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A B S T R A C T

4-Nonylphenol (4-NP) is an anthropogenic contaminant found in different environmental matrices that has
an effect over the biotic and abiotic factors within the environment. Bioremediation by microorganisms can
be used as a potential treatment to remove this pollutant. In this work, a consortium of two microorgan-
isms, Arthrospira maxima and Chlorella vulgaris, was employed to remove 4-NP from water. The parameters
analyzed included cell growth, removal of 4-NP, and 4-NP remnant in the biomass. In addition, the metabo-
lites produced in the process by this consortium were identified. It was found that C. vulgaris is more resis-
tant to 4-NP than A. maxima (cell growth inhibition by 4-NP of 99%). The consortium used in this study
had an IC50 greater than any strain of microalgae or cyanobacteria reported for 4-NP removal (9.29mg/
L) and reduced up to 96% of 4-NP in water in the first 48h of culture. It was also observed that there
is a bio-transformation of 4-NP, comparable with the process carried out by another bacterium, in which
three similar metabolites were found (4-(1-methyl-octyl)-4-hydroxy-cyclohex-2-enone, 4-nonyl-4-hydroxy-ciclo-
hexa-2,5-dienone and 4-nonyl-4-hydroxy- ciclohex-2-enone) and one that is similar to plant metabolism
(4-nonyl-(1-methyl,6,8-metoxy)-hydroxybenzene). These results indicate that microalgae and cyanobacteria con-
sortium can be used to remove 4-NP from water.

1. Introduction

4-Nonylphenol (4-NP) is an organic compound closely related to the
alkylphenol family. Its chemical formula is C15H24O, with a molecu-
lar mass of 220g/mol, it is a viscous liquid, partially soluble in wa-
ter and soluble in organic solvents, with a freezing point of −10 °C and
boiling point at 304 °C (Araujo et al., 2017). According to the Pub-
Chem Database, NP has a solubility of 7mg/L in water at 25 °C and
a density of 0.95g/cm3 (https://pubchem.ncbi.nlm.nih.gov/compound/
1752#section=Density). There are 12 isomers of NP and they all have
similar effects on living organisms such as estrogenic, carcinogenic and
mutagenic effects, which may vary in intensity depending on the iso-
mer (Lahnsteiner et al., 2005; Laws, 2000; Wang et al., 2015).
NP is used in various industries as a surfactant, as well as an in-
termediate product in the manufacturing of NP ethoxylates and
tris(4-nonyl-phenyl)phosphite, as well as for the production of cleaners,

adhesives, detergents, plastic food packaging, among other applications
(U.S. Environmental Protection Agency, 2010).

There are several studies showing that NP has been found in the
environment, similarly to other anthropogenic contaminants
(López-Pacheco et al., 2019). In 2015, a study of water and organ-
isms along the coast of Hong Kong, detected 847ng/L of NP in seawa-
ter and 788ng/g in the sea urchin Anthocidaris crassispina (Xu et al.,
2015). NP has also been found in the Hunan province, China. Bioaccu-
mulation of 2.19ng/g was reported in the tilapia fish, that is consumed
by a large part of the population of the zone, producing bioaccumula-
tion in humans (Luo et al., 2017). In Italy there are reports that NP is
present in food such as the red mullet fish (Mullus barbatus, (Errico et
al., 2017). Also in China, on effluents used to irrigate crops, ground-
water and surface water were analyzed, reporting 1260.9 and 1407ng/
L of NP, respectively (Wang et al., 2015). A study in Amur Bay,
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Japan found NP in water at concentrations from below detection limits
to 1.24μg/L (Cherniaev et al., 2016).

In 2005, in water for human use in China 7.3μg/L of 4-NP were
found, while drinking water contained up to 2.7μg/L (Shao et al.,
2005). In the Huai River (China), water samples contained between 215
and 627ng/L of NP (Niu and Zhang, 2018). In Portugal, up to 5.6μg/
L of 4-NP has been found in surface waters (Azevedo et al., 2001).
In the Pearl River estuary, China, 4-NP was found in surface waters
(233–3353ng/L) and in sediments (7.55–20.80ng/g dry weight basis,
dw). The same study sampled some organisms (Penaeus chinensis, Cor-
bicula fluminea, Mugil cephalus, and Parabramis pekinensis) finding 4-NP
at 86.03, 237.12, 86.22 and 112.76ng/g dw, respectively (Diao et al.,
2017). The bioaccumulation and biomagnification of different types of
NPs has been reported in sentinel species such as the Greenland shark
(Somniosus microcephalus). In Greenland, 75% of sharks analyzed pre-
sented an accumulation up to 158.2ng/g in liver and 168.1ng/g in mus-
cle tissue (Ademollo et al, 2016). This study demonstrated that NPs
have found their way to the ocean, due to the discharge of wastewater
into rivers and seas. This also demonstrates that the environment is not
able to decompose all the NP contaminating it and that there is a need
to find a way to remove it from the environment.

Regarding NP detection in humans, a study in Taiwan (2014) con-
firmed that NP had been found in the placenta, fetal cord blood, mater-
nal blood, and breast milk up to the third month of lactation in the fol-
lowing concentrations: 5.4–54.4ng/g, 4.4–57.6ng/mL, 4.5–33.4ng/mL,
and 27.2–104.8ng/mL, respectively (Huang et al., 2014). In Germany,
infants who consume follow-on formula and infant formula milk ingest
up to 17.1 and 9.83μg/kg of 4-NP per day (Raecker et al., 2011).
NP reaches the environment through the products that contain it, which
have been discarded in the sewers. In many cities, sewer water does not
go through wastewater treatment, and 4-NP is diffused throughout the
environment; thus, affecting many species (Fig. 1).

