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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAH) have become a threat for the conservation of wetlands worldwide. The
halophyte Spartina densiflora has shown to be potentially useful for soil phenanthrene phytoremediation, but no
studies on bacteria-assisted hydrocarbon phytoremediation have been carried out with this halophyte. In this
work, three phenanthrene-degrading endophytic bacteria were isolated from S. densiflora tissues and used for
plant inoculation. Bacterial bioaugmentation treatments slightly improved S. densiflora growth, photosynthetic
and fluorescence parameters. But endophyte-inoculated S. densiflora showed lower soil phenanthrene dissipation
rates than non-inoculated S. densiflora (30% below) or even bulk soil (23% less). Our work demonstrates that
endophytic inoculation on S. densiflora under greenhouse conditions with the selected PAH-degrading strains did
not significantly increase inherent phenanthrene soil dissipation capacity of the halophyte. It would therefore be
advisable to provide effective follow-up of bacterial colonization, survival and metabolic activity during phenan-
threne soil phytoremediation.

1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are organic pollutants
widely distributed. Their toxic, mutagenic and carcinogenic effect on
living beings is of great environmental concern, so PAH remediation
efforts constitute a high priority (Mumtaz and George, 1995). For en-
vironmental cleanup, these organic compounds are generally removed
through in situ and ex situ remediation methods based on physical and
chemical processes (Arthur et al., 2005). These methods are usually
characterized by a high operating cost, difficulty in operation and pro-
duction of secondary pollutants (Pilon-Smits, 2005). Phytoremediation,
namely using plants and their microbiome for environmental cleanup,
represents a cost effective, non-invasive and eco-friendly remediation
method, which in addition enjoys of wide public acceptance (Pandey et
al., 2009).

The cordgrass Spartina densiflora Brongn. (Poaceae) is a C4 halo-
phyte, especially present in estuaries around North America, North
Africa and southern Europe. Its great photosynthetic and growth rates,

together to its capacity to withstand pollutants through phytostabiliza-
tion and tissue accumulation, make it useful for bioremediation pur-
poses (Cambrollé et al., 2008; Mackova et al., 2006; Redondo-Gómez,
2013). This is especially important in estuarine sediments, highly ex-
posed to PAH pollutants, like oil spills, because of their geomorpholog-
ical characteristics (Day et al., 2013). In previous greenhouse studies,
S. densiflora demonstrated natural high Phe tolerance and the capac-
ity for Phe soil removal (Redondo-Gómez et al., 2011). Phenanthrene
(Phe) represents a model PAH, commonly present in industrial wastes.
Phe poor solubility in water and low molecular weight favor its accu-
mulation in organisms, so they respond rapidly to its presence, thus
making them very sensitive and more vulnerable to this PAH (Baker,
1970). Phe impact on other halophytes has been studied by several au-
thors (Cavé-Radet et al., 2019; Hong et al., 2015; Shiri et al., 2016;
Van Oosten and Maggio, 2015; Watts et al., 2006; Zhang et al., 2010),
and in line with S. densiflora, halophytes like Cakile maritima, have
demonstrated to decrease Phe phytotoxicity in the substrate (Shiri et al.,
2015), through poorly understood mechanisms (Dumas et al., 2016; El
Amrani et al., 2015). Moreover, although very scarcely, halophytes mi
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crobiome has been characterized in search of PAH-degrading bacteria
(Hong et al., 2015; Launen et al., 2008; Smith et al., 2008; Watts et
al., 2006). Focusing on endophytic bacteria, many of them are able
to degrade organic contaminants or may introduce pollutant degrad-
ing genes in local bacterial population (Phillips et al., 2008; Yousaf et
al., 2010). Moreover, endophytes enjoy less nutrient and space competi-
tion and more protection from environmental adversities than rhizobac-
teria (Schulz and Boyle, 2006). What is more, Siciliano et al. (2001)
reported that genes encoding for contaminant degradation were much
more prevalent in endophytic strains than within microbial communi-
ties from rhizosphere and bulk soil. However, no endophyte bacteria-as-
sisted phytoremediation studies have been developed in halophytes.

