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Abstract

In this study, Rhizophora mangle L. mangrove plants and plant growth-promoting bacteria were evaluated for their ability
to degrade polycyclic aromatic hydrocarbons in diesel oil-contaminated sediment. The diesel-contaminated soil was sown
with plant growth-promoting bacteria in the R. mangle L. thizosphere and monitored for 120 days in a greenhouse. The plant
growth-promoting bacteria Pseudomonas aeruginosa and Bacillus sp. were analyzed for their ability to degrade eight prior-
ity polycyclic aromatic hydrocarbons, achieving a removal rate for naphthalene (80%), acenaphthene (> 60%), anthracene
(>50%), benzo(a)anthracene (>60%), benzo(a)pyrene (>50%) and dibenzo(a,h)anthracene (>90%) in the treatments with
and without plants. R. mangle L. demonstrated a removal rate above 50% for acenaphthene and fluoranthene. The bacterial
strains promoted the development of the plant propagule in 55% of sediment contaminated with diesel. Scanning electron
microscopy revealed the formation of biofilms by the strains in the roots of the plants in contact with the diesel. Thus, the
interaction between Rhizophora mangle L. and the bacterial strains (Bacillus sp. and P. aeruginosa) demonstrated the poten-
tial of the strains to degrade diesel and bioremediate mangroves impacted by diesel oil.

Keywords Rhizophora mangle L. - Bacillus sp. - Pseudomonas aeruginosa - Mangrove - Diesel oil

Introduction

Mangroves are typical tropical ecosystems that are located
between terrestrial and marine environments, are impacted
by the tidal regime, and present favorable conditions for
the feeding, protection and reproduction of animal species
(Schaeffer-Novelli 1995). Mangroves are important for the
transformation of nutrients into organic matter, play a role in
protecting against erosion and the impacts of extreme events
and display economic importance for adjacent communities
(Alongi 2002; Santos et al. 2011).
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Rhizophora mangle L. is a typical mangrove plant that
displays high salinity tolerance and morphological plastic-
ity (Boizard and Mitchell 2011). Roots originating from the
stem, such as anchors and lenticels to increase aeration, are
the main feature of this plant model (Duke and Allen 2006;
Colares and Melo 2013). This species has been applied in
toxicity evaluations of mangroves impacted by oil activities,
as it demonstrates high adaptability and resistance to chronic
oil pollution. Because of this, R. mangle L. is an adequate
bioindicator of the pollution of mangroves with derivatives
from the petroleum production chain, since derivative con-
taminants triggers indicative effects on the height, presence
of lateral branches, increase in leaf biomass and early aging
of these plants (Orge et al. 2000; Sanchez-Arias et al. 2013).

Human activities promote changes in the physical and
chemical characteristics of estuaries, reducing the water
quality in these environments and, consequently, in man-
grove areas (Borja et al. 2011). In fact, due to their coastal
location, mangroves suffer from the pressure of industrial
and anthropogenic activities, such as pollution and contami-
nation, including oil pollution (Lang et al. 2016). Oil-derived
compounds are among the most commonly found pollutants
in coastal environments, many of which are persistent and
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highly toxic (Mucha et al. 2011). These compounds are pre-
sent in commercial products, including fuel oil, which is
a complex mixture of hydrocarbons that includes aliphatic
and aromatic molecules. Polycyclic aromatic hydrocarbons
(PAHs) are a group of compounds that display toxicity and
mutagenic, teratogenic and carcinogenic properties, and due
to their environmental risk, PAHs are classified as priority
(16 PAHs) pollutants by the US Environmental Protection
Agency (1984). They possess two or more fused aromatic
rings in linear, angular and clustered arrangements, which
increases their persistence in the environment (Singh et al.
2013).

Bioremediation is one of the most applicable methods
for the management of environmental contaminants by
biological mechanisms (including microorganisms) in soil
and water (Trivedi and Ansari 2015). The rhizobacteria that
colonize plant roots and promote plant growth have been
associated with soil bioremediation (Huang et al. 2005;
Zhuang et al. 2007). Some bacterial strains isolated from
plant rhizospheres are able to metabolize petroleum-based
compounds and produce biosurfactants and can be used in
the decontamination of polluted environments.

