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A B S T R A C T

Biostimulation and bioaugmentation have been proposed as sustainable alternatives to physicochemical treat-
ments for the environmental decontamination of polycyclic aromatic hydrocarbons (PAH). PAH-removing
Pseudomonas monteilii P26 and Gordonia sp. H19, alone or combined with organic and inorganic biostimulants,
were previously proposed as candidates to be included in biotechnological products to be used in eco-friendly
decontamination processes. This work aims to study the effect of biostimulants on the growth, cell hydro-
phobicity and emulsifying activity of P. monteilii P26 and Gordonia sp. H19, and to evaluate the influence of
selected biostimulants and bacterial inoculation procedure on PAH bioremoval. A complete factorial experi-
mental design was applied to determine the effect of KNO3, K2HPO4, corn steep liquor (CSL) and a PAH mixture
on the growth, cell hydrophobicity and bioemulsifying activity of bacterial cultures. The kinetics of PAH bior-
emoval was evaluated in simultaneous and sequential cultures of P. monteilii P26 and Gordonia sp. H19 in the
presence of selected biostimulants. CSL was the only nutrient that exerted positive effects on all responses
evaluated, although these effects were not significant in all cases. In mixed cultures, maximum bioremoval of
phenanthrene and pyrene was evidenced when the bacterial strains were simultaneously inoculated, in-
dependently of the presence or absence of CSL. These results support the biotechnological characterization of
two PAH-removing autochthonous Patagonian strains.

1. Introduction

Environmental hazards lead to over a hundred human illnesses and
traumas that cause around 12.6 million deaths every year worldwide
(Prüss-Ustün et al., 2016). Environmental contamination by various
substances such as metals, metalloids and organic compounds like hy-
drocarbons is a global ecological problem (Dror et al., 2016; Prüss-
Ustün et al., 2016). Polycyclic aromatic hydrocarbons (PAH) are che-
mically stable, hydrophobic contaminants causing dramatic damages to
living organisms (IARC, 2018). In the case of humans, exposition to
PAH are related to increased risks of cancer development and adverse
effects on embryos and fetuses (Prüss-Ustün et al., 2016; IARC, 2018).

Bioremediation is a sustainable alternative to eliminate con-
taminants from the environment or to convert them into innocuous or
less toxic products. Bioremediation is a less expensive process than
traditional physicochemical technologies (Lim et al., 2016; Zhao and

Liu, 2016). A biostimulation strategy consists in the addition of nu-
trients and other supplementary components to stimulate in situ growth
or metabolism of organisms (Nikolopoulou et al., 2013; Hassanshahian
et al., 2014). The bioaugmentation process is based on the use of exo-
genous organisms with proven decontamination abilities
(Hassanshahian et al., 2014). Several studies have demonstrated that
combined strategies of biostimulation and bioaugmentation could in-
crease the efficacy of hydrocarbon bioremediation (Nikolopoulou et al.,
2013; García-Delgado et al., 2015; Longang et al., 2016).

In the case of microorganisms with potential use in hydrocarbon
bioremediation, microbial cell surface hydrophobicity and bioemulsi-
fier production are interesting properties that could promote hydro-
carbon removal (Andrade Silva et al., 2014; Ron and Rosenberg, 2014;
Smułek et al., 2015). Through different mechanisms, these features
favor the interaction of hydrophobic molecules with microbial cells
(Nikolopoulou et al., 2013; Ron and Rosenberg, 2014). On the other
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hand, different biostimulants (e.g., carbon, nitrogen and phosphorus
sources) could increase cell hydrophobicity and bioemulsifying activity
of several hydrocarbon-removing microorganisms (Zhao et al., 2011;
Gudiña et al., 2015).

In previous studies, autochthonous bacterial strains were isolated
from oil-polluted sediments from Patagonian coasts, Argentina, and
characterized for their capability to remove different PAH under
aerobic conditions (Isaac et al., 2013, 2015). Several Pseudomonas-ac-
tinobacteria co-cultures (e.g., Pseudomonas monteilii P26-Gordonia sp.
H19) were proposed as potential candidates for their use in bioaug-
mentation processes (Isaac et al., 2015; Alessandrello et al., 2017a,b).
In order to develop combined strategies of biostimulation and bioaug-
mentation for PAH bioremediation, the compatibility of selected PAH-
removing bacteria with biostimulants should be determined. Biosti-
mulant effects on microorganisms depend on species and strains;
therefore, each strain must be specifically studied. In this work, the
influence of different substances with potential use as biostimulants on
the growth, cell surface hydrophobicity and bioemulsifying activity of
P. monteilii P26 and Gordonia sp. H19 was studied. Simultaneous and
sequential cultures of P. monteilii P26 and Gordonia sp. H19 were car-
ried out to evaluate PAH bioremoval ability in the presence of the se-
lected biostimulant.