Considering that plant bacteria interactions have been studied as a
promising biotool for the remediation of hydrocarbon-polluted soil and
water in other plant species (Khan et al., 2013), our initial hypothesis
is that S. densiflora Phe phytoremediation capacity may be improved by
bacterial inoculation. Therefore, in this work we studied the effect of
bacterial inoculation on S. densiflora growing in presence of Phe by (1)
analysing and comparing the growth and ecophysiological response of
bacterial inoculated and non-inoculated S. densiflora in Phe-polluted soil
and (2) determining differences in their soil Phe-dissipation capacity.

2. Materials and methods

2.1. Isolation and characterization of bacteria from plant tissues

Spartina densiflora plants were collected from Odiel marshes (Huelva,
Spain) (37º13′N - 6º57′O) in October 2013, they were transported to
the laboratory into plastic bags and stored at 4 °C until the endophytes
isolation (24h). Cultivable bacteria were isolated from leaves and roots
as described in Mesa et al. (2015). Briefly, leaves and roots were sur-
face disinfected separately by immersion and gentle shaking in 70% (v/
v) ethanol, followed by 5% (v/v) sodium hypochlorite and five rinses
in sterile distilled water. Next, samples were aseptically macerated with
physiological saline solution (NaCl 0.9% w/v) into a sterile mortar.
Then, 100μl of each sample extract were plated in triplicate into TSA
0.3M NaCl plates. This medium has been employed in previous works
for the isolation and maintenance of endophytes from halophytes in
SW Spain salt marshes (Mesa et al., 2015; Navarro-Torre et al., 2016).
Plates were incubated at 28 °C for 72h. Resulting colonies were selected
and re-plated according to different colony morphology (colour, shape
and surface) and microscopic observations (Gram staining and motil-
ity). Further strain species identification was carried out by phyloge-
netic analysis by sequencing of 16S rDNA as explained in Mesa et al.
(2015).

2.2. Bacterial phenanthrene degradation capacity assay and design of the
bacterial inoculation consortium

Phenanthrene used in this study was purchased from Sigma–Aldrich
(Spain), 98% purity. 2 g Phe were dissolved in 100ml methanol (Pan-
reac, Spain) to get a 2% stock solution. To assess the ability of S. den-
siflora endophytes to degrade Phe, a shaking flask method was carried
out. The experiment was conducted using minimal medium contain-
ing per litre: 6g Na2HPO4, 3g KH2PO4, 17g NaCl (to keep the opti-
mal saline concentration for endophytic isolates, this is, 0.3M NaCl), 5g
(NH4)2SO4 (to promote the growth of biomass according to Pantsyrnaya
et al. (2012)), 100μl trace elements solution (11.19mg MnSO4·H2O,
10mg H3BO3, 78.22mg CuSO4·5H2O, 124.6mg ZnSO4·7H2O and 10mg
MoO3 in 100ml sterile distilled water), 100μl iron solution (100mg
FeSO4·7H2O in 10ml sterile distilled water), 1ml MgSO4·7H2O 1M and
100μl CaCl2 1M pH was adjusted to 7 and the medium was auto-
claved during 20minat 121 °C. MgSO4 and CaCl2 so

lutions were made separately, then filter sterilised (0.22μm) and asep-
tically added to autoclaved minimal medium. For the shaking flask
method, empty 250ml Erlenmeyer flasks were autoclaved and let cool
down. Next, 500μl of 2% Phe in methanol stock solution were added
to the flasks under the hood. For control flasks, 500μl of methanol
were used in the same conditions. Once the solvent had evaporated,
the resulting crystalline Phe was resuspended in 100ml sterile minimal
medium to give 100mg l−1 Phe. Finally, each flask was inoculated with
a single strain. They were incubated in the dark on a shaker at 28 °C.
OD600 was measured everyday during 8 days using a spectrophotome-
ter (Lambda 25; PerkinElmer, USA). Bacterial strains showing notable
growth during a week were selected to be part of a consortium for fur-
ther plant inoculation. To ensure the viability of the final consortium, the
selected strains were cultivated together to determine antagonistic ac-
tivity against each other.