This study was performed to investigate the fundamental
interactions of PAHs, mangrove plants and bacteria. The
objective of the present study was to evaluate the perfor-
mance of the plant growth-promoting bacteria Bacillus sp.
and Pseudomonas aeruginosa in addition to Rhizophora
mangle L. plants in the degradation of polycyclic aromatic
hydrocarbons (PAHs).

Materials and methods
Sediment and propagule sampling and processing

Sediment was collected from a typical mangrove area at the
Paraguassu River (lat.12°42'11"'S; long.38°19'0.4"WO),
Maragogipe, Bahia, Brazil, without the influence of petro-
leum hydrocarbon contamination. The sediment was air-
dried at room temperature, homogenized, distributed into
plastic bags (8 kg), and autoclaved at 121 °C for 30 min 3
times with 24-h intervals between each sterilization.
Rhizophora mangle L. propagules were collected along
the mangrove area from the Ilha de Maré region, Bahia,
Brazil. This region was chosen because propagules in the
ideal development stage for planting were available during
the study period. Propagules were uniform in size, lacked
radicles and were collected taking into account their phy-
tosanitary conditions, namely, the absence of chlorosis and
necrosis due to the presence of pests. In the laboratory, the
propagules were sanitized with 2% sodium hypochlorite for
5 min and rinsed with sterile water three times to remove
possible microorganisms present on their outer surfaces.
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Bacterial strains and growth conditions

Bacillus sp. (NCBI GenBank Accession Number
MG461379) and Pseudomonas aeruginosa (NCBI Gen-
Bank Accession Number MG461605) bacterial strains were
isolated from plant roots obtained from Chapada Diaman-
tina—BAHIA, Brazil, and deposited in the Microorganism
Culture Collection at the Health Sciences Institute, Federal
University of Bahia.

The bacterial strains previously stored at — 80 °C were
inoculated in 100 mL of nutrient broth (composition in g
L peptic digest of animal tissue, 5.0; sodium chloride, 5.0;
beef extract, 1.5; yeast extract, 1.5; agar, 15.0; pH 7.0) and
incubated at 30 °C/120 rpm in an orbital shaker for 24 h to
obtain a pre-inoculum. The cultures were then centrifuged
at 5000 rpm for 5 min, resuspended in sodium chloride solu-
tion (0.9%) and adjusted to 10° cells mlI~! OD 600 nm.

In the greenhouse, sediment potted for each treatment
was inoculated with 200 mL of each bacterial suspension.
Propagules were immersed for 1 min in 1 L of the bacterial
suspensions (10°) and later planted in the sediment, accord-
ing to the experimental design.

Biosurfactant production

The emulsification activity by biosurfactant production was
measured according to Das et al. (1998), with modifications.
Bacterial suspensions containing the Bacillus sp. and Pseu-
domonas aeruginosa strains previously grown in nutrient
agar were adjusted in sodium chloride solution (0.9%) to
108 cells mL~! OD600 nm. Suspension aliquots were inocu-
lated in 100 mL of mineral saline medium (MSM) (com-
position, g L™!: K,HPO,, 4.0; Na,HPO,, 1.5; NaNO,, 1.0;
MgS0,.7H,0, 0.2; CaCl,.2H,0, 0.02; FeCl;.6H,0, 0.02;
agar, 15.0; pH 7.0) supplemented with 1% glycerol (v/v).
The samples were then incubated (180 rpm for 5 days).

The emulsification yield was determined by the emulsi-
fication index (EI24) after 24 h, calculated according to the
following formula:

Emulsion height

EL, =
24 Total height

% 100.

A 2-mL aliquot of cell-free broth was added to 2 mL of
mineral oil and then mixed to form the emulsion layer. The
amount of biosurfactant produced was evaluated in triplicate.