2. Materials and methods

2.1. Microorganisms and inoculum preparation

P. monteilii P26 (HE798531) and Gordonia sp. H19 (LN680636) were
maintained as frozen cultures (at −20 °C) in JPP broth added with 20%
(v v−1) glycerol. JPP broth, which was previously designed in our la-
boratory for marine bacteria, contains a high salt concentration (2% w
v−1NaCl) and low amounts of nutrients (% w v−1: yeast extract, 0.1;
meat peptone, 0.2) (Riva Mercadal et al., 2010).

Each stored bacterial strain was subcultured in JPP broth, at 30 °C
with agitation (180 rpm) for 24 h (P. monteilii P26) or 72 h (Gordonia sp.
H19). The inoculum of each culture was prepared in saline (0.85% w
v−1 NaCl) adjusting the optical density at 600 nm (OD600 nm;
Spectrophotometer SP-2000 UV, Spectrum, China; path length 10mm)
to 0.9–1.1.

2.2. Effect of biostimulants on the growth, cell hydrophobicity and
bioemulsifying activity of pure and mixed cultures of P. monteilii P26 and
Gordonia sp. H19

2.2.1. Factorial experimental design
In these experiments, an organic nitrogen and carbon source (corn

steep liquor, CSL) and inorganic phosphorus and nitrogen sources
(K2HPO4 and KNO3 respectively) were assayed as potential biostimu-
lants. A PAH mixture (phenanthrene and pyrene -Sigma Aldrich Co., St.
Louis, MO, US- in acetone) was evaluated as a contaminant. A complete
factorial design 24 was applied to assess the influence of CSL (0 and
10mL L−1), K2HPO4 (0 and 0.1 g L−1), KNO3 (0 and 1 g L−1) and PAH
mixture (0 and 0.4mM), on bacterial growth, cell hydrophobicity and
bioemulsifying activity. Different combinations of biostimulants and
PAH mixture (a total of 16 treatments) were assayed in JPP broth. The
complete factorial design was carried out with each of three different
sets of experiments (cultures): P. monteilii P26 pure culture, Gordonia sp.
H19 pure culture and P. monteilii P26-Gordonia sp. H19 (P26–H19) co-
culture. The complete experimental design was performed three times
on different days for each culture.

2.2.2. Culture conditions and analytical determinations
For pure and mixed cultures, 20mL flasks containing 5mL of each

culture medium were used, and the inoculum of each strain was 5% (v
v−1). In culture media with PAH, PAH mixture (phenanthrene and
pyrene, 0.2mM each) in acetone was added before bacterial

inoculation. For acetone evaporation, flasks were kept at room tem-
perature for 15min. Flasks were incubated at 30 °C with agitation
(180 rpm) for seven days. Then, bacterial growth, cell hydrophobicity
and bioemulsifying activity were assayed. Instead of the conventional
method of viable cell count, an indirect method (OD600 nm measure-
ments) was used to determine bacterial growth. OD measurements
constitute a rapid, inexpensive and reproducible technique, which is
widely applied for microbial growth determination, mainly when
multiple culture conditions are simultaneously assayed (Dalgaard et al.,
1994; Juárez Tomás et al., 2002; Alessandrello et al., 2017a).