The existing policy regarding NP in the European Commission,
through Directive nº 2003/53/EC banned its use within the European
Union. On the other hand, the United States allows NP at a maximum
concentration of 28 and 7μg/L in freshwater and salty water, respec-
tively (Araujo et al., 2017). Because of the importance of NP and
the possible effects on the health in humans and other species, several
studies have been conducted at the laboratory level to relate the poten-
tial implications of exposure to NP in living organisms. In lettuce plants
(Lactuca sativa), it has been demonstrated that NP causes changes in

the growth pattern and chlorophyll content, as well as producing dam-
ages in the rough endoplasmic reticulum, vacuoles, and chloroplasts
(Bruin et al., 2017). In insect species, such as Chironomus riparius in
the larval stage, the LC50 of 4-NP is 3.96μmol/L (Kukkonen, 2006).

Moreover, NP has shown to have an impact on the biology of some
marine species. For example, the sperm quality in the Pacific oyster
(Crassostrea gigas) is affected at a concentration of 1μg/L of NP, reducing
sperm motility by 70%, while a concentration of 100μg/L reduces it by
90%, with implications over the reproductive capacity. These concentra-
tions, however, do not affect the sex ratios of this species, which has a
high economic value in the fishing industry (Nice, 2005). Other species
are affected in different ways. For example, in the African sharptooth
catfish (Clarias gariepinus) it was demonstrated that 4-NP significantly
increased the levels of glucose, AST, ALT, creatinine, urea, uric acid,
cholesterol, and DNA fragmentation. Moreover, there was a reduction of
alkaline phosphatase, total protein, albumin, globulin, total lipids, and
LDH (Sayed and Hamed, 2017).

A study in mice showed that exposure to NP has an impact on weight
gain, and it caused alterations of the hepatic parenchyma, nucleus ag-
gregation, liver damage, and increased oxidative stress (Kazemi et al.,
2016). Studies carried out in male rats have shown that NP (200mg/
kg, daily) affects neuroendocrine function when the rats are exposed in
the perinatal stage, presenting endocrine disruption when 4-NP is pre-
sent in the environment (Yin-Yin, X., Ping, Z., Yin-Yin et al., 2008).
Also, 4-NP causes morphologic alterations on epididymal sperm and has
a strong implication in the reduction of sperm transit time, quality, and
fertility (Hamdy et al., 2012). NP has been reported as inductor of
apoptosis in testicular cells (Huang et al., 2016). In a non-tumor hu-
man prostate cell line (PNT1A), NP enhances the expression of key reg-
ulators of the cell cycle, allowing excessive cellular proliferation, which
in turn can induce the development of cancer (Forte et al., 2016). All
this evidence supports the need to treat wastewater to remove such con-
taminants, in order to avoid damaging the trophic chain and the life of
many organisms, including humans.

Removal of NP from wastewater can be enhanced by adding ac-
tivated carbon filters, UV treatment (photochemical degradation) and
ozonation to existing wastewater treatment processes (Dulov et al.,
2013; Gouveia et al., 2016; Li et al., 2013; Martínez-Zapata
et al., 2013; Neamţu and Frimmel, 2006; Soares et al., 2008).
Although the mentioned removal methods are available, the biore-
mediation with microorganisms is an option to remove some anthro-
pogenic contaminants in wastewater treatment processes, and with the

Fig. 1. Pathways of 4-NP in the environment. The black arrows indicate the movement cycle of contaminant in the environment. The blue arrows indicate the places where 4-NP can have
contact with humans. The green arrows indicate the places where 4-NP can have contact with others living organisms. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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additional capacity to obtain valuable sub-products in the same process
(Ansari et al., 2019; Fernández-Linares et al., 2017; Sreekumar et
al., 2018; Zhong et al., 2019). The regular methods of these processes
(UV and ozonation) are expensive with the exception of carbon filters
(Lee et al., 2019). For example the cost of the use of UV photoly-
sis for 4-NP removal is 2.66 €/m3 of wastewater compared with mi-
croalgae wastewater process that costs around 1.66 €/m3, making this
type of treatment competitive by its properties (Dulov et al., 2013;
Gouveia et al., 2016). Various species of microalgae have been used
for the degradation of a range of pollutants, some even specifically for
NPs. Isochrysis galbana has been used to measure the magnitude of bio-
magnification of NP, finding that this microalga is able to accumulate
77% of the contaminant used in the experiment (100μg/L), after 1h
of incubation (Correa-Reyes et al., 2007). Some species of the genus
Scenedesmus have also been used for NP removal.

For example, Scenedesmus obliquus is capable of reducing 70.9–89.2%
of 4mg/L of NP, making this genus a candidate to consider for the re-
duction of this contaminant in water (Zhou et al., 2013). In 2011, a
study found that Chlorella can remove nearly 1mg/L of NP in water over
168h, Chlorella vulgaris being the most effective of the tested species
(Gao et al., 2011). Another study with Chlorella vulgaris and Selenas-
trum capricornutum, showed that Selenastrum capricornutum is affected by
NP at 4mg/L, causing the cells to die 96h after coming into contact
with the contaminant. Chlorella vulgaris, on the other hand, can survive
in concentrations of 4mg/L, showing fast response to oxidative stress
and ability to restore its photosynthetic capacity, proving that these al-
gae can be efficiently used to remove NP from water (Gao and Tam,
2011).