Experimental design for the microcosm study

To set up the microcosm design, plastic boxes with taps
(60x30x%x 10 cm) and an 18-L capacity were used to
retain 8 kg of sediment each. Each box received one of the
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Table 1 Bacterial strain, diesel

: ; Treatments Composition Initials
oil and Rhizophora mangle
L.dt'reatments n mangrove Bacillus sp.+ Pseudomonas fluorescens + diesel (autoclaved) BPD
sediment 2 Bacillus sp. + Pseudomonas fluorescens + diesel + Rhizophora mangle L. BPDRm
(autoclaved)
3 Diesel + Rhizophora mangle L. (autoclaved) DRm
Rhizophora mangle L. Rm

following treatments (Table 1): 1 (BPD), 2 (BPDRm), 3
(DRm), 4 (Rm). Three replicates for each treatment were
performed and distributed in randomized blocks.

To obtain contaminated sediment, 310 mL of commercial
diesel oil at a final concentration of 55 pg mL~" was incor-
porated 5 days before inoculation of the bacterial strains
Bacillus sp. and Pseudomonas aeruginosa. The propagules
were then used to set up the experiment in triplicate, with six
propagules distributed by treatment. A field capacity con-
trol was carried out through seawater irrigations during the
entire experimental procedure for 120 days in a greenhouse.

Polycyclic aromatic hydrocarbon analysis

The levels of eight priority PAHs (naphthalene, acenaph-
thene, fluorene, phenanthrene, anthracene, benzo(a)
anthracene, benzo(a)pyrene, and dibenzo(a,h)anthracene)
defined by the US EPA (1982) were evaluated in the die-
sel oil and sediment samples. The sediment hydrocarbon
extractions were performed according to US EPA Method
3550C (2007), in which 2 g of the sediment was subjected to
ultrasonic extraction using 10 mL of dichloromethane. The
extracts were fractionated according to the US EPA 3630C
(1996) method, where the aromatic fraction (PAH fraction)
was diluted with dichloromethane/n-hexane (1:4, v/v). The
diesel oil was diluted with dichloromethane and analyzed,
along with the sediment samples, using gas chromatography/
mass spectrometry (GC-MS) (GC-MS QP5050A Shimadzu
model).

For the PAH determinations, the separation column was
a DB-5-HP (30 m x0.25 mm X 0.25 pm; Agilent Tech-
nologies), and helium was the carrier gas at flow rates of
2.0 mL min~!. The selected ion monitoring mode was used
with a withdrawal rate of 1 pL. with a microsyringe and
injected into the chromatograph at a 1:10 split ratio. The
chromatographic conditions were as follows: injector tem-
perature, 300 °C, initial temperature 1 min at 45 °C, heating
at 22 °C min~" to 130 °C, heating at 10 °C min~! to 240 °C,
followed by heating at 10 °C min~! to 310 °C, and finally an
increase of 20 °C min~! to 325 °C, which was maintained
for 4 min.

The priority PAHs were quantified by the external stand-
ard method using an analytical curve with a standard mix
(TCL Polynuclear Aromatic Hydrocarbons Mix, 48905-U

SUPELCO) containing the eight PAHs. The sediment marine
standard certificate from the National Institute of Standards
and Technology (NIST) SRM 1941b was used as an external
standard for the quantification of the evaluated compounds.

The percentage values of biodegradation were calculated
according to equation (Isaac et al. 2015a):

(Hi - Hf)
H.

1

E(%) = % 100,

where H, is the initial concentration of hydrocarbons present
in diesel oil and H; is the residual concentration at the end
of the experiment.

Evaluation of the morphology and presence
of bacterial root cells by scanning electron
microscopy (SEM)

Root samples from BPDRm and Rm treatments were fixed in
Karnovsky’s solution (70%) at pH 7.4 (2.5% glutaraldehyde,
2% paraformaldehyde in 0.1 mol ™! sodium cacodylate buffer
and distilled water) for 24 h. The samples were washed in
0.1 mol L™! sodium cacodylate buffer and postfixed in osmium
tetroxide 1%. After fixation, the samples were dehydrated in
ethanol (30, 50, 70, 90 and 100%), dried on a critical point
apparatus (Leica, model CPDO30) and metallized with a thin
layer of gold (Deton Vacuum Desk IV Standard model). The
roots were analyzed by a JEOL Scanning Electron Microscope
JSM, model 6390LV (Chin-A-Woeng et al. 1997).

