid on Soil and Water

Non-Target Indicators and Its Impact on Fluvial and Edaphic Communities. Plants 2023, 12, 4041. [CrossRef]
101. Wang, H.; Cheng, Z.; Djouonkep, L.D.W.; Wang, L.; Cai, S.; Gauthier, M. Synthesis and properties of biodegradable aliphatic-

aromatic polyesters derived from 4-hydroxybenzaldehyde. J. Appl. Polym. Sci. 2023, 140, e54063. [CrossRef]
102. Osman, A.M.; Den Besten, P.J.; van Noort, P.C.M. Menadione enhances oxyradical formation in earthworm extracts: Vulnerability

of earthworms to quinone toxicity. Aquat. Toxicol. 2003, 65, 101–109. [CrossRef]
103. Suthar, S.; Singh, S.; Dhawan, S. Earthworms as bioindicator of metals (Zn, Fe, Mn, Cu, Pb and Cd) in soils: Is metal bioaccumula-

tion affected by their ecological category? Ecol. Eng. 2008, 32, 99–107. [CrossRef]

https://doi.org/10.1127/0029-5035/2007/0084-0299
https://doi.org/10.1093/molbev/msn247
https://doi.org/10.3354/ame01664
https://doi.org/10.1016/j.scitotenv.2016.04.062
https://doi.org/10.1186/1471-2180-12-27
https://doi.org/10.1128/aem.57.3.812-819.1991
https://doi.org/10.1016/j.scitotenv.2021.148973
https://doi.org/10.1016/j.jhazmat.2022.128456
https://doi.org/10.3390/toxics11020185
https://doi.org/10.1038/s41396-019-0453-5
https://doi.org/10.1016/j.watres.2020.115585
https://doi.org/10.1016/j.biortech.2018.03.091
https://www.ncbi.nlm.nih.gov/pubmed/29649728
https://doi.org/10.1016/j.chemosphere.2016.01.086
https://www.ncbi.nlm.nih.gov/pubmed/27016808
https://doi.org/10.1016/j.scitotenv.2013.11.125
https://www.ncbi.nlm.nih.gov/pubmed/24361449
https://doi.org/10.1016/j.wroa.2022.100152
https://www.ncbi.nlm.nih.gov/pubmed/36042984
https://doi.org/10.1016/j.watres.2020.115957
https://www.ncbi.nlm.nih.gov/pubmed/32559665
https://doi.org/10.1016/j.jenvman.2012.07.021
https://www.ncbi.nlm.nih.gov/pubmed/22910214
https://doi.org/10.1007/s40726-016-0035-3
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0840
https://doi.org/10.1017/S0043174500069034
https://doi.org/10.4161/psb.3.9.5965
https://www.ncbi.nlm.nih.gov/pubmed/19513254
https://doi.org/10.1007/s10661-019-7541-x
https://www.ncbi.nlm.nih.gov/pubmed/31144085
https://doi.org/10.3390/plants12234041
https://doi.org/10.1002/app.54063
https://doi.org/10.1016/S0166-445X(03)00118-8
https://doi.org/10.1016/j.ecoleng.2007.10.003


Toxics 2024, 12, 115 24 of 24

104. Saxena, P.N.; Gupta, S.K.; Murthy, R.C. Comparative toxicity of carbaryl, carbofuran, cypermethrin and fenvalerate in Metaphire
posthuman and Eisenia fetida—A possible mechanism. Ecotoxicol. Environ. Saf. 2014, 100, 218–225. [CrossRef]

105. Bakkali, F.; Averbeck, S.; Averbeck, D.; Waomar, M. Biological effects of essential oils—A review. Food Chem. Toxicol. 2008, 46, 446–475. [CrossRef]
106. Ahmed, N.; Al-Mutairi, K.A. Earthworms Effect on Microbial Population and Soil Fertility as Well as Their Interaction with

Agriculture Practices. Sustainability 2022, 14, 7803. [CrossRef]
107. Medina-Sauza, R.M.; Álvarez-Jiménez, M.; Delhal, A.; Reverchon, F.; Blouin, M.; Guerrero-Analco, J.A.; Cerdán, C.R.; Guevara, R.;

Villain, L.; Barois, I. Earthworms Building Up Soil Microbiota, a Review. Front. Environ. Sci. 2019, 7, 81. [CrossRef]
108. Janssen, P.H. Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and 16S rRNA genes. Appl. Environ. Microbiol.