Cell surface hydrophobicity was determined by microbial adhesion
to hydrocarbons (Rosenberg et al., 1980). This method, which allows
the determination of the hydrophobic nature of the microbial surface, is
based on the tendency of cells to migrate from an aqueous phase to a
non-polar organic phase (the higher the hydrophobicity, the higher the
affinity of cells for the non-polar organic solvent). Briefly, an aliquot of
each culture was centrifuged (8,000×g for 10min), washed and re-
suspended in saline to an OD600 nm of 0.6 ± 0.06. N-hexadecane
(Sigma Aldrich Co., St. Louis, MO, US) was added to cell suspensions;
mixtures were vortexed for 1min and allowed to stabilize for 15min.
OD600 nm of the aqueous phase was determined, and the percentage of
hydrophobicity was calculated using the following expression:

Hydrophobicity (%)= [(ODinitial - ODfinal) / ODinitial] x 100

where ODinitial is the OD at the initial time of the hydrophobicity assay,
and ODfinal is the final OD at the end of the assay. Results were classified
into three categories: low (0–35%), medium (36–70%) and high
(71–100%) hydrophobicity (Ocaña et al., 1999).

Bioemulsifying activity was evaluated by mechanical agitation of
culture supernatants with kerosene, as previously described by Isaac
et al. (2015). Briefly, an aliquot of each culture was centrifuged at
8,000×g for 10min. Cell-free supernatants were mixed with kerosene,
vortexed for 2min and allowed to stabilize for 1 and 24 h. Negative and
positive controls of emulsifying activity were each assayed culture
medium (sterile broths) and Tween 20, respectively. The height of the
emulsified layer (mm) and the total height of the liquid column (mm)
were measured and the emulsification indexes at 1 and 24 h (EI-1 and
EI-24, respectively) were calculated using the following expression:

EI (%) = (Hemulsion / Htotal) x 100

where Hemulsion is the height of the emulsified layer, and Htotal the total
height of the liquid column. EI-24 results were classified into three
categories: low (0–35%), medium (36–70%) and high (71–100%)
bioemulsifying activity.

Emulsion stability (ES) was calculated according to the following
expression:

ES (%) = (EI-24 / EI-1) x 100

According to Bosch et al. (1988), an emulsion is considered stable
when its ES value is equal to or higher than 50%.

2.3. Kinetics of PAH removal in simultaneous and sequential cultures of P.
monteilii P26 and Gordonia sp. H1, in the presence of the selected
biostimulant

P. monteilii P26-Gordonia sp. H19 mixed cultures were carried out in
JPP as the basal culture medium, with or without the selected biosti-
mulant, and in the presence of the PAH mixture (phenanthrene and
pyrene, 0.2mM each, in acetone). P. monteilii P26 and Gordonia sp. H19
inocula were prepared as described above. Although P. monteilii P26
and Gordonia sp. H19 are compatible strains (Isaac et al., 2015), they
were inoculated (5% v v−1 each) either simultaneously (P. monteilii P26
and Gordonia sp. H19 at initial time of culture) or sequentially (P.
monteilii P26 at initial time, and Gordonia sp. H19 after 72 h of culture)
in 100mL flasks containing 30mL of the corresponding culture
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medium. The incubation of cultures was performed at 30 °C with agi-
tation (180 rpm) for ten days.

At different times, entire reaction flasks were analyzed (three re-
plicates). 30mL acetone were added to each flask to homogenize the
aqueous-organic mixture. Then, an aliquot was centrifuged (6,300×g
for 10min), and the supernatant was filtered (0.22 μm nylon filter) and
stored at −20 °C until PAH quantification (Isaac et al., 2013, 2015;
Alessandrello et al., 2017a). Control flasks without bacteria (three re-
plicates) were used for each culture medium and sampling time in order
to determine possible PAH abiotic loss.

PAH concentrations were quantified by reverse phase high-perfor-
mance liquid chromatography (RP-HPLC), according to the metho-
dology previously described by Isaac et al. (2013, 2015) and
Alessandrello et al. (2017a). An Alliance e2695 (Waters Co., MA, USA)
HPLC equipment coupled to a PDA detector (Waters 2998, Waters
Corporation, MA, USA) was used. Filtered samples were automatically
injected into a C18 Phenomenex Gemini HPLC column (4.60× 250mm
110 Å pore size, 5 μm particle size). The mobile phase was water:-
methanol (9:1) (solvent A) and methanol (solvent B). Each sample was
evaluated under the following solvents program: initially, 20% solvent
A and 80% (v v−1) solvent B for 10min, then 10% solvent A and 90%
solvent B for 3min and finally 100% solvent B for 7min. An external
standard calibration curve was previously constructed by triplicate for
each PAH and used for its quantification.