2.3. Preparation of the bacterial inoculant solution

Strains selected from the phenanthrene degradation assay were
grown singly in 50ml of TSB medium 0.3M NaCl contained in 250ml
Erlenmeyer flasks and incubated under shaking conditions at 28 °C dur-
ing 18–24h. Then, cultures were centrifuged in 50ml Falcon tubes at
7000rpm during 10min, washed and finally resuspended in sterile phys-
iological saline solution (NaCl 0.9% w/v). Then, bacterial strains were
mixed and suspended together to reach a suspension with OD600 =1.0
(approximately 108 cells/ml), which was used as the inoculant solution.

2.4. Spartina densiflora phenanthrene tolerance and soil dissipation
experiment

In Spring 2014, S. densiflora plants were placed in square pots
(10cm×10cm) with sandy soil (Typic Rhodoxeralf; see Redondo-Gómez
et al. (2011) for physicochemical properties). Then, they were treated
with a solution of Phe (Sigma) in acetone to get final concentrations in
soil of 100 and 1000mgkg−1 of Phe. The controls were treated with ace-
tone. To get a homogenous mixture and induce acetone volatilization,
a 2mm mesh was used to sieve soil samples several times. Next, they
were placed in the same greenhouse (37º23′N, 5º59′W, Seville, Spain)
with 21–25 °C minimum - maximum temperatures, relative humidity of
40–60% and natural daylight (200–1000μmolm−2 s−1). Then, pots were
randomly assigned to four treatment groups: (1) non-inoculated S. densi-
flora, Sd̄ , (2) S. densiflora with bacterial inoculation, Sd+, (3) unplanted
pots without inoculation, Ū , and (4) unplanted pots with bacterial in-
oculation, U+. Ū and U+ were stablished to determine the basal Phe
volatilization rate. In summary, twelve treatments were established: Sd̄ ,
Sd+, U+ and Ū ×0, 100 and 1000mgkg−1 Phe (3 pots per tray, 1 tray
per treatment, 36 pots in total). Each pot of Sd+ and U+ treatments
were watered with 50ml of bacterial suspension prepared as detailed in
2.3. Once a week during the experimental period. 2 L of 20% Hoagland's
solution were poured in the trays when beginning the experimentation.
The levels of the solution in the trays were maintained to 1cm depth
during the study.

2.5. Analysis of Spartina densiflora growth

At the beginning of the experiment ten plants were collected, and
three more were harvested from each treatment at the end of the exper-
iment (33 days). Plants were dried at 80 °C for 48h and weighed. Then,
S. densiflora relative growth rate (RGR) was calculated by using the for-
mula (Hoffmann and Poorter, 2002):

where Bf=final dry mass, Bi=initial dry mass (an average of the ten
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plants dried at the beginning of the experiment) and D=duration of ex-
periment (days).

2.6. Determination of Spartina densiflora chlorophyll fluorescence

Modulated chlorophyll fluorescence measurements were made at
midday in randomly selected fully expanded leaves using a modu-
lated fluorimeter (Mini-PAM, Heinz Walz, Germany) after 33 days of
treatment initiation (three measurements per plant, n=9) on light (at
1600μmol photons m−2 s−1) and 30min dark-adapted leaves. Light and
dark energy yields of the Photosystem II (PSII) reaction centers were
determined with a saturation pulse method as described by Schreiber
et al. (1986), using a 0.8 s saturating light pulse with an intensity of
10,000μmolm−2 s−1. Thus, maximum quantum efficiency of PSII photo-
chemistry (Fv/Fm), quantum efficiency of PSII (ΦPSII; Genty et al., 1989)
and quantum yield of non-photochemical quenching (ΦNPQ= (Fs/Fm’)
– (Fs/Fm) (Porcel et al., 2015) were calculated using fluorescence para-
meters determined in both light- and dark-adapted states. These para-
meters provide information about plant photoinhibition level (Maxwell
and Johnson, 2000) as well as of energy use efficiency in term of real
PSII photochemistry efficiency and energy excess dissipation capacity
(Lazár, 2015).

