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Abstract

The use of constructed wetlands (CW5s) is one of the best options to treat wastewater. In CWs, microorganisms play
a major role in the degradation of organic pollutants but the concentration of nutrients, surfactant, and aeration
(NSA) in oil-contaminated water is one of the factors that affect the persistence and metabolic functioning of
hydrocarbon-degrading microorganisms. In the present investigation, the influence of the addition of NSA on
the persistence of the augmented bacteria, copy of (alkane hydroxylase gene) alkB gene, and its expression level
in the water, soil, and plants of CWs were evaluated. The CWs mesocosms were developed by the vegetation of
Typha latifolia and Cyperus laevigatus and inoculated with the bacterial consortium (Pseudomonas putida TYRI39,
Acinetobacter junii TYRH47, Acinetobacter sp. CYRH17, Pseudomonas sp. CYSI27, and Pseudomonas sp. TYRH42). The
mesocosms were provided with nutrients (20 mg "N, 2.6 mg I-"Pand 164 mg =T K) in liquid form, surfactant
Tween-20 (0.2%, v/v) in liquid form, and aeration (>7.0+1 mg I=! DO) using aeration pump. The addition of NSA
in CWs enhanced the persistence and metabolic functioning of the inoculated bacteria in the water, rhizospheric
soil, and plants. The maximum hydrocarbon removal (97%) was observed in the water treated by CWs having

C. laevigatus, bacteria, and NSA, and it is correlated with the copy numbers of alkB and its expression level.

The application of NSA in CWs not only improved bacterial persistence and catabolic gene expression but also
increased plant development and hydrocarbon removal.
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Introduction

The discharge of hydrocarbon-enriched wastewater
into the environment is one of the main environmental
issues with the increasing extraction, refining, and trans-
portation of petroleum oil and its products in the world
(Vymazal et al. 2021). The hydrocarbon-enriched waste-
water is posing terrible effects such as genetic mutations,
immunotoxicity, teratogenicity, carcinogenesis, and high
bioaccumulation, impacting the health of living organ-
isms and negatively impacting ecosystems and micro-
bial communities (Salari et al. 2022). The discharge of
hydrocarbon-enriched wastewater is an environmental
challenge and causes organic pollution, and soil and aqui-
fer contamination ultimately affecting the agricultural
land and groundwater quality (Afzal et al. 2019; Wu et
al. 2021). Organic chemicals including hydrocarbons are
used by microorganisms during their metabolism or co-
metabolism, and broken into nontoxic products like H,O,
CH, and CO, (Gu 2021).

Among the existing wastewater remediation
approaches, the application of CWs has been proven
more sustainable and cost-effective approach for the
treatment of hydrocarbon-enriched wastewater than
traditional wastewater remediation strategies (Kataki et
al. 2021; Moreira and Dias 2020). Recently, the inocula-
tion of bacteria, having hydrocarbon-utilizing and plant
growth-enhancing activities in CWs has been proposed
to enhance their wastewater treatment efficacy (Chen et
al. 2022). The bacteria contribute to the mineralization of
hydrocarbons (Hashmat et al. 2019; Yousaf et al. 2010),
reduce toxicity, and increase plant development (Rehman
et al. 2019). These bacteria colonize the soil and plant
and mineralize organic substances including hydrocar-
bons (Yousaf et al. 2010). The performance of plant-bac-
teria synergism to mineralize hydrocarbons depends on
the presence and activity of the bacteria having specific
genes for the utilization of hydrocarbons (McGenity et al.
2012).

The hydrocarbon-polluted wastewater and soil are
usually deficient in nitrogen and phosphorus and this
deficiency inhibits plants and their associated micro-
bial community growth and their hydrocarbon-utilizing
capability (Wang et al. 2022). The addition of nutrients
in oil-polluted soil and water improves microbial growth
and activity and ultimately enhances the degradation of
hydrocarbons (Arslan et al. 2017). Hydrocarbons are
hydrophobic and their less bioavailability also reduces
the chances of their microbial degradation via control-
ling gene side (Fenibo et al. 2023; Hashmat et al. 2022).
The addition of surfactants in soil and water enhances
the bioavailability of hydrocarbons and their uptake and
degradation by the plants and their associated microbes
(Roodbari et al. 2016). Aeration also enhances micro-
bial growth and activity in the water (Feng et al. 2021;
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Mohammed Abdulredha 2018). Moreover, the effect of
the addition of nutrients, surfactants, and aeration (NSA)
on the proliferation and catabolic activity of the aug-
mented bacteria in the soil and plants of CWs has not
been studied earlier (Bano et al. 2023; Haider et al. 2023).