Evaluation of plant propagule germination
and biomass

Propagule germination was evaluated at the end of the experi-
ment by the presence and development of the root system.
Fresh and dry weights were determined, with dry weight eval-
uated after stabilization of dry mass after oven drying at 80 °C.

Statistical analyses

The analysis of variance (ANOVA) and Tukey’s test were
applied to assess the weights of the fresh and dry plants.
Assumptions of normality and homogeneity of variances
were met in the Shapiro—-Wilk and F tests, respectively.
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Statistical tests were performed using the Assistat software
version 7.7 (2015).

Results and discussion
Biosurfactant production

The emulsification index found for Pseudomonas aerugi-
nosa was 59.2% after 24 h. The produced biosurfactant was
able to emulsify substrates containing n-alkanes and aro-
matic compounds (Barathi and Vasudevan 2001). Bacteria
producing biosurfactants improve the bioremediation pro-
cess by reducing the surface tension between hydrocarbons
and water and by aiding carbon source degradation by bacte-
rial cells (Ayed et al. 2015; Zhang and Miller 1994), which
increases the transfer of hydrocarbons to the aqueous phase
and optimizes the biodegradation process.

PAH removal analysis

Of the eight PAHs evaluated in diesel oil (Fig. 1), the com-
pounds that showed the greatest decrease after 120 days
in all treatments were naphthalene (Nap), acenaphthene
(Ace), benzo(a)anthracene (BaA), benzo(a)pyrene (BaP)
and dibenzo(a,h)anthracene (Dib). The treatments contain-
ing the bacterial strains reached higher rates of degradation
for these compounds compared to the treatment containing
only the plant. According to Cerniglia (1993), gram-negative
and gram-positive bacteria isolated from soil may have the
metabolic capacity to use HPAs, such as naphthalene, phen-
anthrene and anthracene, as energy sources. HPA-degrading
bacteria use cometabolism, mainly for molecules with three
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Fig.1 PAH degradation in diesel oil after BPD, BPDRm and DRm
treatment for 120 days
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fused benzene rings or more, as in the case of benzo(a)
anthracene and benzo(a)pyrene observed in this study.

The bacterial strains from the rhizosphere environment
interacted with Rhizophora mangle L. in the BPD and
BPDRm treatments and provided a better rate removal of
naphthalene from the sediment than the DRm treatment. The
effectiveness in removing naphthalene can be attributed to
the low molecular weight and simple structure of the hydro-
carbon and the low complexity catabolic pathways, which
can be used as a carbon source by microorganisms (Nwinyi
et al. 2016).

In our study, fluorene (Fln) 165.34 ug g~!, phenanthrene
(Phe) 745.96 pg g~! and anthracene (Ant) 105.52 pg g~!
concentrations in the DRm treatment were lower when com-
pared to the diesel oil 381.48 ug g~! (Fln), 997.56 pg g~
(Phe), 166.62 ug g~! (Ant) and 111.12 ug g=! (Pyr). The
observed decrease in acenaphthene (Ace) (89%) and fluorene
(Fln) (57%) in the DRm treatment demonstrates that Rhiz-
ophora mangle L. was efficient in the degradation of these
compounds. In accordance with these results, Moreira et al.
(2011) performed a comparative study between phytoreme-
diation techniques using R. mangle L. and intrinsic bioreme-
diation, with the aim of evaluating the effectiveness of these
techniques in the removal of total petroleum hydrocarbons
(TPHs) in mangrove sediment contaminated with residual
oil. The authors obtained a degradation rate of 87% of total
petroleum hydrocarbons when using R. mangle L., while the
intrinsic bioremediation was able to remove 70% of TPHs
after 90 days.