2.7. Measurement of Spartina densiflora gas exchange

Instantaneous leaf gas exchange measurements were performed with
an open infrared gas analyzer system (LI-6400, Li-COR Inc., Lincoln,
NE., USA) equipped with a light leaf chamber (Li-6400-02B, Li-Cor Inc.).
Measurements were performed in the same leaf section of chlorophyll
fluorescence measurements (n=7) 33 after the onset of the treatments.
Net photosynthetic rate (AN), stomatal conductance (gs) and intercel-
lular CO2 concentration (Ci) were all determined under the following
settings inside the leaf chamber: a photosynthetic photon flux density
(PPFD) of 1000μmolm−2 s−1 (with 15% blue light to maximize stom-
atal aperture), vapour pressure deficit of 2.0–3.0kPa, air temperature of
around 25±2°C, relative humidity of 50±5 and an ambient CO2 con-
centration (Ca) of 400μmolmol−1 air. All measurements were recorded
between 10:00 to 13:00 and before to record each measurement, gas ex-
change was allowed to equilibrate (400 s). Photosynthetic area was ap-
proximated as the area of a trapezium. Finally, intrinsic water-use effi-
ciency (iWUE) was calculated using AN/gs ratio.

2.8. Chemical analysis of soil and Spartina densiflora leaves and roots

Phe concentration in soil was determinate in randomly collected
2.5g samples of soil (n=3) after 0, 10, 16, 23 and 33 days after on-
set the experiment by high performance liquid chromatography (HPLC)
using a Waters 600E chromatograph coupled to a Water 996 diode-ar-
ray and Water 2475 fluorescence Detector. Phe soil extraction and chro-
matographic conditions details are provided in Redondo-Gómez et al.
(2011). Furthermore, calcium (Ca), iron (Fe), potassium (K), magnesium
(Mg), sodium (Na), phosphorus (P) and sulphur (S) concentration in dry
leaves and roots samples (n=3) of S. densiflora were analysed by in-
ductively coupled plasma (ICP-OES) spectroscopy (Thermo ICAP 6500
DUO, USA) in accordance with protocol described in Redondo-Gómez et
al. (2011).

2.9. Statistical analysis

Statistical analysis was carried out using Statistica v. 10.0 (Statsoft
Inc.). Data were first tested for normality with the Kolmogorov–Smirnov
test and for homogeneity of variance with the Brown–Forsythe

test. Significant test results were followed by Tukey test for identifi-
cation of pairwise contrasts. Due to differences in nutrient content be-
tween S. densiflora tillers and roots, they were analysed independently,
and then compared by the Student's t-test. Finally, taking into account
our experimental design, data for remaining Phe in soil was nested to
days of sampling, in order to avoid the masking effect linked with the
highly differential Phe concentration in soil depending on the moment
of the experimental period. In all cases, a significance level of p<0.05
was used.

3. Results

3.1. Bacterial characterization and strain selection for Spartina densiflora
pot inoculation

According to the morphology of the colonies and Gram staining,
30 different endophytes, 12 from roots and 18 from leaves, were iso-
lated from S. densiflora sampled in the Odiel marshes. Most of the iso-
lates, 26 strains, were Gram-negative rods. All the strains were tested
for phenanthrene degradation. Strains ES7, ES8 and ES10 were selected
based on the optical densities reached at 600nm after eight days of in-
cubation, being 0.18, 0.24 and 0.16, respectively. The selected strains
were identified based on their 16 rDNA sequence as Vibrio proteolyti-
cus ES7, Pseudoalteromonas flavipulchra ES8 and Vibrio proteolyticus ES10
(Table 1).