For each treatment and incubation time, a mass balance was applied
to estimate the amount of each bioremoved PAH, as expressed in the
following equation (Safdari et al., 2018):

PAHi= residual PAHtBC + removed PAHtAC + bioremoved PAHtBC

where PAHi stands for PAH amount at the initial time of the removal
assay, residual PAHtBC for PAH amount at time t of the simultaneous or
sequential bacterial culture, removed PAHtAC for PAH amount that was
removed by abiotic phenomena at time t of incubation (i.e., it is the
difference between PAHi and PAH amount in the abiotic control flask),
and bioremoved PAHtBC for PAH amount that was removed by the
bacterial culture at time t of incubation. The percentage of each PAH
amount was calculated according to the mass balance equation that was
described above, considering PAHi equal to 100%.

2.4. Statistical analysis

Results of OD600 nm, cell hydrophobicity percentages and EI-24,
which were obtained in all the culture media of the experimental design
24, were evaluated using a non-parametric analysis of variance
(ANOVA) with the Kruskal-Wallis test. The statistical analysis was
performed for each culture (P. monteilii P26 and Gordonia sp. H19 pure
cultures and P26–H19 mixed cultures). Pearson's correlation coeffi-
cients between hydrophobicity percentages, EI-24 and OD600 nm values
were calculated. Bioremoval results were analyzed applying a general
linear model of ANOVA to determine the main effects and interaction
effects of the various factors (inoculation procedure, culture medium
and incubation time) on each response assayed (phenanthrene or
pyrene bioremoval). In this analysis, Tukey's test was applied to de-
termine the significant differences between mean values, considering a
p-value< 0.05 as statistically significant. Analyses and plots were
performed using InfoStat version 2016 and Minitab 17 Statistical
Software.

3. Results and discussion

Nutrient supplementation has been proposed as a strategy to im-
prove hydrocarbon degradation rate by indigenous and exogenous
microorganisms involved in bioremediation processes (Czaplicki et al.,
2018; Yang et al., 2018). Corn production is one of the leading

agricultural activities in Argentina. CSL, a by-product of the corn wet-
milling industry, is often discarded in spite of its various profitable uses.
CSL is an inexpensive source of several nutrients (e.g., proteins, amino
acids, vitamins, carbohydrates, organic acids, and minerals) used for
the growth and metabolite production of microorganisms (Gudiña
et al., 2015; Velázquez-Torres et al., 2015). We hypothesized that CSL
and inorganic substances could be used to improve the growth and
some interesting physiological properties of indigenous Patagonian
PAH-removing bacteria and, consequently, to promote hydrocarbon
removal.

3.1. Effect of biostimulants on the growth, cell hydrophobicity and
bioemulsifying activity of pure and mixed cultures of P. monteilii P26 and
Gordonia sp. H19

According to the results, biostimulants and PAH included in culture
media differentially affected the growth, cell hydrophobicity and
bioemulsifying activity of P. monteilii P26 and Gordonia sp. H19 when
grown as pure as well as mixed cultures.

3.1.1. Bacterial growth
When comparing the growth of pure and mixed cultures in the

presence of different biostimulants and PAH concentrations, OD600 nm

mean values of Gordonia sp. H19 were higher than those of P. monteilii
P26 and P26–H19 co-cultures (Fig. 1). OD600 nm values of P26–H19 co-
cultures were similar to those of P. monteilii P26 pure cultures. These
results suggest that the P26–H19 co-cultures grow according to the
growth of P. monteilii P26. In previous studies, the absence of growth
inhibition by antagonistic substances between these bacterial strains
was evidenced, suggesting that they can be associated in a co-culture
(Isaac et al., 2015). It seems likely that other mechanisms such as nu-
trient competition negatively affected Gordonia sp. H19 growth in
mixed cultures. Further studies need to be carried out to evaluate the
interaction mechanisms between the microorganisms involved in the
P26–H19 mixed culture.

