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Abstract
Several factors can influence the removal of polycyclic aromatic hydrocarbons from agricultural soils, such as
the native microbiota, the physicochemical properties of the soil, soil management and addition of exogenous
microorganisms. Nevertheless, the involvement of these factors has not been studied during fluoranthene removal at the microcosm level. In the present study, the effects of these factors were evaluated in microcosms
composed of an organic agricultural soil (OAS-microcosm) and conventional agricultural soil (CAS-microcosm) contaminated with fluoranthene. According to their physicochemical properties, both soils were classified
as silt loam. They had similar cation exchange capacities, water holding capacities and P-PO43-, but different
pHs, electrical conductivities, and percentages of N, C, silt, clay and sand. Fluoranthene did not alter the native
microbiota of the OAS- and CAS-microcosm because similar banding profiles were obtained in PCR-DGGE
analysis of the 16S rRNA gene, and the total heterotrophic bacteria count as well as fluoranthene-degrading
bacteria count were similar between microcosms with fluoranthene and their controls without fluoranthene.
However, OAS- and CAS-microcosms showed higher respiratory activity than their controls (p<0.05). At the
beginning of the degradation kinetics, OAS- and CAS-microcosms reached a higher percentage of fluoranthene
removal than their abiotic counterparts (adsorption controls; p<0.05); towards the end of the degradation kinetics, no significant difference was observed between the OAS- and CAS-microcosms and their corresponding
adsorption controls. The bioaugmentation assay using a fluoranthene-degrading bacterial consortium increased
fluoranthene removal. This work showed that fluoranthene adsorption to soil and native microbiota of agricultural soils were involved in fluoranthene removal.
Keywords: Fluoranthene, microcosm, agricultural soil, native microbiota, PCR-DGGE, 16S rRNA gene
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are organ-

ganisms with a recognized ability to degrade PAHs

ic molecules that pose a high risk to humans and to

in contaminated soil have generated non-conclusive

the environment. The US Environmental Protection

data: in some cases, bioaugmentation has increased

Agency designated them as toxic, mutagenic, carci-

the degradation of PAHs (Sprocati et al., 2012), and

nogenic, and priority pollutants. PAHs are formed by

in other cases, it has been ineffective (Simon et al.,

two or more fused aromatic rings arranged in a linear,

2004; Viñas et al., 2005). The latter result occurred

angular, or cluster array. They are classified as low-

because some factors affecting the adaptation of the

molecular-weight (LMW) PAHs that are formed by

introduced microorganisms were not considered

two or three benzene rings and as high-molecular-

(Long et al., 2014), resulting in a low efficiency of

weight (HMW) PAHs that are formed by four or more

PAHs degradation. The most common of these fac-

benzene rings. Some physical processes are effective

tors are: the response of the native microbiota to the

in reducing the environmental level of PAHs; howev-

introduced microorganisms; intrinsic physicochemi-

er, biodegradation is usually the preferred and major

cal properties of the soil, mainly the organic carbon,

route of PAH removal from contaminated environ-

silt, clay and sand contents; soil management; and

ments because of its cost, effectiveness and complete

addition of fertilizers and pesticides. Comprehensive

clean-up. One alternative to the bioremediation of

studies on PAHs degradation are hindered by the

PAHs-contaminated soil is through bioaugmentation:

complexity of the microbial-ecological diversity in

the introduction of microorganisms that are capable of

soil. Previous studies have mainly focused on agri-

degrading a pollutant in contaminated soil (Azubuike

cultural soils because pollution of these soils affects

et al., 2016).

the production and quality of crops; PAHs contami-

Several studies on the isolation of bacteria that re-

nation is specifically relevant because of their toxic

move PAHs have been recently completed. LMW-

effects. In this paper, some natural factors involved

PAHs can be more easily degraded by bacteria,

in fluoranthene removal (a compound used as a mod-

whereas HMW-PAHs, such as fluoranthene, are more

el of PAHs) in an agricultural soil were evaluated.

recalcitrant to biodegradation and persist in the en-

Fluoranthene-contaminated soil microcosms were

vironment. The bacterial genera Burkholderia, Pas-

designed, and the soil physicochemical properties,

teurella, Rhodococcus, Stenotrophomonas, Sphin-

participation of native soil microbiota, effect of bio-

gomonas and Mycobacterium are able to remove

augmentation and impact of fertilizers and pesticides

fluoranthene (Haritash and Kaushik, 2009; Simon et

in soil were studied.

al., 2004; Sprocati et al., 2012; Viñas et al., 2005).
However, their ability to degrade fluoranthene has

2. Materials and Methods

been studied in a minimal culture medium supplemented with the PAHs as the sole carbon source (Jin

2.1. Experimental site and soil sampling

et al., 2016). The extrapolation of bioaugmentation
to the microcosm level or to field conditions has

Soil samples were collected in the state of Puebla,

not always yielded expected results (Crisafi et al.,

located in the central part of the Mexican Republic

2016). Studies on bioaugmentation through microor-

(18º29’N, 97º51’W and 2,160 m of altitude). Organic
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agricultural soil (OAS, considered as the unimpacted

measured by aqua regia digestion with sodium car-

soil) was obtained from a temporary agricultural land

bonate fusion. The available P in the 0.5 M NaHCO3

that was untreated with fertilizers and pesticides, was

extract was determined by the antimony–potassium–

not polluted with heavy metals or hydrocarbons, had

tartrate method. Total N was measured by the Kjel-

a zero tillage system, and had a crop rotation of corn

dahl method using concentrated H2SO4, K2SO4 and

and beans. By contrast, conventional agricultural soil

HgO to digest the sample. NO3-, NO2- and NH4+ in the

(CAS, considered as the impacted soil) was obtained

K2SO4 extracts were measured on a Skalar SANplus

from soil treated with chemical fertilizers and pesti-

Segmented Flow autoanalyzer (Mulvaney, 1996).