3.2. Spartina densiflora growth, photosynthesis and chlorophyll
fluorescence response to bacterial inoculation in a range of phenanthrene
concentrations

S. densiflora relative growth rate (RGR) tended to increase with bac-
terial inoculation for the three Phe soil concentrations tested, although
there was not a significant difference between treatments (p>0.05;
Fig. 1). The lowest RGR values were recorded for non-inoculated S.
densiflora at 1000mgkg−1 Phe, whereas inoculated S. densiflora at
100mgkg−1 Phe reached the highest RGR data (Fig. 1).

After 33 days of treatment, significant differences were obtained for
Net photosynthetic rate (AN) (p<0.01, Fig. 2) and stomatal conduc-
tance (gs) (p<0.01 and p<0.01, Fig. 2) in S. densiflora. Although no
significant differences could be identified in intercellular CO2 concen-
tration (Ci) and intrinsic water use efficiency (iWUE) (p>0.05), trends
in their results could be observed. S. densiflora AN, gs and Ci tended to
increase for all Phe concentrations when bacteria treatment was applied
(Fig. 2A, B and C). However, iWUE showed a mild descent in inoculated
plants, which disappeared in 1000mgkg−1 Phe (Fig. 2D).

Quantum efficiency of PSII (φPSII) and quantum yield of non-photo-
chemical quenching by regulated thermal dissipation (φNPQ) analysed
for S. densiflora did not vary significantly between inoculation treat-
ments without Phe in soil after 33 days (p>0.05, Fig. 3B and C). Only
values of Fv/Fm changed significantly with the synergistic effect of Phe
and inoculation (p<0.01, Fig. 3A), as seen by the increase observed in
inoculated S. densiflora at 1000mgkg−1 Phe after 33 days (Fig. 3A).

Table 1
Closest species to the phenanthrene degrading strains isolated from Spartina densiflora
based on their 16S rDNA sequence.

Strain
16S rDNA sequenced
fragment (bp)

Accession
No. Related species

Percent
identity

ES7 1438 KX529476 Vibrio
proteolyticus

98,33

ES8 1413 KX529477 Pseudoalteromonas
flavipulchra

99,22

ES10 1418 KX529478 Vibrio
proteolyticus

98,80
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Fig. 1. Relative growth rate of Spartina densiflora in response to bacterial inoculation in a
range of phenanthrene concentrations (0, 100 and 1000ppm) over 33 days. Values repre-
sent means±SE (n=3).

3.3. Ions accumulation in Spartina densiflora tissues after bacterial
inoculation in a range of phenanthrene concentrations

Generally, Ca, Fe and Na were found to be more concentrated in S.
densiflora roots, whereas K, Mg, P and S levels were higher in tillers
(t-test, p<0.05, Table 2). When focusing on Phe effect, non-inoculated

S. densiflora showed Fe concentrations significantly decreased in roots
and tillers with Phe-amended soil. Conversely, Mg values tended to in-
crease. In tillers, Ca and P concentrations augmented in the face of
Phe presence, while Na and S decreased. Regarding roots, Ca levels di-
minished and Na augmented, contrary to the effect observed in tillers.
On the other hand, when moving to bacterial inoculation effect on S.
densiflora nutrient composition, Fe showed the most outstanding differ-
ences. This is, while Fe concentrations significantly decreased in tillers
for non-inoculated plants, Fe in bacterial-inoculated S. densiflora tillers
increased considerably. Also, Fe in S. densiflora roots remained quite
similar in inoculated plants, whereas there was a significant decline of
Fe concentration in non-inoculated S. densiflora roots at 100mgkg−1 Phe
(p<0.05, Table 2).