Among the different factors assayed, only CSL and PAH significantly
affected bacterial growth. When comparing bacterial growth in the
sixteen culture media assayed, the increase in CSL concentration had a
positive effect on the OD600 nm values of P. monteilii P26 pure cultures
and P26–H19 co-cultures (Fig. 1). Similarly, the growth of Pseudomonas
sp. LP1 and Pseudomonas aeruginosa LP5 (two pyrene-degrading strains)
was promoted by the addition of CSL in the culture medium (Obayori
et al., 2010). In a microcosm assay, bacterial biomass significantly in-
creased when CSL was added to oil-polluted soils (El-Gendy and Farah,
2011). However, the presence of N and P inorganic sources (KNO3 and
KH2PO4) did not significantly favor the growth of either P. monteilii P26
or Gordonia sp. H19 in pure or mixed cultures. In a similar way, a mi-
crobial consortium from seawater showed lower numbers of hydro-
carbon-degrading cells and growth rates in the presence of only N and P
inorganic sources than in the presence of organic compounds (e.g., uric
acid, lecithin and rhamnolipid biosurfactants) as biostimulants
(Nikolopoulou et al., 2013).

The presence of PAH in culture media significantly favored the
growth of Gordonia sp. H19; however, it exerted an adverse effect on
the growth of P. monteilii P26 and P26–H19 co-cultures. The ability to
remove phenanthrene and pyrene by planktonic P. monteilii P26 and
Gordonia sp. H19 cells (in pure cultures), respectively, was previously
demonstrated (Isaac et al., 2013, 2015). Moreover, phenanthrene and
pyrene stimulated the growth of biofilm-immobilized P. monteilii P26
(Isaac et al., 2017). However, the results obtained in this work suggest
that, under the experimental conditions assayed, the possible PAH
bioremoval did not generate carbon and energy for P. monteilii P26
growth. This relation between contaminant and microbial growth is a
type of co-metabolic process (Johnsen et al., 2005). In the case of P.
monteilii P26, the results of co-metabolism can be due to the presence of
carbon sources in the JPP broth (e.g., amino acids from yeast extract
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and meat peptone). On the contrary, Gordonia sp. H19 seems to remove
PAH by a metabolic process, because its growth was higher in the
presence of phenanthrene and pyrene, suggesting that these substrates
can be used as carbon and energy source for bacterial biomass pro-
duction (Becker and Seagren, 2010).

In a microcosm assay, biofilm-immobilized mixed cultures of P.
monteilii P26 and Gordonia sp. H19 were able to efficiently remove
crude oil from artificial sea water (a medium containing only mineral
salts) (Alessandrello et al., 2017b). The bioremoval results of P. monteilii
P26 and Gordonia sp. H19 in the presence of only essential minerals and
crude oil (source of carbon) suggested that these bacteria are effective
for hydrocarbon degradation and appropriate to be used for bior-
emediation (Alessandrello et al., 2017b). However, the PAH bioremoval
rate can increase in culture media supplemented with nutrients, in-
cluding additional carbon sources (Teng et al., 2010). In this work, JPP
broth was used as basal medium on the basis of the results obtained in
previous studies in which PAH aerobic bioremoval efficiency in JPP was
higher than that in a minimum mineral medium (Isaac, 2014).

3.1.2. Cell surface hydrophobicity
The results obtained indicated that cell hydrophobicity percentages

of Gordonia sp. H19 were higher than those of P. monteilii P26 and
P26–H19 co-cultures (Fig. 2). In most culture media, Gordonia sp. H19
presented either medium or high cell hydrophobicity (mean values
50–81%). In contrast, P. monteilii P26 and P26–H19 co-cultures showed
low cell hydrophobicity in all culture media (mean values 0–15%).

Similarly, Gordonia sp. JC11, a marine lubricant-degrading strain
showed higher cell hydrophobicity than Pseudomonas strains
(Chanthamalee and Luepromchai, 2012).

On the other hand, hydrophobicity values of Gordonia sp. H19 and
P. monteilii P26 pure cultures were significantly higher in some culture
media containing CSL and PAH simultaneously compared to other
media with no PAH or CSL. In P26–H19 co-cultures, significantly higher
hydrophobicity percentages were observed in several culture media
containing PAH, especially when compared with media without hy-
drocarbons. These results suggest that, mainly in the presence of PAH,
these bacteria could modify some of their surface characteristics (e.g.,
through a change in the chemical structure of their cell surface) in order
to adapt themselves to hydrophobic substances (Schmutzler et al.,
2016). A higher cell hydrophobicity could promote a close contact
between bacterial cells and hydrocarbons (Hesham et al., 2014).