The objective of the present investigation was to assess
the impact of NSA on the abundance and metabolic
activity of the augmented hydrocarbon-degrading bac-
teria in different compartments (water, soil, and plant)
of CWs. Moreover, hydrocarbon degradation, and plant
growth parameters were determined.

Materials and methods

Bacterial strains

The bacteria used in this research work were previously
isolated (Supplement Table SI) from the plants grown
in CWs having crude oil (Hashmat et al. 2019). These
bacterial strains were Pseudomonas putida TYRI39
(KF478204), Acinetobacter junii TYRH47 (KJ620859),
Acinetobacter sp. CYRH17 (KJ620864), Pseudomonas
sp. CYSI27 (KF478200), and Pseudomonas sp. TYRH42
(KF478206). These were selected because they were com-
petent to utilize different types of hydrocarbons present
in crude oil and possessed the alkane hydroxylase (alkB)
gene. Moreover, these strains possessed plant growth-
promoting traits, e.g., indole acetic acid (IAA) and sid-
erophore production, and Zn- and P-solubilization. In
brief, these bacteria were cultured individually at 37 °C in
Luria Bertani broth having 2% (v/v) diesel. The cells were
collected by centrifugation at 10,000 (x g) and finally, the
bacterial consortium was prepared by mixing bacterial
suspension in equal proportion (1:1:1:1:1) having about
10° cells ml~! of each strain (Sutton 2011).

Experimental setup

The CW mesocosms were developed as described earlier
(Hashmat et al. 2019). Briefly, each CW mesocosm was
made from a plastic tank having a tray filled with coco-
nut shavings, coarse gravel, fine sand, and loamy soil.
The seedlings of different wetland plants Typha latifolia
(T1-T3) and Cyprus laevigatus (T4-T6) were vegetated
to develop CWs mesocosms. The plants were allowed to
grow for two months. The whole mesocosm system was
sterilized with bleach (5%, v/v), and washed with distilled
water for three times. The crude oil was spiked (2%, v/v)
in the CWs. Each specific CW mesocosm was augmented
with 100 ml (10° cfu ml™?) of the prepared bacterial con-
sortium. Different treatments are described in Table 1.
The mesocosm CWs were externally provided with opti-
mum concentration of nutrients, i.e., NPK (20 mg I"! N,
2.6 mg1~! P, and 16.4 mg 17! K) in liquid form, surfactant
(Tween- 20 with a concentration of 0.2%, v/v) in liquid
form, and aeration (>7.0+1 mg 1”! DO) using aeration
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Table 1 Design of the experiment

Treatment Experimental design

Control (C1) Mesocosm with vegetation, without crude oil and
bacterial augmentation

Control (C2) Mesocosm having crude oil without vegetation
and bacterial augmentation

T1 Crude oil spiked CWs vegetated with T. latifolia
(without bacterial augmentation)

T2 Crude oil spiked CWs vegetated with T. latifolia,
and augmented with selected bacteria

T3 Crude oil spiked CWs vegetated with T. latifolia,
augmented with selected bacteria and externally
supplied with nutrients, surfactant and aeration

T4 Crude oil spiked CWs vegetated with C. laevigatus
(without bacterial augmentation)

T5 Crude oil spiked CWs vegetated with C. laevigatus,
and augmented with selected bacteria

T6 Crude oil spiked CWs vegetated with C. laevigatus,

augmented with selected bacteria and externally
supplied with nutrients, surfactant and aeration

pump (Hashmat et al. 2022). The CW mesocosms were
operated in a batch mode with 60 60-day retention time.

Plant growth determination

Seedlings of native wetland plants (C. laevigatus and T.
latifolia) were collected from local drains, ponds, and
the vicinity of oil drilling pits. Initially, the seedlings and/
or cuttings were grown in pots for acclimatization till
the achievement of suitable heights. The seedlings hav-
ing almost similar weight, size, and height were used in
the experiments. The plants were then used in different
treatments and were harvested at the end of the experi-
ment (day 60), and roots shoot lengths, and biomass were
measured in all the treatments using a ruler and weighing
balance respectively as explained earlier (Hashmat et al.
2019).

Determination of residual amount of hydrocarbons
The water samples were collected from all the meso-
cosms and analyzed for the residual amount of hydro-
carbons by the gravimetric method using n-hexane as
solvent as explained earlier (Rehman et al. 2019).