Chlorella sp. (green algae; Chlorophyta) is one of the most reported
microalgae used in wastewater treatment and for emerging contami-
nants removal. Chlorella is a unicellular, small globular cell, with about
2–10μm of diameter (Masojídek and Torzillo, 2008). In earlier stud-
ies, Arthrospira maxima has been used for wastewater treatment. A.
maxima is a filamentous, spiral-shaped, water blue-green microalga, of
approximately 8mm diameter. Although it has not been reported the
evaluation of a consortium in the 4-nonylphenol removal by microal-
gae and cyanobacteria (Masojídek and Torzillo, 2008; Serban et al.,
2016). Considering the literature above mentioned, the aim of the pre-
sent study was to test two microorganisms (A. maxima and C. vulgaris),
which were used as a consortium, to remove 4-NP from water. The pa-
rameters evaluated included the maximum concentration of 4-NP that
this consortium can withstand, cell growth, the behavior of each strain
within the consortium, the amount of 4-NP that the microalgae can re-
move from water, bio-accumulation and the molecules that result from
the process of biotransformation.

2. Materials and methods

A diagram of the methodology followed in the present study is
shown in Fig. 2, including the concentration of 4-NP from the different
treatments.

2.1. Reagents and equipment

The reagents used for culture media (NaNO3, CAS: 7631-99-4,
≥99.0%; K2HPO4, CAS: 7758-11-4, ≥98%; CaCl2, CAS: 10043-52-4,
≥93.0%; MgSO4·7H2O, CAS: 10034-99-6, ≥99.0%; Citric Acid·H2O, CAS:
5949-29-1, ≥99.0%; Ferric Ammonium Citrate, CAS: 1185-57-5;
Na2EDTA·2H2O, CAS: 6381-92-6, 99.0–101.0%; Na2CO3, CAS: 497-19-8,
≥99.0%; H3BO3, CAS: 10043-35-3, ≥99.5%; MnCl2·4 H2O, CAS:
13446-34-9, ≥98%; ZnSO4·7 H2O, CAS: 7446-20-0; Na2MoO4·2 H2O,
CAS: 10102-40-6, ≥99.0%; CuSO4·5 H2O, CAS: 7758-99-8≥98%;
Co(NO3)2·6 H2O, CAS: 10026-22-9≥ 98%), 4-NP analytical

Fig. 2. 1) Determination of IC50 with the data of cell growth at different concentrations
of 4-NP (mg/L). 2) Experiment with the concentration of IC50 (9.29mg/L) obtaining the
behavior of microbial consortium and extraction of 4-NP in biomass and supernatant. 3)
Analysis of the extraction of the samples for the quantification of 4-NP every 48h and
identification of metabolites of 4-NP bio transformed.

standard (CAS:104-40-5) and HPLC grade solvents methanol≥99.9%
(CAS 67-56-1) and dichloromethane≥99.9% (CAS 75-09-2) were pur-
chased from Sigma-Aldrich (Toluca, Mexico). The spectrophotometric
measurements were taken in an absorbance microplate reader BMG
Labtech (Fluorstar omega, Germany). An Altus R-10 HPLC system cou-
pled with RI and PDA (N2971013) detectors (PerkinElmer, C16P03052
A, Spain) and an HPLC-LC-MS-TOF (G1969A, Agilent Technologies,
USA) were used for the analysis.
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2.2. Culture conditions

The strain A. maxima was provided by the Laboratory of “Fisiologia
Vegetal of Escuela Nacional de Ciencias Biológicas” (Instituto Politec-
nico Nacional, CDMX, MEX) and the strain C. vulgaris was purchased
from UTEX (Austin, TX, USA). Erlenmeyer flasks were adapted with a
pump (807, OPTIMA, CDMX, Mexico), an air filter of 0.2μm (Aervent
50, Merck, Mexico), aeration of 1.5L/m2/min, and a photoperiod of
12:12 with LED lamps (InstantFit TB LED, PHILIP, Mexico). The temper-
ature of the room was 21 °C.

The culture medium for A. maxima and C. vulgaris consortium was
BG11 containing: NaNO3 1.5g/L, K2HPO4 40mg/L, CaCl2·2 H2O 36mg/
L, MgSO4·7 H2O 75mg/L, Citric Acid·H2O 6mg/L, Ferric Ammonium
Citrate 6mg/L, Na2EDTA·2 H2O 1mg/L, Na2CO3 20mg/L, H3BO3
2.86mg/L, MnCl2·4 H2O 1.81mg/L, ZnSO4·7 H2O 0.22mg/L,
Na2MoO4·2 H2O 0.39mg/L, CuSO4·5 H2O 0.079mg/L and Co(NO3)2·6
H2O 0.04mg/L.