3.1.3. Bioemulsifying activity
The ability to form and stabilize emulsions is a microbial strategy to

increase PAH solubility and facilitate their biodegradation (Hesham
et al., 2014; Gudiña et al., 2015; Tian et al., 2016). The bioemulsifying
activity of Gordonia sp. H19 culture supernatants (EI-24 mean values
between 3 and 23%) was lower than that of P. monteilii P26 and
P26–H19 co-cultures (EI-24 mean values around 10–40%) (Fig. 3). EI-
24 values of Gordonia sp. H19 in two culture media with PAH (JPP with
10mL L−1 CSL and 0.1 g L−1 K2HPO4, and JPP with 1 g L−1 KNO3)
were significantly higher than the value found in a culture medium

Fig. 1. Growth of Pseudomonas monteilii P26 and
Gordonia sp. H19 in pure and mixed cultures at
different concentrations of biostimulants (KNO3,
K2HPO4 and corn steep liquor) and a polycyclic
aromatic hydrocarbon (PAH) mixture (phenan-
threne and pyrene) added to JPP broth (basal
medium), after seven days of incubation at 30 °C
with agitation. Data are expressed as the mean va-
lues of OD600 nm + standard error. For each culture
(Gordonia sp. H19 and P. monteilii P26 pure cultures
and P. monteilii P26- Gordonia sp. H19 mixed cul-
tures), the growth in JPP broth without PAH or
biostimulants was considered as base line.
Therefore, this base line was subtracted to all the
OD600 nm values. Different letters indicate statisti-
cally significant differences (p < 0.05) in OD600 nm

values between different treatments (culture media)
for each bacterial culture according to the Kruskal-
Wallis test.
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without PAH (JPP with 1 g L−1 KNO3).
A significant positive effect of the presence of CSL on EI-24 values

was evidenced only in P. monteilii P26. Similarly, Gudiña et al. (2015)
demonstrated the positive effects of CSL on bacterial bioemulsifying
activity of P. aeruginosa #112, an autochthonous strain from an oil
field. High IE-24 values (about 60%) were evidenced when sugarcane
molasses (an inexpensive by-product) was combined with CSL, without
the supplementation with inorganic salts or expensive complex organic
nutrients (Gudiña et al., 2015). In P26–H19 co-cultures, significantly
higher EI-24 values in culture media with K2HPO4 and without KNO3

were observed, independently of the presence of CSL and/or PAH. In all
the culture media assayed, emulsions formed with supernatants of
Gordonia sp. H19 and P. monteilii P26 pure and mixed cultures were
stable, with ES values higher than 50% (data not shown).

3.1.4. Relationships between hydrophobicity, bioemulsifying properties and
growth

When analyzing cell hydrophobicity and bioemulsifying activity
data from all the cultures assayed (Gordonia sp. H19 and P. monteilii
P26, and P26–H19 co-cultures), a significant negative linear correlation
between the two properties was evidenced (Pearson's correlation
value=−0.422, p < 0.05) (Fig. S1). On the whole, P. monteilii P26
and P26–H19 co-cultures showed low hydrophobicity and moderate
bioemulsifying activity, while Gordonia sp. H19 exhibited higher hy-
drophobicity and poor bioemulsifying activity (Figs. 2 and 3). The

results obtained indicate that P. monteilii P26 and Gordonia sp. H19
differ in the properties that allow them to interact with hydrophobic
substrates. These results suggest that the mechanisms through which
the bacterial strains assayed establish contact with PAH for subsequent
bioremoval are different. PAH-cell contact is necessary to start the
aerobic bacterial degradation of PAH, which is a biochemical process
involving cell surface-associated oxygenases (Ron and Rosenberg,
2002).

However, when evaluating the relationships between cell hydro-
phobicity and bioemulsifying activity for each strain and the co-culture
in the different culture media, negative but no significant correlations
were obtained (Pearson's correlation value=−0.256, p=0.158 for
Gordonia sp. H19; Pearson's correlation value=−0.12, p= 0.514 for
P. monteilii P26, and Pearson's correlation value=−0.215, p= 0.237
for P26–H19 co-cultures).