Isolation and quantification of the augmented bacteria

The quantification of the applied bacteria in the root,
shoot, and rhizospheric soil of T. latifolia and C. lae-
vigatus was carried out at three different stages of the
experiment (day 1, day 30, and day 60). The quantifica-
tion of the bacteria was also conducted in the water
samples collected from the mesocosms. Briefly, the water
and suspension of the rhizospheric soil, root, and shoot
were plated on M9 medium (Life Technologies Cata-
log No. A1374401, supplemented with various amino
acids and carbon sources in ready-to-use liquid form)
amended with 1% diesel, incubated overnight, and then
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the individual colonies were counted by digital colony
counter (Quebac, Hach).

Quantification of gene (alkB) abundance and expression
The load of the alkB and its expression level were quanti-
fied in the water, soil, and plants at three different stages
of the experiment (day 1, day 30, and day 60) as explained
earlier (Afzal et al. 2012). The total DNA and RNA were
extracted from the water, rhizospheric soil, and the roots
and shoots. Real-time PCR was used to determine the
copy numbers of the alkB gene using the template of
DNA and cDNA.

Statistical analysis

The plant growth parameters, CFU, level of gene abun-
dance and expression, and the residual number of hydro-
carbons were analyzed using Minitab statistical software
(www.minitab.com) as per the method of (Ain et al.
2024). One-way analysis of variance (ANOVA) was used
for the comparisons between treatments (Ahmad et al.
2023).

Results

Plant growth

The wetland plant (7. latifolia and C. laevigatus) growth
data in terms of root length, shoot length, and dry weight
were recorded on day 1 and day 60. The effect of intensi-
fication in wetland on the plant growth parameters was
assessed by employing the influence of bacterial augmen-
tation alone as well as the combined effect of bacterial
augmentation and NSA application on the growth of the
plants vegetated in the CWs (Fig. 1). There was a sequen-
tial growth of T. latifolia and C. laevigatus from day 1 to
day 60. At day 1, there was a non-significant (p<0.05)
difference in the root length (RL), shoot length (SL), and
dry weight (DW) of the plants vegetated in CWs (T1-T6)
(Fig. 1A and B), showing that the plants chosen at the
beginning of the experiment were of almost similar age,
size and weight. There was an increase in the develop-
ment of the plants during 60 days of their plantation in
CWs having crude oil (2%, v/v). The bacterial augmenta-
tion in CWs (T2 and T5) significantly (p<0.05) improved
the SL (14-35%), RL (26-32%), and DW (18-24%) of
both plants compared to that observed of the plants veg-
etated in the CWs without bacterial augmentation (T1
and T4) (Fig. 1C and D).

The addition of NSA in bacterial-augmented CWs (T3
and T6) further enhanced the growth (12-14%, 9-13%,
and 10-24% RL, SL, and DW, respectively) of the plants
(Fig. 1C and D). Between the two plants, the maximum
increment in the SL (49%), RL (45%), and DW (48%) were
found in C. laevigatus augmented with the bacteria and
aided with NSA (T6) than that of the plant without bac-
terial augmentation and NSA application. The growth of
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Fig. 1 The effect of intensification (augmentation of bacteria, nutrients, surfactant and aeration) on the growth of wetland plants (T. latifolia and C. lae-
vigatus). The root length (RL), shoot length (SL) and dry weight (DW) at day 1 (Figs. A and B), and at day 60 (Figs. C and D). (T1 and T4): The constructed
wetlands (CWs) planted with T. latifolia and C. laevigatus respectively without bacterial augmentation. (T2 and T5): The CWs planted with T. latifolia and C.
laevigatus respectively augmented with selected bacteria possessing alkB genes. (T3 and T6): The CWs planted with T. latifolia and C. laevigatus respec-
tively augmented with selected bacteria possessing alkB genes and provided with nutrients, surfactant and aeration. The error bar indicates standard
error among three replicates. The values with same letter are not different at 5% significance level. The analysis of variance (ANOVA) was used for evalu-

ations amongst different treatments

both plants was in the following order: without bacterial
augmentation<bacterial augmentation<bacterial aug-
mentation and provision of NSA.

Persistence and metabolic activity of the bacteria

The bacterial persistence, copy numbers of the alkB gene,
and its expression level were monitored in the water, soil,
and plants (Fig. 2). In the water, rhizospheric soil, root,
and shoot, the increase in CFU and copy numbers of alkB
and its expression level from day 1 to day 60 revealed
that the inoculated bacteria tended to proliferate and
were also metabolically active. The inoculated hydro-
carbon-degrading bacterial population and activity in

the mesocosms applied with NSA (T3 and T6) were sig-
nificantly (p<0.05) higher compared to the mesocosms
without the addition of NSA (T2 and T5). Between the
two plants, more bacterial persistence and activity were
observed in the rhizospheric soil and endosphere of C.
laevigatus.