2.3. A. maxima and C. vulgaris consortium cell growth and inhibition rate
with 4-NP

4-NP was tested at concentrations of 0.00, 1.0, 2.5, 5.0, 7.5, 10, 20
and 50mg/L in culture media for A. maxima and C. vulgaris consortium
(Inoculum: 12×104 and 27×104 cell/mL, respectively), and the cul-
ture conditions were the same as mentioned in Section 2.2. The exper-
iments had a maximum solvent content of methanol at 0.5% v/v. Ac-
cording to the report by Zhou, algal cells did not show any toxic effect
from this concentration of methanol in the culture media (Zhou et al.,
2013). The cell growth of microorganisms was measured spectrophoto-
metrically at 750nm, sampling at 0, 24, 48, 72, 96,120 and 144h of cul-
ture. The inhibition rates were calculated using equation (1) (Eq. (1)):

(1)

where Ct is the cell density of treated groups, C0 is the cell density of
the control, (I) is the inhibition rate (in percentage, %) (Kong et al.,
2010).

2.4. Cell growth and microbial behavior at 4-NP IC50 concentration

An aliquot of the IC50 concentration for the microbial consortium
was placed under the same conditions as the cell growth experiment for
144h. The experiments had a maximum solvent content of methanol
at 0.5% v/v, as mentioned in Section 2.3. Cell growth was measured
spectrophotometrically at 48, 96 and 144hat 750nm, and the presence
of both strains in the culture was determined by cell count using a
Neubauer chamber (Superior Marienfeld, Germany).

2.5. Determination of 4-NP removal by A. maxima and C. vulgaris
consortium

Aliquots of 5mLat 0, 48, 96 and 144h of the 4-NP IC50 concentra-
tion culture were harvested by centrifugation (SL 40R, Thermo Fisher
Scientific, USA) at 4500rpmat 22 °C for 10min. The extraction method
of 4-NP (liquid-liquid microextraction (LLME) described by Gao (Gao et
al., 2011) was used with some modifications. After centrifugation, 5mL
of dichloromethane was added to the supernatant and mixed with a vor-
tex. The mix was centrifuged again, and the polar phase was discarded.
All the extracted samples were dried with an N2 stream, resuspended in
methanol, and then analyzed by HPLC and HPLC-MS-TOF.

2.6. Concentration of 4-NP accumulated in A. maxima and C. vulgaris
consortium and identification of metabolites produced

Aliquots of 5mL of the 4-NP IC50 concentration culture were har-
vested by centrifugation as mentioned in section 2.5. The supernatant
was discarded, and the biomass was resuspended in 5mL of water. After-
ward, the sample went through a process of freezing and thawing three
times, and then mixed by vortex with 5mL of dichloromethane. The mix
was centrifuged again, and the polar phase was discarded. The sample
was then filtered (0.45μm). All the extracted samples were dried using
a N2 stream (AOC, Nuevo Leon, Mexico), resuspended in methanol, and
analyzed by HPLC-PDA and HPLC-MS-TOF.

2.7. Quantification of 4-NP by HPLC-PDA

The samples obtained from sections 2.5 and 2.6 were analyzed by
HPLC-PDA. The stationary phase consisted of a Zorbax Eclipse XDB-C18
column (4.6 × 250 mm, 5 μm, Agilent, USA). The mobile phases were:
A 5% methanol +95% water (v/v), and B 100% methanol. The gra-
dient was 0–3 min, 70% B; 3.1–10 min, 90% B; 10.1–17 min, 100% B
and 17.1–20 min, 70% B. The injection volume was 50 μL. The cali-
bration curve included concentrations from 1 mg/L to 50 mg/L. The
regression of calibration curve was y = 21883x – 13314, r2 =0.9964,
LoQ=14.361 and LoD=4.739.

2.8. Identification biotransformation molecules of 4-NP by HPLC-MS-TOF

The samples obtained from sections 2.5 and 2.6 were analyzed
by HPLC-MS-TOF-ESI (G1969A, Agilent Technologies, USA). The sta-
tionary phase consisted of a Phenomenex Luna 3 μm C18 column
(4.6 × 250 mm, 5 μm, Phenomenex, USA), set at 55 °C. The mobile
phases were: A, 80% water +20% acetonitrile (v/v), and B 90% iso-
propanol + 10% acetonitrile (v/v), NH4OAc was added as modifier to
each phase to obtain a concentration of 10mM. The gradient program
was 0–8min, 40–43% B; 8–8.4min, 43–50% B; 8.4–48min, 50–99% B,
48–48.4min, 99 to 40% B and 48.4–65min, 40% B. The injection vol-
ume was 2μL.

2.9. Data analysis

All data were analyzed by Minitab 18 (Minitab Inc.). The IC50 values
were determined using a probit model and correlation analysis.

3. Results and discussion

3.1. Cell growth and toxicity test of A. maxima and C. vulgaris consortium
exposed to 4-NP

The cell growth of A. maxima and C. vulgaris consortium under differ-
ent concentrations of 4-NP is shown in Fig. 3. These results were com-
pared with the growth curves of both strains cultured individually, and
the consortium showed lower cell growth compared with each individ-
ual strain at 144h. 4-NP at 1 and 2.5mg/L followed the same growth
trend as the control, but with inhibition at 96h of 26.65 and 37.49% re-
spectively.

In another study, it was found that 4-NP inhibits cell growth in mi-
croalgae, at concentrations of 0.10–0.30mg/L (Wang et al., 2018).
In our study, we found that concentrations of 5–50mg/L induce a re-
duction in cell growth compared to the control during the first 72h,
but after that period cell growth starts to rise. The trend line of the
5mg/L culture shows cellular growth decrease within the first 48h of
the experiment, and afterward, it starts to rise. This behavior can be
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Fig. 3. Growth curve of consortium of A. maxima and C. vulgaris at different concentrations of 4-NP. The cell growth curves of C. vulgaris and A. maxima individually, are included.

explained due to the decrease in the growth of A. maxima, while C. vul-
garis continued growing. As C. vulgaris has a faster growth rate than the
consortium, when A. maxima is reduced, the growth of C. vulgaris is in-
hibited to a lesser extent (2.5mg/L 4-NP). The same behavior can be
observed with 4-NP in the range of 7.5–20mg/L, from 96 to 144h. The
concentration of 20mg/L induced a significant reduction of all microor-
ganism growth (99%) at 144h. 4-NP at 50mg/L was tested to assess if
this consortium could grow at this concentration.