Correlation analyses for all the cultures assayed including only re-
sults obtained in culture media with PAH indicated that the relationship
between growth and bioemulsifying activity was non-significantly ne-
gative (Pearson's correlation value=−0.246, p= 0.091), while the
relationship between growth and cell hydrophobicity was significantly
positive (Pearson's correlation value=0.425; p=0.003). Similarly,
the growth of Sphingomonas koreensis strain ASU-06 -in a mineral salt
medium with several PAH- was higher at higher cell surface hydro-
phobicity, suggesting that this surface property could favor PAH use as
a carbon source (Hesham et al., 2014).

Fig. 2. Cell hydrophobicity of Pseudomonas monteilii
P26 and Gordonia sp. H19 in pure and mixed cul-
tures at different concentrations of biostimulants
(KNO3, K2HPO4 and corn steep liquor) and a poly-
cyclic aromatic hydrocarbon (PAH) mixture (phe-
nanthrene and pyrene) added to JPP broth (basal
medium), after seven days of incubation at 30 °C
with agitation. Data are expressed as the mean va-
lues of cell hydrophobicity percentages +standard
error. Different letters indicate statistically sig-
nificant differences (p < 0.05) in the hydro-
phobicity percentages between the different treat-
ments (culture media) for each bacterial culture,
according to the Kruskal-Wallis test.
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3.2. Determination of the kinetics of PAH removal in simultaneous and
sequential cultures of P. monteilii P26 and Gordonia sp. H19 in the presence
of the selected biostimulant

The kinetics of PAH removal of P26–H19 cultures in JPP broth with
or without CSL was evaluated on the basis of the significant effects,
especially of CSL and PAH, evidenced on the various P. monteilii P26
and Gordonia sp. H19 properties in either pure or mixed cultures. Isaac
et al. (2015) reported that Pseudomonas-actinobacteria mixed cultures
removed a PAH complex mixture more efficiently than axenic cultures.
In the co-cultures, maximum decrease in pyrene concentration, which
was mainly caused by actinobacteria catabolism, was simultaneous to
the maximum bioemulsifier production by Pseudomonas strains (Isaac
et al., 2015).

In this work, simultaneous and sequential inoculations of P. monteilii
P26 and Gordonia sp. H19 to prepare the mixed cultures were per-
formed. In the sequential inoculation, the aim was first to allow bioe-
mulsifier production -which could increase PAH solubility and bioa-
vailability- and phenanthrene removal by P. monteilii P26. Then,
bioemulsifier and metabolites produced by P. monteilii P26 could favor
pyrene removal by Gordonia sp. H19. The proposed strategy is another
type of co-metabolic process, in which initial co-metabolic transfor-
mations in axenic cultures can promote subsequent transformations by
other microorganisms in mixed cultures (Becker and Seagren, 2010).

When analyzing the results of phenanthrene bioremoval, significant

differences were evidenced at different incubation times and inocula-
tion procedures, but not between culture media (JPP with or without
CSL) (Fig. 4a). In simultaneous cultures in JPP, significantly higher
phenanthrene bioremoval percentages (mean value, 49%) were ob-
served after seven and ten days of incubation compared to the initial
time. However, in all other culture conditions assayed, a significantly
higher bioremoval of phenanthrene was determined only after ten days
of incubation. In JPP medium, phenanthrene bioremoval percentages
after three days of sequential cultures were significantly lower than
those after seven and ten days of simultaneous cultures.

Pyrene bioremoval was significantly affected by the incubation time
and inoculation procedure of the bacteria included in the mixed culture
(Fig. 4b). Moreover, the interaction effect among the three factors as-
sayed was significant, indicating that the variation in pyrene bior-
emoval percentages at different incubation times was dependent both
on the culture medium and on the inoculation system. Sequential in-
oculation of P. monteilii P26 and Gordonia sp. H19 in JPP medium ne-
gatively affected the amount of removed pyrene at all incubation times
assayed. When comparing the results obtained in sequential cultures in
different culture media, pyrene bioremoval percentages were slightly
(at days 3 and 10) or significantly (at day 7) higher in JPP broth with
CSL than without CSL. It seems likely that the presence of CSL in the
culture medium promoted pyrene catabolism by the two bacterial
strains of the culture despite the initial absence of Gordonia sp. H19.
Further complementary studies will be performed to verify the