More bacterial persistence and the numbers of alkB
gene and its expression level were observed in the rhizo-
spheric soil than in the roots and shoots of both plants.
Between the two plants, C. laevigatus hosted compara-
tively higher numbers of the inoculated bacteria, alkB
gene, and its expression level in its rhizospheric soil and
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biomass which was significantly higher (p<0.05) com-
pared to that of T: latifolia (T3) (Fig. 2C).

Hydrocarbon degradation

The effect of inoculation of bacteria, and the combined
effect of inoculation of bacteria and NSA addition in
CWs on total hydrocarbons (THs) reduction were
recorded (Table 2). The residual amount of THs was
measured at three different stages, day 1, 30, and 60.
There was a gradual decrease in the THs contents in the
water of all the treatments including control from day
1 to day 60. There was more THs removal (26.8-32.8%
and 33.5-68%, at day 30 and day 60, respectively) in the
water of CWs vegetated with T. latifolia and C. laevigatus
(T1 and T4) than in the water of the mesocosms with-
out vegetation and bacterial inoculation. The CWs (T2
and T5) vegetated with T. latifolia and C. laevigatus and
augmented with the bacterial strains showed more THs
degradation (43.8-71.9% and 57.5-80.3%, at day 30 and
day 60, respectively) than in the water of the CWs meso-
cosms having only vegetation.

The CWs mesocosms having bacterial augmentation
and provision of NSA exhibited significantly (»<0.05)
more THs reduction in the water of T3, i.e., 83 and
91.4%, and T6, i.e., 91.5 and 97%, at day 30 and day 60,
respectively, than in the water of CWs mesocosms hav-
ing only bacterial inoculation. The CWs vegetated with
T. latifolia (T3) and C. laevigatus (T6) and inoculated
with the bacteria and supplied with NSA have more
THs reduction, 20 and 40%, and 16 and 33%, at day 30
and day 60, respectively, than the treatments T2 and T5

Table 2 Effect of bioaugmentation and addition of nutrients,
surfactant, and aeration on hydrocarbon degradation in CWs
vegetated with T. latifolia and C. laevigatus

Treatment THs (gI™") THs(g1™") THs(g1™")
Day 0 Day 30 Day 60

Q1 ND ND ND

@) 20 183 (0.46)° 16.8 (042)

T 20 146 (0.76) 13.3(0.69)°

™ 20 11.2(0.75) 56(0.38)°

T3 20 34(057)° 7(057)?

T4 20 134 (0.27) 4(0.27)

T5 20 84 (0.47)° 9(0.13)°

T6 20 1.7 (0.35)° 6(0.11)°

Control (C1) mesocosm with vegetation and without crude oil and bacterial
inoculation, control (C2) mesocosm without vegetation and bacterial
inoculation, crude oil spiked CWs with T. latifolia vegetation and without
bacterial augmentation (T1), crude oil spiked CWs vegetated with T. /atifolia and
inoculated with the bacteria (T2), crude oil spiked CWs vegetated with T. [atifolia
and inoculated with the bacteria and supplied with nutrients, surfactant and
aeration (T3), crude oil spiked CWs vegetated with C. laevigatus and without
bacteria(T4), crude oil spiked CWs vegetated with C. laevigatus and inoculated
with the bacteria (T5), crude oil spiked CWs vegetated with C. laevigatus and
inoculated with the bacteria and supplied with nutrients, surfactant and
aeration (T6). The same letters are not significantly different at a 5% level of
significance, n=3; the standard error of three replicates is given in parenthesis.
Where ND is not detected
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(only bacterial inoculation). The maximum THs reduc-
tion (97%) was achieved in the CWs vegetated with C.
laevigatus, inoculated with alkB-possessing bacteria, and
externally aided with NSA (T6).

Discussion

In this study, there was significantly less growth of the
plants in CWs having crude oil compared to the plants
grown in tap water (control). On the contrary, the bac-
terial augmentation in CWs (T2 and T5) significantly
improved shoot and root lengths and dry weight of both
wetland plants (T latifolia and C. laevigatus) compared
to that observed in the CWs without augmentation of
selected bacterial strains possessing alkB genes (men-
tioned in Sect. 2.1) in treatments (T1 and T4). Several
earlier studies reported that bacterial augmentation in
soil and water may improve plant growth (Rehman et al.
2019). Bacteria degrade the organic compounds reduce
their toxicity and ultimately improve plant growth (Mas-
ciandaro et al. 2013).

The external supplement of NSA in bacterial-aug-
mented CWs (T3 and T6) enhanced the growth of the
plants, compared to the treatment (T2 and T5) with just
bacterial augmentation and NSA was not supplied. This
may be because the nutrients are required by plants to
perform their photosynthesis and other metabolic pro-
cesses (Gkorezis et al. 2016). The surfactant decreases the
viscosity of the crude oil and improves bioavailability by
forming a complex oil-in-water system in which the oil
can become easily available to roots and bacteria (Xu et
al. 2018).