The mechanisms used by plants to remove compounds
from the sediment may occur through stimulation of the
microbiota present in their rhizosphere or through the
absorption of organic compounds and their subsequent deg-
radation by phytoremediation processes, such as phytovola-
tilization, where the compound is transformed into a less
toxic substance and released into the atmosphere through the
leaves, or phytodegradation, where the organic compounds
are degraded by enzymatic activity (Arslan et al. 2017).
However, a limiting factor in HPA degradation in mangrove
sediment is salinity. The degradation rate of PAHs can be
reduced in the presence of high salinity, especially when
bacteria are not applied in a consortium (Tam et al. 2002).

Plant exudates are released by roots and modulate rhizo-
sphere communities, which improves the stress response
of the microorganisms (Kuiper et al. 2004). The ability of
rhizobacteria to metabolize aromatic compounds, such as
PAHs, is attributed to the presence of aromatic compounds
in root exudates, such as phenolic compounds, whose struc-
ture stimulates bacterial metabolic capacity (Ely and Smets
2017). In addition, the efficacy of the degradation of PAHs
by rhizosphere bacteria is related to soil properties, which
influence the bioavailability of these compounds (Haritash
and Kaushik 2009).
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In the BPD and BPDRm treatments containing the evalu-
ated bacterial strains, 82% and 79% naphthalene degrada-
tion, respectively, was observed, while the naphthalene deg-
radation rate was 49% in the DRM treatment. The study by
Zhang et al. (2013) obtained 76-80% degradation of diesel
in the rhizosphere of indigenous estuarine plants associ-
ated with bacteria degrading petroleum. According to the
authors, rhizosphere bacteria use organic compounds pro-
duced by plants to increase biomass and metabolic activity.
Lower rates for naphthalene removal have been reported by
Kong et al. (2018) in mesocosm with bacterial bioassay and
bioaugmentation in association with phytoremediation after
175 days of experimentation, with removal rates of 35% and
52%, respectively.

The degradation of naphthalene using bacteria has been
widely investigated, as in the study conducted by Pathak
et al. (2009) using Pseudomonas spp., where a degradation
of up to 2000 ppm of naphthalene was observed. Lin et al.
(2010) achieved a 99.1% removal rate for naphthalene with
Bacillus fusiformis. Cerqueira et al. (2011) evaluated the
degradation of saturated and aromatic hydrocarbons present
in mineral saline containing a sludge oil bacterial consor-
tium by applying Bacillus, Pseudomonas and Stenotropho-
monas alone and in a consortium. In the latter study, the
strains, when tested in isolation, showed removal rates of
the aromatic fraction ranging from 33.2 to 64.3%. When
tested in a consortium, the strains reached a 51.8% removal
rate of the aromatic hydrocarbons. As observed in this study,
naphthalene was also the fraction that had the highest deg-
radation rates. Similar to that observed for naphthalene and
phenanthrene degradation in the present study, better degra-
dation rates of naphthalene, phenanthrene, fluoranthene and
pyrene in soil inoculated with the bacterial species Micro-
coccus luteus and Kocuria rosea were reported by Haritash
and Kaushik (2016).

The decreases in aromatic compound concentrations in
the bacterial treatments are correlated with the bioavailabil-
ity of the biosurfactants produced by the bacteria (Sharma
et al. 2015; Xia et al. 2014). In situ biosurfactant production
is economically important in the bioremediation process,
emulsification and the use of the contaminant as a carbon
source. Bezza and Chirwa (2016) observed increased rates
of PAH biodegradation in soil supplemented with nutrients
and inoculated with Pseudomonas aeruginosa and Bacillus
subtilis biosurfactant-producing species.

Physiological biosurfactant functions have been reported,
such as emulsification and solubilization of oil or water
insoluble compounds, hydrocarbon transport, regulation of
adhesion-release of cell surfaces and antibiotic activity, con-
ferring a greater chance of survival and competitiveness to
the microorganisms (Desal and Banat 1997; Fiechter 1992).

Pseudomonas species have genes related to the metabo-
lism of naphthalene designated the nah genes (Isaac et al.