Fig. 3. Bioemulsifying activity of Pseudomonas
monteilii P26 and Gordonia sp. H19 in pure and
mixed cultures at different concentrations of biosti-
mulants (KNO3, K2HPO4 and corn steep liquor) and
a polycyclic aromatic hydrocarbon (PAH) mixture
(phenanthrene and pyrene) added to JPP broth
(basal medium), after seven days of incubation at
30 °C with agitation. Data are expressed as the mean
values of emulsification indexes at 24 h (EI-24,
%) + standard error. Different letters indicate sta-
tistically significant differences (p < 0.05) in the
emulsification indexes at 24 h between the different
treatments (culture media) for each bacterial culture
according to the Kruskal-Wallis test.
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hypotheses proposed.
When P. monteilii P26 and Gordonia sp. H19 were simultaneously

inoculated in JPP culture medium, significantly higher pyrene bior-
emoval percentages (mean value, 39%) were evidenced after seven and
ten days of incubation, compared to the values determined at all the
incubation times of sequential cultures in JPP medium. These results
suggest that, under these culture conditions, the simultaneous presence
of the two bacteria at initial time of P26–H19 mixed cultures is required
to promote their optimal metabolic cooperation, which allows im-
proving pyrene bioremoval efficiency. In contrast, in JPP medium with
CSL, no significant differences in pyrene bioremoval were observed
between sequential and simultaneous cultures.

Fig. 5 shows the results of mass balance assessment at the end of the
removal assay. The mass balance equation described above (item 2.3.)
was used to calculate the percentage of residual PAH, bioremoved PAH
and PAH that was removed by abiotic processes in each culture con-
dition assayed. The amount of phenanthrene that was removed by
abiotic processes (from 4 to 12%) was higher than that of pyrene (from
0 to 8%). Moreover, phenanthrene and pyrene abiotic losses were
higher in JPP-CSL than in JPP. Probably, some components present in
CSL bind some hydrocarbons and slightly decrease their bioavailability
for bacterial metabolism.

When analyzing the PAH amounts that were removed by bacterial

cultures at the end of the removal assay, the amounts of bioremoved
phenanthrene were similar in the different culture media and inocula-
tion procedures. However, the amounts of bioremoved pyrene in si-
multaneous cultures were higher than in sequential cultures. The lowest
percentage of bioremoved pyrene was determined in sequential cultures
in JPP without CSL. On the other hand, the amounts of bioremoved
phenanthrene were higher than those of pyrene in all the culture con-
ditions assayed. The lowest differences between amounts of bior-
emoved phenanthrene and pyrene was observed in simultaneous cul-
tures in JPP broth.

4. Conclusions

This study contributes to the knowledge of the biotechnological
properties and compatibility with biostimulants of hydrocarbon-re-
moving bacteria for their potential application to environmental bior-
emediation. Further studies should be performed to select biostimulants
that effectively promote PAH bioremoval by beneficial bacteria, with a
view to the development of formulations for their use in com-
plementary bioaugmentation and biostimulation strategies.

Fig. 4. Kinetics of phenanthrene (a) and pyrene (b) bioremoval by simultaneous
and sequential cultures of Pseudomonas monteilii P26 and Gordonia sp. H19 in
JPP broth and JPP supplemented with 10mL L−1 corn steep liquor (JPP-CSL) at
30 °C with agitation. Data are expressed as the mean values of phenanthrene or
pyrene bioremoval percentages +standard error. Different letters indicate
statistically significant differences (p < 0.05) in bioremoval percentages be-
tween different inoculation procedures, culture media and incubation times for
each hydrocarbon, according to Tukey's test.

Fig. 5. Mass balance of phenanthrene (a) and pyrene (b) at the end of the re-
moval assay (10 days) by simultaneous and sequential cultures of Pseudomonas
monteilii P26 and Gordonia sp. H19 in JPP broth and JPP supplemented with
10mL L−1 corn steep liquor (JPP-CSL). Initial: phenanthrene or pyrene amount
in reaction flasks at the initial time of the removal assay. Removal-AC: phe-
nanthrene or pyrene amount that was removed by abiotic phenomena.
Removal-BC: phenanthrene or pyrene amount that was removed by the bac-
terial culture. Residual: remaining phenanthrene or pyrene amount in reaction
flasks of bacterial culture. Data are expressed as the mean values of phenan-
threne or pyrene μmol +standard error. The percentage of each hydrocarbon
amount respecting to initial hydrocarbon amount in reaction flasks is indicated
on each bar.
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