Aeration enhances microbial growth and hydrocarbon
degradation activity (Syafruddin et al. 2010). Similar find-
ings were also observed in our previous investigations
that the addition of NSA in CWs has positive effects on
plant development (Hashmat et al. 2022). Moreover, in
the present study, the maximum increment in the SL, RL,
and DW was found in C. laevigatus inoculated with the
bacteria and aided with NSA (T6) compared to T. Latifo-
lia. This may be because different plants exhibit different
growth responses in the presence of crude oil (Fatima et
al. 2016; Hashmat et al. 2019).

In the present study, the colony forming unit (CFU),
the alkB gene abundance, and expression were deter-
mined at 3-time intervals (day 1, day 30, and day 60) in
the rhizospheric soil, plant roots, and shoots grown in
intensified wetlands. It was revealed that the inoculated
bacteria tended to proliferate and were metabolically
active (Fig. 2). Despite that, the inoculated hydrocar-
bon-degrading bacterial population and activity in the
mesocosms aided with NSA (T3 and T6) were signifi-
cantly (p<0.05) higher compared to the wetland meso-
cosms without the addition of NSA (T2 and T5). These
observations indicated that the addition of NSA in CWs
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positively influenced the proliferation of the selected
inoculated bacteria (possessing alkB genes). Previous
investigations (Xu et al. 2018) also described that the
addition of surfactant and aeration may propagate spe-
cific bacterial strains.

The maximum bacterial persistence and copy numbers
of the alkB gene and its expression level were observed
in the rhizospheric soil, followed by roots and shoots
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of C. laevigatus (T6) which were significantly higher
(p<0.05) compared to that of T. latifolia (T3) (Fig. 2C).
The more population and metabolic activity of the bac-
teria in the rhizospheric soil than in the root and shoot
may be because plants provide more nutrients through
their root’s exudates in the rhizospheric soil for micro-
bial proliferation than in the roots and shoots. Similarly,
specific bacteria can successfully penetrate the host plant
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Fig. 2 Bacterial colonization (CFU g~ dry weight of soil/plant material), gene abundance (copies of alkB g~' dry weight of soil/plant material) and gene
expression (transcripts level of alkB gene g’1 dry weight of soil/plant material) present in rhizosphere (RH), root interior (RI) and shoot interior (SI) of T.
latifolia and C. laevigatus at day 1 (A), day 30 (B) and day 60 (C) in different treatments. crude oil spiked CWs vegetated with T. latifolia and inoculated with
the bacteria (T2); crude oil spiked CWs vegetated with T. latifolia and inoculated with the bacteria and supplied with nutrients, surfactant and aeration
(T3); crude oil spiked CWs vegetated with C. laevigatus and inoculated with the bacteria (T5), crude oil spiked CWs vegetated with C. lgevigatus and in-
oculated with the bacteria and supplied with nutrients, surfactant and aeration (T6). The values with same letter are not different at 5% significance level.
The analysis of variance (ANOVA) was used for evaluations amongst different treatments. (Y axis shows value in €%)
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and thus their population may increase in the plant tis-
sues (Afzal et al. 2019; Zhang et al. 2014).

In this study, it was found that there is a higher number
of bacteria (possessing alkB gene) with high CFU value
and high level of expression (Gene copy number) in the
treatments (T3 and T6) where intensification in wetlands
was carried out by NSA compared to (T2 and T5). This
might be because we have externally supplied nutrients,
surfactant, and aeration, which are otherwise limiting
factors for the growth of the bacterial population. These
findings are from earlier studies (Arslan et al. 2017)
where nutrients were found to be the limiting factor for
the bacterial population and their existence in the roots
and shoots of the plants. In this study, bacterial coloni-
zation in the crude oil-contaminated water revealed that
the inoculated bacteria utilized hydrocarbons as a source
of energy and propagated in an oil-polluted environment.

There prevalence of alkB-possessing bacteria was higher
in the rhizospheric soil and endosphere of the C. laeviga-
tus plant compared to T. latifolia. This variance can be
described by the difference in the composition of root’s
released compounds of the two plant species (Burgmann
et al. 2005). Moreover, different plant species have dif-
ferent numbers and colonization patterns of symbiotic
bacteria in their rhizospheric soil and vegetative parts
(Tara et al. 2014). Our data showed that C. laevigatus
is a comparatively more suitable host plant than T. lati-
folia for attracting hydrocarbon-degrading bacterial
communities.