2006, 72, 1719–1728. [CrossRef]
109. Spain, A.M.; Krumholz, L.R.; Elshahed, M.S. Abundance, composition, diversity and novelty of soil Proteobacteria. Isme J. 2009,

3, 992–1000. [CrossRef] [PubMed]
110. Zhang, L.; Xu, Z.H. Assessing bacterial diversity in soil. J. Soils Sediments 2008, 8, 379–388. [CrossRef]
111. Hugenholtz, P.; Goebel, B.M.; Pace, N.R. Impact of culture-independent studies on the emerging phylogenetic view of bacterial

diversity. J. Bacteriol. 1998, 180, 6793. [CrossRef]
112. Wang, Y.J.; Liu, L.; Yang, J.F.; Duan, Y.M.; Luo, Y.; Taherzadeh, M.J.; Li, Y.F.; Li, H.K.; Awasthi, M.K.; Zhao, Z.Y. The diversity of

microbial community and function varied in response to different agricultural residues composting. Sci. Total Environ. 2020, 715, 136983.
[CrossRef] [PubMed]

113. Zhang, S.Y.; Fan, C.; Wang, Y.X.; Xia, Y.S.; Xiao, W.; Cui, X.L. Salt-tolerant and plant-growth-promoting bacteria isolated from
high-yield paddy soil. Can. J. Microbiol. 2018, 64, 968–978. [CrossRef] [PubMed]

114. Blain, N.P.; Helgason, B.L.; Germida, J.J. Endophytic root bacteria associated with the natural vegetation growing at the
hydrocarbon-contaminated Bitumount Provincial Historic site. Can. J. Microbiol. 2017, 63, 502–515. [CrossRef]

115. Zhang, W.; Chen, L.; Zhang, R.; Lin, K. High throughput sequencing analysis of the joint effects of BDE209-Pb on soil bacterial
community structure. J. Hazard. Mater. 2016, 301, 1–7. [CrossRef]

116. Feng, G.; Xie, T.; Wang, X.; Bai, J.; Tang, L.; Zhao, H.; Wei, W.; Wang, M.; Zhao, Y. Metagenomic analysis of microbial community
and function involved in cd-contaminated soil. BMC Microbiol. 2018, 18, 11. [CrossRef]

117. Pino-Otin, M.R.; Gan, C.; Terrado, E.; Sanz, M.A.; Ballestero, D.; Langa, E. Antibiotic properties of Satureja montana L. hydrolate in
bacteria and fungus of clinical interest and its impact in non-target environmental microorganisms. Sci. Rep. 2022, 12, 18460. [CrossRef]

118. Chen, H.; Yao, J.; Wang, F.; Choi, M.M.F.; Bramanti, E.; Zaray, G. Study on the toxic effects of diphenol compounds on soil
microbial activity by a combination of methods. J. Hazard. Mater. 2009, 167, 846–851. [CrossRef]

119. Chien, S.H.; Prochnow, L.I.; Cantarella, H. Chapter 8 Recent Developments of Fertilizer Production and Use to Improve Nutrient
Efficiency and Minimize Environmental Impacts. In Advances in Agronomy; Academic Press: Cambridge, MA, USA, 2009; Volume
102, pp. 267–322.

120. Bremner, J.M.; Chai, H.S. Effects of Phosphoroamides on Ammonia Volatilization and Nitrite Accumulation in Soils Treated with
Urea. Biol. Fertil. Soils 1989, 8, 227–230. [CrossRef]

121. Zaman, M.; Nguyen, M.L.; Blennerhassett, J.D.; Quin, B.F. Reducing NH3, N2O and NO3
−N losses from a pasture soil with

urease or nitrification inhibitors and elemental S-amended nitrogenous fertilizers. Biol. Fertil. Soils 2008, 44, 693–705. [CrossRef]
122. Luisa Castrejon-Godinez, M.; Tovar-Sanchez, E.; Ortiz-Hernandez, M.L.; Encarnacion-Guevara, S.; Gabriel Martinez-Batallar, A.;

Hernandez-Ortiz, M.; Sanchez-Salinas, E.; Rodriguez, A.; Mussali-Galante, P. Proteomic analysis of Burkholderia zhejiangensis CEIB
S4-3 during the methyl parathion degradation process. Pestic. Biochem. Physiol. 2022, 187, 105197. [CrossRef]

123. Jia, Y.H. Diversity of utilizing substrates of strain Dyella sp. la-4 and its application in soi remediation. 2009; Dissertation/Thesis.
PQDT:67377505.