In a similar study with the cyanobacteria Planktothrix agardhii 1113,
it was found that cell growth is inhibited by exposure to NP at 1–4mg/
L, these results are similar to our study for A. maxima (Medvedeva et
al., 2017). Also similar to our study, Medvedeva observed inhibition of
growth at all the concentrations of NP used. At 4mg/L, from day 2–10,
the growth of cyanobacteria slowed down but started to rise at day 10,
in a pattern similar to the findings in our study at concentrations from
5 to 20mg/L. Furthermore, the same study reported that NP had an in-
hibitory effect of up to 80% from day 6, at 4mg/L (Medvedeva et al.,
2017) and in our study the inhibition rate was observed at 72h with
5mg/L of 4-NP. Similarly, the cell growth of Scenedesmus obliquus is af-
fected at a concentration of 4mg/L (Zhou et al., 2013). It was also
found that the growth patterns and the inhibition process are propor-
tional to the concentration of the contaminant (Wang et al., 2018).

From the results obtained from cell growth curves, an IC50 was cal-
culated with the probit model every 24h (Table 1). It can be ob-
served that the IC50 value generally increases over time, which can
be due to the microbial consortium reducing the presence of 4-NP in
the medium through bioaccumulation and/or biotransformation within
the first 48h. There is a reduction of 4-NP tolerance of the culture of
1.39mg/L in 24–48h, which may indicate that a greater reduction of
this contaminant in water by the microbial consortium happens within
the first 48h. A study carried out with the strain Chlorella sorokiniana,
found that the IC50 at 96h was 0.276mg/L (Wang et al., 2018), while
our study reached an IC50 value of 3.26mg/L, at the same time with
the microbial consortium. Another study with Selenastrum capricornu-
tum, the EC50 of NP was 1.05mg/L; and similar to our study, Chlorella
vulgaris had an EC50 of NP≥4mg/L. Since the highest concentration

Table 1
IC50 of 4-NP exposure calculated at 24, 48, 72, 96,120 and 144-h in an A. maxima and C.
vulgaris consortium.

Time (h) IC50 (mg/L) a R b

24 3.76 (3.48±4.08) 0.98
48 2.37 (2.14±2.63) 0.99
72 2.79 (2.34±3.24) 0.95
96 3.26 (2.86±3.65) 0.97
120 7.47 (6.73±8.2) 0.95
144 9.29 (8.57±10.13) 0.99

a 95% confidence interval.
b Value of Pearson-correlation.

was used (4mg/L), the microalgae did not show a significant toxic ef-
fect in this strain at 96h (Gao and Tam, 2011). To our knowledge, A.
maxima has not been previously studied for the removal of 4-NP. At the
end of our experiment (144h), it was apparent that the microbial con-
sortium can successfully hold up to 9.29mg/L of 4-NP. This is similar to
the findings of another study, where it was reported that the inhibitory
effect of NP depends on the length of time that the culture is maintained
(Medvedeva et al., 2017).

3.2. Cell growth and behavior at IC50 (9.29mg/L) 4-NP

The cell growth and behavior of the consortium and each strain at
IC50 (9.29mg/L of 4-NP) were monitored at 144h, this value is the
half-maximal inhibitory concentration that this microbial consortium
can withstand (Table 1). Fig. 4a shows that the cell growth of the
control, obtained by absorbance at 750nm (green line), follows a nor-
mal trend of cell growth, while the cell growth with 9.29mg/L of 4-NP
(red line) shows an inhibition of 45% at 48h, 50% at 96h and 30%
at 144h compared against the control. These results are similar to the
ones in Fig. 3, for all the treatments with any concentration of 4-NP,
and to the results obtained with Planktothrix agardhii 1113 in 4mg/L
of NP (Medvedeva et al., 2017). Also, the cell growth at 9.29mg/L
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Fig. 4. a) Growth curve of consortium of A. maxima and C. vulgaris at 9.29mg/L of 4-NP every 48h. Cell growth curves made at 750nm absorbance. b) Cell count of control and concen-
tration of 9.29mg/L of 4-NP of A. maxima c) Cell count of control and concentration of 9.29mg/L of 4-NP of C. vulgaris. d) Kinetic of degradation of 9.29mg/L of 4-NP by A. maxima and
C. vulgaris consortium. Red line: 4-NP total found in all cultures, Green line: 4-NP bio accumulated in the biomass and Blue Line: 4-NP remaining in the medium. All measures made in
triplicate. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

started to rise after the first 48h, suggesting that the inhibition of cell
growth induced by 4-NP stops after this time.