The total hydrocarbon (THs) removal was significantly
(p<0.05) low in the control experiments (wetlands with-
out vegetation and bacterial inoculation) compared to the
wetlands vegetated with T. latifolia and C. laevigatus and
augmented with alkB gene possessing specific bacteria. A
slight reduction in THs in the control experiment (after
60) days may be due to the degradation of hydrocarbons
by indigenous bacteria and sunlight, and the evaporation
of volatile compounds as established in a previous study
(Afzal et al. 2012). Bacterial inoculations (Table 2) in the
CWs (T2 and T5) vegetated with 7. latifolia and C. lae-
vigatus caused more THs degradation than in the CWs
without bacteria inoculation (T1 and T4). These results
indicate that the plant-bacteria partnership resulted in
more hydrocarbon degradation, this is in alignment with
previous findings (Afzal et al. 2019; Fatima et al. 2016).

Moreover, in the present study, significantly (p<0.05)
more THs reduction was achieved in T3 and T6 than
in control and other treatments. These results exhibited
that the CWs vegetated with 7. latifolia (T3) and C. lae-
vigatus (T6), inoculated with the bacteria and supplied
with NSA have more THs reduction than in the treat-
ments T2 and T5 (vegetated and bacterial inoculated,
but without NSA). The maximum THs reduction (97%)
was achieved in the CWs vegetated with C. laevigatus,
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inoculated with bacteria, and externally aided with NSA
(T6). Several previous investigations also stated that the
addition of NSA enhanced the degradation of hydrocar-
bons (Zada et al. 2021). It might be because the addition
of nutrients and aeration enhances microbial growth and
hydrocarbon degradation, whereas surfactant enhances
the bioavailability of the hydrocarbon in the soil and
water (Fatima et al. 2016).

Conclusions

The addition of NSA in CWs enhanced bacterial persis-
tence and metabolic activity in the water, rhizospheric
soil, and vegetative parts of the plants, and ultimately
plant development, and hydrocarbon removal. Between
the two plants, more bacterial growth and activity were
seen in the rhizospheric soil and vegetative parts of C.
laevigatus, this plant also exhibited more hydrocarbon
degradation.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540643-024-00757-5.

[ Supplementary Material 1 J

Acknowledgements

The authors extend their appreciation to the Researchers Supporting Project
number (RSP2024R437), King Saud University, Riyadh, Saudi Arabia. The
authors are thankful to the Higher Education Commission (HEC) for the
grant of IRSIP Fellowship to the lead author for research at Aarhus University
Denmark and ALP Pakistan Agriculture Research Council (PARC) grant No.
NR-086.

Author contributions

Amer J.: collected samples, analyzed data, and wrote the manuscript. Afzal M.:
designed sampling method, and revised the manuscript. Samina | & Imran

A: helped in analyzing samples. Carlos A & Brix H: Nutrient surfactant and
aeration methodology and concept. Resources, data validation, data curation,
and supervision A M. S, Gezahign F W, & Mohammed B.

Data availability
Data will be available upon request from the corresponding author.

Declarations

Ethical approval
Not applicable.

Human and animal rights
Not applicable.

Informed consent
Not applicable.

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Author details

National Institute for Biotechnology and Genetic Engineering College,
Pakistan Institute of Engineering and Applied Sciences (NIBGE-C, PIEAS),
Faisalabad, Punjab 38000, Pakistan


https://doi.org/10.1186/s40643-024-00757-5
https://doi.org/10.1186/s40643-024-00757-5

Hashmat et al. Bioresources and Bioprocessing (2024) 11:40

“Centre for Water Technology (WATEC), Aarhus University, Aarhus C
8000, Denmark

*Department of Bioinformatics and Computational Biology, Virtual
University Pakistan, Lahore, Pakistan

“Faculty of Health and Life Sciences, Department of Bioinformatics
and Biosciences, Capital Territory, Capital University of Science and
Technology, Zone V, Kahuta Road, Islamabad, Pakistan
5Depar‘[ment of Food Science & Nutrition, College of Food and
Agricultural Sciences, King Saud University, 11, PO. Box 2460,
Riyadh 11451, Saudi Arabia

Department of Biology, Bahir Dar University, PO. Box 79, Bahir Dar,
Ethiopia

’Laboratory of Biotechnology and Natural Resources Valorization, Faculty
of Sciences, Ibn Zohr University, Agadir 80060, Morocco
8Department of Biology, Aarhus University, Aarhus, Denmark

Received: 16 December 2023 / Accepted: 2 April 2024
Published online: 20 April 2024

References

Afzal M, Yousaf S, Reichenauer TG, Sessitsch A (2012) The inoculation method
affects colonization and performance of bacterial inoculant strains in the
phytoremediation of soil contaminated with diesel oil. Int J Phytoremediation
14(1):35-47