124. Flood, J.J.; Copley, S.D. Genome-Wide Analysis of Transcriptional Changes and Genes That Contribute to Fitness during Degradation
of the Anthropogenic Pollutant Pentachlorophenol by Sphingobium chlorophenolicum. Msystems 2018, 3, e00275–e00318. [CrossRef]
[PubMed]

125. Jain, R.K.; Dreisbach, J.H.; Spain, J.C. Biodegradation of P-Nitrophenol via 1,2,4-Benzenetriol by an Arthrobacter sp. Appl. Environ.
Microbiol. 1994, 60, 3030–3032. [CrossRef]

126. Cejková, A.; Masák, J.; Jirku, V.; Vesely, M.; Pátek, M.; Nesvera, J. Potential of Rhodococcus erythropolis as a bioremediation
organism. World J. Microbiol. Biotechnol. 2005, 21, 317–321. [CrossRef]

127. EC. Directive 2008/105/EC of the European Parliament and of the Council of 16 December 2008 Amending Directives 2000/60/EC
as regards priority substances in the field of water policy. 16 December 2008 L 348, 24.12.2008. Available online: https:
//eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02008L0105-20130913 (accessed on 17 January 2024).

128. EC. Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013 amending Directives 2000/60/EC
and 2008/105/EC as regards priority substances in the field of water policy. 12 August 2013L 226 1 24.8.2013. Available online:
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:en:PDF (accessed on 17 January 2024).

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/10.1016/j.ecoenv.2013.11.006
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.3390/su14137803
https://doi.org/10.3389/fenvs.2019.00081
https://doi.org/10.1128/AEM.72.3.1719-1728.2006
https://doi.org/10.1038/ismej.2009.43
https://www.ncbi.nlm.nih.gov/pubmed/19404326
https://doi.org/10.1007/s11368-008-0043-z
https://doi.org/10.1128/JB.180.24.6793-6793.1998
https://doi.org/10.1016/j.scitotenv.2020.136983
https://www.ncbi.nlm.nih.gov/pubmed/32041001
https://doi.org/10.1139/cjm-2017-0571
https://www.ncbi.nlm.nih.gov/pubmed/30148967
https://doi.org/10.1139/cjm-2017-0039
https://doi.org/10.1016/j.jhazmat.2015.08.037
https://doi.org/10.1186/s12866-018-1152-5
https://doi.org/10.1038/s41598-022-22419-2
https://doi.org/10.1016/j.jhazmat.2009.01.066
https://doi.org/10.1007/BF00266483
https://doi.org/10.1007/s00374-007-0252-4
https://doi.org/10.1016/j.pestbp.2022.105197
https://doi.org/10.1128/mSystems.00275-18
https://www.ncbi.nlm.nih.gov/pubmed/30505947
https://doi.org/10.1128/aem.60.8.3030-3032.1994
https://doi.org/10.1007/s11274-004-2152-1
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02008L0105-20130913
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02008L0105-20130913
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:en:PDF

	Introduction 
	Materials and Methods 
	Reagents 
	Daphnia Magna Assay 
	Aliivibrio Fischeri Assay 
	Allium cepa Assay 
	Eisenia Fetida Assay 
	River and Soil Microorganisms Community Assay 
	River Samples 
	Soil Samples 
	Genetic Sequencing of River and Soil Microorganisms 
	Community-Level Physiological Profiling (CLPP) of River and Soil Microorganisms 

	Statistics and Graphic Representation 

	Results and Discussion 
	Impact of Hydroquinone on Daphnia magna 
	Impact of Hydroquinone on A. fisheri 
	Impact on River Microbial Communities: Growth and Community-Level Physiological Profiling (CLPP) 
	Impact of Hydroquinone on Allium cepa 
	Impact of Hydroquinone on Eisenia fetida 
	Impact on Soil Microbial Communities: Growth and Community-Level Physiological Profiling (CLPP) 

	Conclusions 
	Appendix A
	References