2015b). The nah genes encode the dioxygenases and dehy-
drogenases responsible for the cleavage of the aromatic ring
of naphthalene. Some genes, such as nah7, are organized
into two operons, one operon is responsible for the conver-
sion of naphthalene to salicylic acid and another operon con-
verts salicylic acid to pyruvate and then to acetyl-CoA via
the pB-oxidative pathway (Izmalkova et al. 2013).

Enzymes that participate in the naphthalene metabolism
pathway in bacteria are classified as naphthalene oxygenases
and mediate phenanthrene oxidation. The enzymatic com-
plex naphthalene oxygenase comprises NADH oxidoreduc-
tase, ferredoxin and oxygenases (Bamforth and Singleton
2005; Tomas-Gallardo et al. 2014). Some bacteria, such as
those belonging to the genus Pseudomonas, oxidize phenan-
threne by generating naphthalene- 1-dihydrodiol molecules,
resulting in the intermediate phthalic acid, which is oxidized
to acetyl-CoA (Chebbi et al. 2017).

Germination and plant growth

The results of the Rhizophora mangle L. propagule germina-
tion are displayed in Table 2.

During the Rm treatment, all propagules germinated, with
the plants displaying developed leaves and roots (Fig. 2a),
which demonstrated Rhizophora mangle L. adaptability to
ex situ cultivation. Although leaves and a root system with a
higher level of complexity were not observed in the BPDRm
treatment (Fig. 2b) as they were in the Rm treatment, the
BPDRm treatment resulted in 10 germinated propagules,
corresponding to 55.5% of the total. This did not occur for
the DRm treatment, in which 22.2% of germinated prop-
agules were observed. Maila and Cloete (2002) obtained
a reduction in the germination of Lepidium sativum seeds
in soil contaminated with diesel oil. The increase in PAH
concentration reduced seed germination potential, reaching
16% germination in 1000 ppm of diesel oil and 75% germi-
nation in 50 ppm.

Hydrocarbon compounds may cause phytotoxicity due to
the volatile components present in the mixture, which can
move through the cell membrane and produce toxic effects,
and their hydrophobicity, which may hinder the infiltration
of water and aeration necessary for plant growth (Fernandez
etal. 2011).

Table2 Rooting (%) of Rhizophora mangle L. propagules after
120 days

Treatment Number of propagules Germination
percentage
(%)

Rm 18 100.00

BPDRm 18 55.50

DRm 18 22.20
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A

Fig.2 Rooting and germination of Rhizophora mangle L. propagules. Rm (a), BPDRm (b) and DRm (c)

The inoculated rhizobacteria induced propagule germina-
tion and root colonization and increased plant survival by
decreasing water stress caused by plant contact with diesel
oil in the Rm treatment (Fig. 2b). Plants in the DRm treat-
ment had a highly branched root system (Fig. 2c), increas-
ing the efficiency of oxygen and water transport in hypoxic
conditions (Visser et al. 1997). Similar results were reported
by Kechavarzi et al. (2007) when evaluating the behavior of
Lolium perenne roots before different degrees of contamina-
tion by diesel oil. These authors indicated that plant roots did
not grow in depth and tended to spread horizontally in the
presence of increased contamination and that, by decreasing
the concentration of the contaminant, the effects on the plant
were minimized.

Although Rm plants displayed better development, no
significant difference in fresh and dry plant biomass was
observed between the Rm treatment and treatments contain-
ing diesel oil (Fig. 3).

The plants in the Rm treatment were better developed
when than the plants in the treatments in which the sediment
was contaminated with diesel oil. This can be attributed to a
better efficiency of water and nutrient collection due to their
higher availability, since the intrinsic characteristics of the
sediment are maintained when there is no contamination.