3.4. Concentration of remaining phenanthrene in soil at the end of the
experiment

Clear differences in remaining soil Phe were detected among treat-
ments in pots with starting 100mgkg−1 Phe (Fig. 4A) and 1000mgkg−1

Phe (Fig. 4B). The treatment which induced the highest soil Phe dis-
sipation was, in both cases, the presence of non-inoculated S. densi-
flora (Sd−), reaching in 16 days Phe soil removal rates of 95% (Fig. 4A,
black triangle) and 70% (Fig. 4B, black triangle). In the same way, un-
planted non-inoculated pots (U−) managed a considerable Phe dissipa-
tion rate at both starting concentrations, ranging from 80% (Fig. 4A,
black circle) to 65% (Fig. 4B, black circle). However, differences be-
tween these non-inoculated pots, both planted (Sd−) and non-planted
(U−), were mostly counterbalanced after 33 days of treatment, when
99 and 90% of Phe in soil disappeared, respectively. The most strik-
ing results were those showed by inoculated pots, either unplanted or
planted with S. densiflora (U+ and Sd+). At starting 100mgkg−1 Phe in
soil, unplanted pots inoculated with bacteria (U+) clearly showed the

Fig. 2. Net photosynthetic rate, AN (A), stomatal conductance, gs (B), intercellular CO2 concentration, Ci (C) and intrinsic water-use efficiency, iWUE (D) in non-inoculated (Sd−) and
inoculated (Sd+) Spartina densiflora plants grown in a range of phenanthrene concentrations (0, 100 and 1000 ppm) for 33 days. Values are means ± SE (n = 7). [Phe], Inoc or [Phe]xInoc
in the upper right corner of the panels indicate main or interaction significant effects (*p < 0.01, **p < 0.001, ***p < 0.0001). Different letters indicate statistical differences between
means (p < 0.05).
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Fig. 3. Effect of inoculation with the endophytic consortium on maximum quantum effi-
ciency of PSII photochemistry, Fv/Fm (A), quantum efficiency, ΦPSII (B) and quantum yield
of non-photochemical quenching, ΦNPQ (C) in leaves of Spartina densiflora plants grown in
a range of phenanthrene concentrations (0, 100 and 1000 ppm) for 33 days. Values are
means ± SE (n = 9). [Phe], Inoc or [Phe]xInoc in the upper right corner of the panels
indicate main or interaction significant effects (*p < 0.01, **p < 0.001, ***p < 0.0001).
Different letters indicate statistical differences between means (p < 0.05).

lowest Phe dissipation rate, with percentages around 55% between days
10 and 25 (Fig. 4A, white circle). However, in the case of starting
1000mgkg−1 Phe in soil, the tables turned and bacterial inoculation in
S. densiflora (Sd+) became the treatment with lowest Phe dissipation
rate, which hovered between 30 and 55% from day 10–25 (Fig. 4B,
white triangle). At the end of the experiment (33d), these inoculated
treatments reached similar values to the non-inoculated ones (Fig. 4A
and B).