In order to understand the behavior of each strain in the consortium,
a cell count using a Neubauer chamber was carried out. These results are
presented in Fig. 4 b-c, showing that the inoculum used had the same
proportion of each strain in the control and in the experiment; however,
in 9.29mg/L of 4-NP, C. vulgaris had a count 2.2 times higher than A.
maxima (12×104 of A. maxima and 27×104 of C. vulgaris). This change
in the proportion of each microorganism can be due to the difference
in the size of each strain (approximately 20 to≥200μm for A. maxima
and ≤5μm for C. vulgaris) (Fig. 5a). As with the cell count, a difference
can be seen in the biomass (g/L) obtained of each microorganism, even
though there are more cells of C. vulgaris, A. maxima represent more
weight in the culture: 0.5 against 0.10g/L of C. vulgaris.

Similarly, in the control, the growth of C. vulgaris was greater than A.
maxima at all the times sampled (Fig. 4 b-c), C. vulgaris had a cell count
4.9 times greater than A. maxima at 48h, 10.5 times at 96h and 11.3
times at 144h. A mechanism controlling growth was observed in both
populations, a phenomenon called allelopathy (Gantar et al., 2008;
Granéli et al., 2008). Some strains of microalgae (Chlorophyta) and
cyanobacteria (Fischerella sp., Lyngbya sp., Nostoc sp., Pseudanabaena sp.,
Scytonema sp.) have allelopathic interactions when they grow together
(Gantar et al., 2008). This can be seen clearly from 48h to 144h in
the growth behavior of C. vulgaris in the control and in the concentration
of 9.29mg/L. It is interesting to note that the experiment with 9.29mg/
L of 4-NP had a greater number of C. vulgaris cells than the control, for
the first 48h, in the presence of the contaminant. This can be explained
by the reduction of A. maxima in the culture, by the allelopathy effect of
both strains.

Experiments with 9.29mg/L of 4-NP show that A. maxima is reduced
from 12×104 to 2×104 in the first 48h, to 0.8×104 at 96h, and
then increases again to 1.2×104 cell/mL at 144h. On the other hand,
C. vulgaris increased from 2.7×105 to 7.1×105 in the first 48h, to
2.48×106 at 96h and to 7.09×106 cell/mL at 144h. This result shows
that C. vulgaris is more resistant and adaptive to the presence of 4-

NP than A. maxima. Our results agree with those from a study using
four strains of Chlorella, where it was shown that C. vulgaris is possibly
the most adaptive species of this genus (Gao et al., 2011). The same
study also highlights the capacity of C. vulgaris to acclimatize better to
4-NP; to having a better response to 4-NP-induced oxidative stress than
other strains; and to a higher bio-transformation rate of 4-NP than by
the processes of adsorption and absorption (Gao and Tam, 2011).

A. maxima has a negative response to 4-NP exposure (10mg/L). Fig.
5 b-g shows that the color of cells exposed to 4-NP is lighter (yellow)
compared to the cells under normal conditions (green) (Fig. 5 a). Al-
though the Arthrospira genus has a life cycle that involves trichome frag-
mentation into 2 to 4 parts (Shabana and Arabi, 2012; Sili et al.,
2012), the fragmentation observed in Fig. 5 b-g does not follow the
normal trichome fragmentation process, and this change may be related
to 4-NP exposure, as it was also demonstrated that microbial structure
can be damaged by exposure to this contaminant (Zhou et al., 2013).
In contrast, the structure of C. vulgaris does not show any difference after
exposure to 4-NP. The microalgae Scenedesmus obliquus at a concentra-
tion of 0.25mg/L of NP shows a similar result (Zhou et al., 2013).

3.3. Removal and bioaccumulation of 4-NP at 9.29mg/L

The kinetics of degradation of 4-NP were determined by HPLC-PDA,
as described in Section 2.7. It was found that this microbial consortium
can remove 96.6% at 48h, 98% at 96h, and 98.3% at 144h of 9.29mg/
L 4-NP from water. It is worth noting that the consortium was able to re-
move 9.15mg/L of 4-NP from the water at 144h (blue line in Fig. 4d),
which is greater than the removal using microorganisms for any con-
centration of this pollutant previously reported (Correa-Reyes et al.,
2007; Gao et al., 2011; Gao and Tam, 2011; Medvedeva et al.,
2017; Wang and Xie, 2007; Zhou et al., 2013).

Regarding the biomass sample, the first sampling (0–1h) produced
a concentration of 5.05mg/L of 4-NP, demonstrating that bioaccumula-
tion begins as soon as the microorganism comes into contact with the
contaminant. This result is similar to the observed in Isochrysis galbana,
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Fig. 5. a) A. maxima and C. vulgaris size in BG11 medium (normal conditions). b-g) A. maxima exposed to 10mg/L 4-NP after 144h (100X).

in which the microalgae bioaccumuled almost 100% of 100μg/L after
1h of coming into contact with the contaminant (Correa-Reyes et al.,
2007). The result may also have been accelerated by the centrifuga-
tion process, used for separating the biomass and supernatant in the liq-
uid-liquid microextraction process of 4-NP. This first sample showed a
reduction of 72.7% at 48h, 91% at 96h, and 94% at 144h of 4-NP in
the biomass (green line in Fig. 4d).

It should be noted that at 48h in the experiment with 4-NP, the con-
tent of the pollutant is greater in the biomass (1.37mg/L) than in the
supernatant (0.311mg/L), demonstrating that the consortium is bioac-
cumuled the contaminant from water (Gao et al., 2011; Medvedeva
et al., 2017; Zhou et al., 2013). This value corresponds to the high-
est decrease of microbial consortium presence in the culture (Fig. 4 a).
Also, at 144h there was an increment in the culture of A. maxima from
0.8×104 at 96h to 1.2×104 cell/mL at 144h, where the concentration
of 4-NP was of 0.29mg/L in the biomass and 0.14mg/L in the super-
natant, given that this concentration of 4-NP is tolerable to A. maxima.
Additionally, the decrease of an inhibitory effect of NP on these species
is associated with the reduction of 4-NP in the medium (Medvedeva et
al., 2017).