The fresh and dry weight values of the plants in the
BPDRm treatment were the highest among all treat-
ments, and the rhizobacteria Bacillus sp. and Pseu-
domonas aeruginosa are the probable contributors to
this increased biomass production. This is in accordance
with the results obtained by Hou et al. (2015), in which
an increase in the biomass of the plant Festuca arundina-
cea L. was observed, as well as PAH degradation during
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Fig.3 The dry and fresh weights of Rhizophora mangle L. plants
after 120 days. Data are expressed as the meanz+standard error.
When the means are followed by at least one letter in the column,
they do not differ from each other by the Tukey test (P> 0.05)

phytoremediation treatments using bacteria with plant
growth-promoting activity and biosurfactant production
in oil-contaminated soil. The authors attribute the increase
in the biomass of the roots to the activity of the rhizobac-
teria. Root biomass is associated with the availability of
nutrients, providing favorable conditions for the growth
and maintenance of hydrocarbon-degradation activity by
bacteria due to plant—bacteria ratios.
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Root scanning electron microscopy

Root analysis by SEM demonstrated bacterial colonization
of the plants in the BPDRm treatment (Fig. 4), including
the presence of sporulating bacilli, which can characteristi-
cally become resistance to certain environmental pressures
(Danhorn and Fuqua 2007). The occurrence of biofilms in
the roots in the BPDRm treatment is thus a form of resist-
ance to the adverse conditions of the environment caused by
PAH contamination.

The Rm-treatment plants showed no obstruction in the
cortex and central cylinder region of the roots. However,
BPDRm plants showed obstructions of the pericycle, paren-
chymal and cortex cells caused by the deposition of the die-
sel oil compounds (Fig. 5). Al-Baldawi et al. (2015) also
observed cellular deformation and diesel oil deposition in
different regions of Scirpus grossus plants, demonstrating
the toxic effects of this contaminant.

Low molecular weight PAHs are more easily absorbed
by plant roots, while high molecular weight aromatics
tend to be trapped in the sediment because of their low

solubility in water (Whang et al. 2012). The presence of
aerenchyma tissue in mangrove plants facilitates oil pen-
etration (Naidoo 2016) and the deposition of hydrocarbons
into plant tissues. In addition to reducing the gas exchange
capacity of the mangrove plants by reducing the porosity
of the sediment, the presence of hydrocarbons also blocks
tissues and prevents root tissues from excluding salt, which
increases the sodium concentrations in the plant tissues
(Chindah et al. 2008).

Similar results were reported by Farias et al. (2009),
who observed an increase in intercellular spaces and com-
pacted root cortex cells of cultivated plants in oil-con-
taminated soil. Despite the occurrence of oil deposition
in the root tissues, the germination and PAH degradation
results indicate that rhizobacteria played an important role
in preventing the adverse toxicological effects caused by
diesel oil in Rhizophora mangle L. and in hydrocarbon
degradation. Thus, interactions between plants and bac-
teria show potential for use in bioremediation processes,
depending on the efficient colonization of the roots and
internal tissues of the plant by the bacteria, as described
by Khan et al. (2013).

Flocnz

Fig.4 Scanning electron microscopy images from the root epidermis of plants from the BPDRm and Rm treatments showing a bacterial colo-
nization in the BPDRm treatment; b biofilm formation in the BPDRm treatment; and ¢ the Rm-treatment surface without bacterial colonization
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Flocruz

X65  200pm
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Fig.5 Scanning electron microscopy image showing a the obstruction of the cortex region and central cylinder of the root of a plant in the
BPDRm treatment; and b the cortex and central cylinder of the root of a plant in the Rm treatment without obstruction

Conclusions

Rhizophora mangle L. demonstrated good adaptability to
ex situ cultivation conditions, allowing further studies with
this plant as a phytoremediation model. The bacterial strains
applied in this study, Bacillus sp. and Pseudomonas aerugi-
nosa, demonstrated efficient root colonization of Rhizophora
mangle L., conferred protection and stimulated propagule
germination and degraded PAH in sediment. Thus, these
bacterial strains demonstrate potential for use in bioaug-
mentation and phytoremediation studies and for further
studies aiming at elucidating the mechanisms involved in
plant—rhizobacteria interactions concerning diesel-contam-
inated sediment.
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