4. Discussion

In this work, three S. densiflora endophytic bacteria were proved
to survive using Phe as carbon source, identified as Vibrio proteolyticus
ES7, Pseudoalteromonas flavipulchra ES8 and Vibrio proteolyticus ES10.
They were subsequently employed for inoculation treatments under
controlled conditions. In our greenhouse experiment, plant growth re-
sults obtained for non-inoculated S. densiflora were coincident with the
ones obtained by Redondo-Gómez et al. (2011). In both studies, S. den-
siflora demonstrated a high tolerance to imposed Phe stress, since all
plants survived to 1000mgkg−1 Phe exposure. This is noteworthy, as
previous studies demonstrated that 90mgkg−1 Phe in soil are enough to
cause plant toxicity (Lee et al., 2008), which detrimental effects have
been described in several works (Pašková et al., 2006; Weisman et al.,
2010). In this study, S. densiflora relative growth rate (RGR) did not
show significant differences, although a trend of diminishing RGR could
be observed in a range of Phe concentrations after 30 days of growth.
Redondo-Gómez et al. (2011) also recorded no significant differences
in RGR, as well as other authors for other wetland species treated with
PAHs (Zhang et al., 2010). After treatment with bacterial inoculation,
S. densiflora RGR increased compared to the non-inoculated control in a
range of Phe, but not significantly. Moving to S. densiflora gas exchange
and chlorophyll fluorescence results, those registered in our work for
non-inoculated S. densiflora also coincide with the ones obtained by
Redondo-Gómez et al. (2011), showing decreased AN and gs values, with
an increase in Ci. Oguntimehin et al. (2008) got similar results for Pi-
nus densiflora exposed to different PAHs. Bioaugmentation with indige-
nous Phe-degrading bacteria slightly improved S. densiflora fitness at the
end of the experiment, as in case of AN, gs, Ci, Fv/Fm and φPSII with in-
creasing Phe in soil. Continuous intermediate measurements of gas ex-
change and fluorescence in the present study were not carried out, as
they were checked in our previous experiment (7, 10 and 30 days after
onset experiment) (Redondo-Gómez et al., 2011), confirming a high Phe
tolerance of S. densiflora photosynthetic apparatus functionality. How-
ever, differences between treatments were not as evident as the ones
obtained in previous studies for inoculated S. densiflora in heavy metal
polluted soils (Mateos-Naranjo et al., 2015; Paredes-Páliz et al., 2017).
In them, authors recorded for inoculated S. densiflora, RGR increments
up to 20%, 2-fold increases for AN and gs, 35% augmented iWUE, and
higuer Fv/Fm and φPSII values, compared to the non-inoculated controls
(Mateos-Naranjo et al., 2015; Paredes-Páliz et al., 2017). These differ-
ences with regard to our results may be due to the fact that it has been
recommended the use of bacteria having pollutant-degrading as well as
plant growth promoting activities, as it improves the phytoremediation
process in a greater extent than bacteria exhibiting only one of them
(Dashti et al., 2009; Glick, 2010; Khan et al., 2013). In this work, unlike
previous studies by (Mateos-Naranjo et al., 2015; Paredes-Páliz et al.,
2017), plant growth promoting properties of isolated endophytes were
not tested, as we focused on phenanthrene degrading capabilities.

As for S. densiflora nutrient acquisition, no general pattern was ob-
served after inoculation. The content of some nutrients in leaves and
roots, like Ca, decreased after 33 days of experiment in Phe-amended
soils, maybe due to the fact that hydrophobic nature of hydrocarbons
may hinder soil water and nutrient absorption in plants (Khan et al.,
2013).

The most striking outcomes of our study were those for soil Phe dis-
sipation. As previously described by Redondo-Gómez et al. (2011), we
obtained a more marked rate of Phe disappearance in soils planted with
S. densiflora (7% in this study, 6% for Redondo-Gómez et al., 2011)
rather than bulk soil. Other authors, as Cheema et al. (2010) and Lee
et al. (2008) found up to 3% Phe disappearance in planted soils. Tak-
ing into account PAHs health risk, even at very low concentrations
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Table 2
Total calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), sodium (Na), phosphorous (P) and sulphur (S) concentrations for Spartina densiflora tillers and roots when they are exposed
to 0, 100 and 1000ppm phenanthrene over 33 days. Values are means±SE, n=3. Different superscript letters indicate means that are significantly different from each other (p<0.05).

Tissue Phe (mg Kg−1) Treatment Ca (mg g −1) Fe (mg Kg−1) K (mg g−1) Mg (mg g −1) Na (mg g−1) P (mg g−1) S (mg g−1)

Tillers 0 Sd- 0,35±0,03a 867,73±31,91a 2,16±0,08ac 0,35±0,01a 0,74±0,02a 0,14±0,00a 0,69±0,03a

Sd+ 0,34±0,03a 196,52±5,13b 1,98±0,08ab 0,39±0,01bd 0,76±0,02a 0,17±0,00b 0,57±0,03b

100 Sd- 0,38±0,04ab 337,67±7,70c 2,20±0,06c 0,36±0,01ac 0,72±0,01a 0,17±0,00b 0,51±0,01b

Sd+ 0,46±0,05ab 331,05±9,12c 1,88±0,04b 0,42±0,00b 0,62±0,01b 0,18±0,00bd 0,57±0,02b

1000 Sd- 0,48±0,05b 167,06±1,39b 1,95±0,05bd 0,41±0,00b 0,66±0,00b 0,21±0,00c 0,53±0,01b

Sd+ 0,46±0,04ab 604,28±15,71d 2,10±0,07acd 0,38±0,01cd 0,55±0,01c 0,19±0,00d 0,55±0,02b