Afzal M, Rehman K, Shabir G, Tahseen R, ljaz A, Hashmat AJ, Brix H (2019) Large-
scale remediation of oil-contaminated water using floating treatment
wetlands. npj Clean Water 2(1):3. https://doi.org/10.1038/541545-018-0025-7

Ahmad A, SAEED DA, GULSHAN DAB, Yousaf W, Zafar 1JPJB (2023) Envisaging
natural vegetation in contrasting environments (PIEDMONT and ALLUVIAL)
of dera ghazi khan, Pakistan. 55(6):2231-2241

Ain Qu, Nazli Z-i-H, Aslam M, Zafar |, Afridi HI, Unar A, Mouada HIN P. C (2024) Mul-
tifunctional analysis of Banana leaves extracts for Dyeing properties of Pima
Cotton Fabric using different mordants. 19(2):1934578X241231463

Arslan M, Imran A, Khan QM, Afzal M (2017) Plant-bacteria partnerships for
the remediation of persistent organic pollutants. Environ Sci Pollut Res
24(5):4322-4336

Bano S, Tahira SA, Naqvi SNH, Tahseen R, Shabir G, Igbal S, Mehmood MAJB (2023)
Improved remediation of Amoxicillin-contaminated water by floating treat-
ment wetlands intensified with biochar, nutrients, aeration, and antibiotic-
degrading bacteria. 14(1):2252207

Burgmann H, Meier S, Bunge M, Widmer F, Zeyer J (2005) Effects of model root
exudates on structure and activity of a soil diazotroph community. Environ
Microbiol 7(11):1711-1724

Chen, Zhang J, Guo Z, Li M, Wu H (2022) Optimizing agricultural biomass applica-
tion to enhance nitrogen removal in vertical flow constructed wetlands for
treating low-carbon wastewater. Environ Res 209:112867

Fatima K, Imran A, Amin |, Khan QM, Afzal M (2016) Plant species affect coloniza-
tion patterns and metabolic activity of associated endophytes during
phytoremediation of crude oil-contaminated soil. Environ Sci Pollut Res
23(7):6188-6196

Feng L, He S, Wei L, Zhang J, Wu H (2021) Impacts of aeration and biochar on
physiological characteristics of plants and microbial communities and
metabolites in constructed wetland microcosms for treating swine wastewa-
ter. Environ Res 200:111415

Fenibo EO, Selvarajan R, Abia ALK, Matambo T (2023) J. S. 0. T.T. E. Medium-chain
alkane biodegradation and its link to some unifying attributes of alkB genes
diversity. 877,162951

Gkorezis P, Daghio M, Franzetti A, Van Hamme JD, Sillen W, Vangronsveld J (2016)
The Interaction between plants and Bacteria in the remediation of Petroleum
hydrocarbons: an environmental perspective [Review]. Front Microbiol
7(1836). https://doi.org/10.3389/fmicb.2016.01836

Gu J-D (2021) On environmental biotechnology of bioremediation. Appled Envi-
ron Biotechnol 5:3-8

Haider HI, Zafar I, Ain QU, Noreen A, Nazir A, Javed R, Research P (2023) Synthesis
and characterization of copper oxide nanoparticles: its influence on corn (Z.
mays) and wheat (Triticum aestivum) plants by inoculation of Bacillus subtilis.
30(13):37370-37385

Page 8 of 8

Hashmat AJ, Afzal M, Fatima K, Anwar-ul-Hag M, Khan QM, Arias CA, Brix H (2019)
Characterization of hydrocarbon-degrading Bacteria in constructed Wetland
Microcosms used to Treat Crude Oil Polluted Water. Bull Environ Contam
Toxicol 102(3):358-364

Hashmat AJ, Afzal M, Arias CA, Ramirez-Vargas CA, Brix H (2022) Enhanced
degradation of hydrocarbons in constructed wetlands aided with nutrients,
surfactant, and aeration. Int J Phytoremediation 24(11):1163-1172

Kataki S, Chatterjee S, Vairale MG, Dwivedi SK, Gupta DK (2021) Constructed
wetland, an eco-technology for wastewater treatment: a review on types
of wastewater treated and components of the technology (macrophyte,
biolfilm and substrate). J Environ Manage 283:111986

Masciandaro G, Macci C, Peruzzi E, Ceccanti B, Doni S (2013) Organic matter
microorganism plant in soil bioremediation: a synergic approach. Reviews
Environ Sci Bio/Technology 12(4):399-419. https://doi.org/10.1007/
s11157-013-9313-3