The greatest reduction of 4-NP (96.6%) occurred during the first
48h, similar to the results with Planktothrix agardhii 1113, where 50%
of NP (2mg/L) was reduced in the first 48h. Also, the study

with Chlorella species found a reduction of 70%–80% of 1mg/L of NP
in the first 12 and 24h, respectively (Gao et al., 2011; Medvedeva et
al., 2017). The concentration of 4-NP was reduced by up to 95%, from
9.29mg/L of 4-NP, in the biomass and in the medium (Table 2). This
means that 8.84mg/L of 4-NP could not be detected at 144h, neither in
the biomass nor in the medium, leading to the hypothesis that microal-
gae can bio-transform 4-NP into other molecules, in the same way as
other microorganisms (Gao et al., 2011; Gao and Tam, 2011).

Table 2
Change in the concentration of 4-NP (mg/L) during the experiment in the medium and in
the biomass. The standard deviation of three replicates is shown.

Time
(h) 4-NP (mg/L) Percentage of 4-NP

Remaining
in the
medium

Remaining
in the
biomass

Remaining
in the
medium

Remaining
in the
biomass Removed

0 4.23±0.896 5.05±1.10 46 54 0
48 0.31±0.125 1.37±0.09 3 15 82
96 0.17±0.007 0.45±0.10 2 5 93
144 0.15±0.02 0.29±0.03 2 3 95
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It is supposed that microalgae and cyanobacteria can bio-transform
4-NP by the cytochrome P-450 system (Powley and Carlson, 2001;
Tezuka et al., 2007; Thies et al., 1996), the same mechanism used
by other species. The presence of 4-NP in some species such as fish, fungi
or flies, for example, changes the way in which those organisms up-
or downregulate the P-450 system, as well as the action of some genes
(CYP1A, CYP3A, CYP4G, Pff 311b, Pff 4a), explained by the hypothe-
sis of the presence and bio-transformation of 4-NP (Cocci et al., 2013;
Martínez-Paz et al., 2012; Subramanian and Yadav, 2009; Teles
et al., 2004).

3.4. Analysis of biotransformation products of 4-NP with HPLC-MS-TOF

Since this microbial consortium was able to remove 4-NP from the
medium, the samples obtained from the extraction of biomass and cul-
ture medium containing 9.29mg/L of 4-NP were analyzed at 0h and
48h by HPLC-MS-TOF in order to look for biotransformation prod-
ucts, as this was the time window when the greatest reduction of 4-NP

occurred. The m/z of the fractions of 4-NP detected in all the samples
analyzed are shown in Table 3. In the chromatogram of the biomass
at 48h (Fig. 6a) the most abundant m/z of the sample were: 637, 695,
387,112 and 721. Just one of them corresponds to the 4-NP molecule
(112m/z).

The 637m/z corresponds to the oxidation process of triolein (Byrd-
well and Neff, 2002), a triacylglycerol that forms part of the lipid pro-
file of microalgae (Pardo-Cárdenas et al., 2013), 695m/z corresponds
to a phosphatidic acid, a phospholipid (Maciel et al., 2018), 387m/z
corresponds to docosapentaenoic acid that is a triacylglycerol present in
microalgae (Wells and Gertler, 2011) and 721m/z corresponds to a
phosphatidylglycerol (Cutignano et al., 2016). These molecules may
be present in the extract due to the solvents (dichloromethane) used for
liquid-liquid microextraction (LLME) process (Cequier et al., 2008).

The 112m/z corresponds to a fragment derived from 4-NP, and
as shown in Table 3, this mass corresponds to the fragment –C8H17.
which is also present in one of the metabolites (4-nonyl-4-hydroxy-

Table 3
HPLC LC-MSD TOF [M + H +] analysis of biomass and medium extraction samples of A. maxima and C. vulgaris exposed to 9.29mg/L at 0–48h.

Compound ID Compound name

LC-MS-
TOF (m/z)
[M + H +]

Retention
time

LC-MS-
TOF (m/
z)
fragments Fragment ID Presence in samples

Biomass Medium

0h 48h 0h 48h

4-NP 4-n-nonylphenol 221.35 2.37 93 (-C6H5O) + + + +
62.95 98 (-C7H15) + + – –
62.88 112 (-C8H17) + + + +
2.26 441 (-2M + H) + + – +
25.15 468 (-2M+3H2O+2H) + + + +

Metabolites of 4-NP bio transformation common with bacteria (Sphingomonas xenophaga Bayram) (Gabriel et al., 2005)
Derivative A 4-(1-methyl-octyl)-

4-hydroxy-cyclohex-
2-enone

239 2.38 83 – + – –

62.87 85 (-C6H13) + + + +
62.88 112 (M-H) --C9H19) + + + +
2.18 113 (-C8H17) – + – –
1.94 239 (M) – + – –

Derivative B 4-nonyl-4-hydroxy-
ciclohexa-2,5-dienone

237 2.28 123 + + + –

2.14 236 (M-H +) – + – –
21.35 237 (M) – + – –

Derivative C 4-nonyl-4-hydroxy-
ciclohex-2-enone

239 2.38 83 – + – –

62.88 112 (M-H) --C9H19) + + + +
1.94 239 (M) – + – –

Metabolites of 4-NP bio transformation common with plant (Triticum aestivum L. cv. Heines Koga II) (Bokern et al., 1996)
Derivative D 4-nonyl-(1-methyl,