Roots 0 Sd- 0,70±0,04a 6431,82±285,84a 0,96±0,02a 0,22±0,00a 0,55±0,02a 0,08±0,00a 0,22±0,01ad

Sd+ 0,35±0,02b 6550,86±398,70a 1,23±0,03b 0,26±0,01b 0,65±0,00b 0,09±0,00b 0,26±0,00b

100 Sd- 0,52±0,02c 4118,14±167,17b 1,16±0,08b 0,29±0,01bc 0,81±0,03c 0,13±0,00c 0,24±0,01bd

Sd+ 0,50±0,02c 6906,52±311,19a 1,32±0,04bc 0,32±0,00c 0,95±0,00d 0,10±0,00bd 0,23±0,00ad

1000 Sd- 0,51±0,04c 6728,43±299,43a 1,18±0,04b 0,29±0,01bc 0,81±0,01c 0,11±0,01d 0,18±0,00c

Sd+ 0,44±0,02bc 6878,76±681,53a 1,44±0,12c 0,32±0,02c 0,80±0,05c 0,10±0,01b 0,21±0,01a

Fig. 4. Remaining phenanthrene in soil after 33 days of experiment with four treatments (unplanted control and unplanted inoculated pots, U− and U+, control and inoculated pots with
S. densiflora, Sd− and Sd+) in pots starting with 100mgkg−1 Phe (A) and pots with an initial Phe concentration of 1000mgkg−1 (B). Values are means±SE (n=3). Statistical differences
between means at the same day are indicated by different letters (p<0.05).

(Lee et al., 2008), any dissipation enhancement is meaningful. What
surprised the more were the results obtained for inoculated treatments.
While soil planted with inoculated S. densiflora showed a similar Phe
dissipation response than the non-inoculated treatments at 100mgkg−1

Phe, this treatment notably showed the lowest Phe dissipation rate at
1000mgkg−1 Phe, reaching a 30% below non-inoculated S. densiflora
and 23% less than bulk soil. This response may be due to an effect
at the soil level, as we observed that bulk soil treated with bacteria
at 100mgkg−1 Phe retained the PAH in a great extent during the first
three weeks, coinciding with weekly inoculation treatments. However,
this response in bulk soil treated with bacteria was not observed at
1000mgkg−1 Phe, probably due to the fact that higher quantities of Phe
in soil may show higher volatilization rates. Both plants and their mi-
crobiome need a convenient soil environment for effective phytoreme-
diation of organic contaminants. Soil properties affect plant fitness and
growth, but also survival, colonization and metabolic activities of inoc-
ulated bacteria, thus influencing the biodegradation potential (Oliveira
et al., 2015). For example, Afzal et al. (2011) reported that soil type
indirectly affected biodegradation of organic pollutants due to a di-
rect effect on bacterial dynamics. In their experiment, bacterial col-
onization, gene expression and consequently, PAH degradation, were

significantly higher in loamy soils compared to those in other sandy
soils. Data obtained in our work support this theory, as bacteria inocu-
lation did not perturbed S. densiflora fitness, which could be a reason for
diminished PAH soil removal (Khan et al., 2013). In a future research in-
volving soil Phe phytoremediation, it would be of great interest to mon-
itor several aspects, such as bacterial consortium survival, gene expres-
sion or metabolic activity, to get clearer evidence about the functional-
ity of the microorganisms assayed (Oliveira et al., 2015).

5. Conclusion

The major finding of this study was that, contrary to our initial hy-
pothesis, bacterial inoculation on S. densiflora did not significantly in-
crease its inherent phenanthrene soil dissipation capacity in our green-
house conditions. Nevertheless, this statement should be considered
cautiously, inasmuch as colonization, gene expression and PAH degra-
dation are heavily influenced by soil type and characteristics. It may
therefore be advisable to provide effective follow-up of bacterial colo-
nization and survival as well as to track metabolic activity in soil during
phytoremediation of Phe polluted soils.
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