McGenity TJ, Folwell BD, McKew BA, Sanni GO (2012) Marine crude-oil biodegrada-
tion: a central role for interspecies interactions. Aquat Biosyst 8(1):10

Mohammed Abdulredha M (2018) Overview on petroleum emulsions, formation,
influence and demulsification treatment techniques. Arab J Chem. https://
doi.org/10.1016/j.arabjc.2018.11.014

Moreira FD, Dias EHO (2020) Constructed wetlands applied in rural sanitation: a
review. Environ Res 190:110016

Rehman K, Imran A, Amin |, Afzal M (2019) Enhancement of oil field-produced
wastewater remediation by bacterially-augmented floating treatment wet-
lands. Chemosphere 217:576-583

Roodbari NH, Badiei A, Soleimani E, Khaniani Y (2016) Tweens demulsification
effects on heavy crude oil/water emulsion. Arab J Chem 9:5806-5811

Salari M, Rahmanian V, Hashemi SA, Chiang W-H, Lai CW, Mousavi SM, Gholami A
(2022) Bioremediation treatment of polyaromatic hydrocarbons for environ-
mental sustainability. Water 14(23):3980

Sutton S (2011) Determination of inoculum for microbiological testing. J GXP
Compliance 15(3):49

Syafruddin S, Wieshammer G, Puschenreiter M, Langer |, Wieshammer-Zivkovic M,
Wenzel WW (2010) Effect of N and P fertilisation and aeration on biodegrada-
tion of crude oil in aged hydrocarbon contaminated soils. Plant Soil Environ
56(4):149-155

Tara N, Afzal M, Ansari TM, Tahseen R, Igbal S, Khan QM (2014) Combined use of
alkane-degrading and plant growth-promoting bacteria enhanced phytore-
mediation of diesel contaminated soil. Int J Phytoremediation 16(12):1268-
1277. https://doi.org/10.1080/15226514.2013.828013

Vymazal J, Zhao Y, Mander UJEE (2021) Recent research challenges in constructed
wetlands for wastewater treatment: a review. 169:106318

Wang J, Long Y, Yu G, Wang G J. F.i. M. (2022) A review on microorganisms in
constructed wetlands for typical pollutant removal: species, function, and
diversity. 13:845725

Wu B, Guo S, Wang J (2021) Assessment of the human health risk of polycyclic
aromatic hydrocarbons in soils from areas of crude oil exploitation. Environ
Res 193:110617

Xu R, Zhang Z,Wang L, Yin N, Zhan X (2018) Surfactant-enhanced biodegradation
of crude oil by mixed bacterial consortium in contaminated soil. Environ Sci
Pollut Res 25(15):14437-14446

Yousaf S, Andria V, Reichenauer TG, Smalla K, Sessitsch A (2010) Phylogenetic and
functional diversity of alkane degrading bacteria associated with Italian
ryegrass (Lolium multiflorum) and birdsfoot trefoil (Lotus corniculatus) in a
petroleum oil-contaminated environment. J Hazard Mater 184(1):523-532.
https://doi.org/10.1016/jjhazmat.2010.08.067

Zada S, Zhou H, Xie J,Hu Z, Ali S, Sajjad W, Wang H (2021) Bacterial degradation of
pyrene: biochemical reactions and mechanisms. Int Biodeterior Biodegrad
162:105233

Zhang DQ, Jinadasa K, Gersberg RM, Liu Y, Ng WJ, Tan SK (2014) Application of
constructed wetlands for wastewater treatment in developing countries-A
review of recent developments (2000-2013). J Environ Manage 141:116-131

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1038/s41545-018-0025-7
https://doi.org/10.3389/fmicb.2016.01836
https://doi.org/10.1007/s11157-013-9313-3
https://doi.org/10.1007/s11157-013-9313-3
https://doi.org/10.1016/j.arabjc.2018.11.014
https://doi.org/10.1016/j.arabjc.2018.11.014
https://doi.org/10.1080/15226514.2013.828013
https://doi.org/10.1016/j.jhazmat.2010.08.067

	﻿Nutrients, surfactants, and aeration in constructed wetlands affect bacterial persistence and metabolic activity during the remediation of crude oil-contaminated water
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strains
	﻿Experimental setup
	﻿Plant growth determination
	﻿Determination of residual amount of hydrocarbons
	﻿Isolation and quantification of the augmented bacteria
	﻿Quantification of gene (﻿alkB﻿) abundance and expression
	﻿Statistical analysis

	﻿Results
	﻿Plant growth
	﻿Persistence and metabolic activity of the bacteria
	﻿Hydrocarbon degradation

	﻿Discussion
	﻿Conclusions
	﻿References