6,8-metoxy)-
hydroxybenzene

322 2.37 93 (-C6H5O) + + + +

2.01 195 + + + +
2.08 202 + + + +

The metabolites found in the analysis were compared with metabolites reported in the literature of bio transformation process of 4-NP with different species. The presence (+) or absence
(−) of the LC-MS-TOF (m/z) fragments in each sample is reported.
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Fig. 6. a) Chromatogram (0–65 min) of the extraction of biomass sample exposed to 9.29 mg/L at 48 h. b) Mass spectrum (m/z) HPLC LC-MSD TOF [M + H+] (Retention time:
62.58–62.97 min) and the breaking of 4-(1-methyl-octyl)-4-hydroxy-cyclohex-2-enone in biomass sample exposed to 9.29mg/L at 48h.

ciclohex-2-enone) (Fig. 6 b), previously reported in the 4-NP biotrans-
formation by the bacteria Sphingomonas xenophaga Bayram (Gabriel
et al., 2005). This fragment was found in all the samples analyzed.
85 m/z corresponds to the fragment –C6H13 of derivative A, and frag-
ment 141 corresponds to phosphatidylethanolamine (phospholipid) (Li
et al., 2014). The m/z found in the samples were compared with
the results of two organisms analyzed in the 4-NP degradation, Sphin-
gomonas xenophaga Bayram and Triticum aestivum L. cv. Heines Koga II
(Bokern et al., 1996; Gabriel et al., 2005). The results obtained in
those reports concur with some of the fragments reported in Table 3.
There was a greater number of fragments corresponding to the 4-NP
metabolism reported in the 48h biomass sample, indicating that the

greatest biotransformation of the molecule occurred in this time frame.
This agrees with the results reported in Table 2.

The A. maxima and C. vulgaris consortium metabolism of 4-NP ap-
pears to be more similar to that of Sphingomonas xenophaga Bayram, a
bacterium, than to that of the plant Triticum aestivum L. cv. Heines Koga
II, from the number of coinciding fragments (Table 3). These results
are not unexpected since the phenotypic and molecular phylogeny of
bacteria and microalgae (C.vulgaris) are so similar (Ramanan et al.,
2016), and because A. maxima is a cyanobacterium too (Furmaniak
et al., 2017). It can be observed that the four metabolites (Derivates
A-D) found in the 4-NP biotransformation by A. maxima and C. vul-
garis consortium involved the basic structure of 4-NP (Fig. 7); however,
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Fig. 7. Chemical structures of the metabolites formed during bio transformation of 4-NP by A. maxima and C. vulgaris consortium exposed to 9.29mg/L at 0 and 48h.

they are different to the 4-NP molecule because the bio-transforma-
tion of NP with the A. maxima and C. vulgaris consortium added some
functional groups, such as methoxides in the metabolite
4-nonyl-(1-methyl,6,8-metoxy)-hydroxybenzene. Assuming that cy-
tochrome P-450 is involved in the 4-NP biotransformation, these chem-
ical structure changes in the molecule are due to cytochrome P-450
common reactions, such as oxidation, reduction, and desaturation, as
in the 4-(1-methyl-octyl)-4-hydroxy-cyclohex-2-enone molecule, ester
cleavage, ring expansion, ring formation, aldehyde scission, dehydration
such as in the derivative A, B and C, coupling reaction (Guengerich,
2001) demethylation, hydroxylation, epoxidation, dealkylation, sulfoxi-
dation and decarboxylation (Girvan and Munro, 2016).

The toxicity of each metabolite is not discussed in previous studies,
but it was reported that microorganisms that are in the first level in
trophic chain affected by 4-NP, can affect in some ways in higher levels
of the chain such as in the zebrafish. It was found that zebrafish fed with
biomass grown with 4-NP did not show any effects in size and weight
but it showed some estrogenic effects (Correa-Reyes et al., 2007). For
this reason, is important that the biomass exposed to 4-NP for removal
purposes is used further as a source to obtain by-products not intended
for human or animal consumption, such as biofuels or specialty chemi-
cals, instead of being used as a source of nutritional supplements.

4. Conclusions

The results of this study show that 4-NP can be bioaccumuled and
biotransformed in 4-(1-methyl-octyl)-4-hydroxy-cyclohex-2-enone,
4-nonyl-4-hydroxy-ciclohexa-2,5-dienone, -nonyl-4-hydroxy- ciclo-
hex-2-enone, and 4-nonyl-(1-methyl,6,8-metoxy)-hydroxybenzene by
using a microbial consortium. It was found that C. vulgaris was more
resistant to this pollutant than A. maxima. The consortium used in this
study has an IC50 greater than any microorganism strain reported for
4-NP removal (9.29mg/L), and our results show that an A. maxima and
C. vulgaris consortium can reduce the pollutant concentration by 98%
in water. It was also observed that, in addition to the bioaccumulation,
there is a bio-transformation process of the contaminant similar to that
of a bacterium, in which three similar metabolites were found. These re-
sults indicate that A. maxima and C. vulgaris consortium can be used to

remove 4-NP and similar contaminants from water.
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