cides, in which conventional agricultural practices
were used. Soil samples were taken to a depth of 15-

2.3. Microcosm preparation

20 cm.The equivalent weight samples of OAS and
CAS were mixed in a vessel to obtain a composite

The soils were conditioned by sieving through a 5-mm

sample. The soil was transported in sealed bags and

sieve, adjusting them to 40% WHC by adding distilled

stored at 4°C for further processing.

water and maintaining them at 22±2ºC for 7 days in
drums. The microcosms were prepared in flasks con-

2.2. Physicochemical properties

taining 20 g of conditioned soil and 300 mg L-1 of
added fluoranthene (99.9% purity, Sigma-Aldrich, St.

The soil pH was measured in a 1:1 soil:H2O suspen-

Louis, MO, USA). The flasks were placed in 945-mL

sion using a glass electrode. The humidity was evalu-

glass jars containing a vessel with 10 mL of distilled

ated by the gravimetric method. The water holding ca-

H2O and a vessel with 20 mL of 1 M NaOH to trap the

pacity (WHC) was measured as the amount of water

evolved CO2. The jars were sealed and stored at 22

retained by the soil against the force of gravity after

± 2°C. Microcosms without fluoranthene (containing

the soil was saturated with water and drained freely.

only acetone, where the fluoranthene was dissolved)

The soil particle size distribution was determined by

were included. To study the effect of fluoranthene

the hydrometer method. The electrical conductivity

adsorption in soil, microcosms were composed of

was measured in a soil suspension as described by

OAS and CAS and sterilized by moist heat (thrice),

Rhoades et al. (1989). The soil cation exchange ca-

followed by addition of 300 mg L-1 of fluoranthene

pacity was measured by extracting soil with a solution

(named as sOAS- and sCAS-microcosms). For the

of barium chloride, followed by cation exchange of

bioaugmentation test, the CAS-microcosm with the

Ba for Mg2+ performed on the extract. Mg2+ was then

300 mg L-1 of fluoranthene was inoculated once with

titrated with a solution of EDTA. The total carbon (C)

1.5 ml of a consortium containing 1.5 x 1 08 UFCmL-1

in soil was determined by oxidation with K2Cr2O7 and

of fluoranthene-degrading bacteria. All of the micro-

titration of excess dichromate with (NH4)2FeSO4. The

cosms were incubated for 0, 3, 7, 14 and 28 days. On

inorganic C in soil was determined by adding 20 mL

the designated days, nine flasks were selected at ran-

of a 1 M HCl solution to 2 g of air-dried soil and trap-

dom from each treatment and the soil was analyzed

ping the CO2 evolved in 20 mL of 1 M NaOH. The

for fluoranthene, CO2 production, bacterial counts,

CO2 in the NaOH solution was determined by titra-

and bacterial community monitoring. The remaining

tion with 0.1 M HCl. Organic C was calculated as the

jars were opened and aired for 10 min to avoid an-

difference between total and inorganic C. Total P was

aerobiosis and then closed and incubated again.

2+
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OAS) to tubes and spiking them with 200 mg of
fluoranthene. Fluoranthene in soil was then ex-

Total heterotrophic bacteria and fluoranthene-

tracted as described above. Recovery of fluoran-

degrading bacteria were determined by the viable

thene was 90%. A fluoranthene standard was used

count method using surface spreading techniques

to build a calibration curve before each analysis.

on nutrient agar and mineral salts medium with

All assays were performed individually nine times.

100 mg L-1 of added fluoranthene, respectively.
Soil suspensions were prepared by 10-fold serial
dilutions with 1 g of soil, and 0.1 mL of dilution

2.6. DNA extraction and Denaturing Gradient Gel
Electrophoresis (DGGE) analysis

was spread on plates in triplicate. The results were
expressed as the number of colony-forming units

Total DNA was extracted directly from CAS and

per gram of soil (CFU g soil).

OAS by a series of washes with 0.15 M sodium

-1

pyrophosphate and 0.15 M phosphate buffer (0.15
2.5. Fluoranthene analysis

M NaH2PO4, pH 8.0). The sediment was then resuspended in lysis solution I (0.15 M NaCl, 0.1 M

The remaining fluoranthene in the soil microcosms

EDTA, pH 8.0, 10 mg mL-1 lysozyme) and lysis

was extracted by sonication and quantified by

solution II (0.1 M NaCl, 0.5 M Tris-HCl, pH 8.0,

high-performance liquid chromatography (HPLC)

12% sodium dodecyl sulfate). The sample was

as described in Fernández-Luqueño et al. (2008).

treated with two cycles of freezing at -70 ºC for 20

Briefly, a 1.5-g sub-sample of soil was mixed with

min and thawing at 65 ºC for 20 min. Afterwards,

3 g of anhydrous sodium sulfate and placed in a

the supernatant was recovered and 2.7 mL of 5 M

tube; immediately afterwards, 15 mL of acetone

NaCl and 2.1 mL of Triton X-100 in 0.7 M NaCl

was added and the tube was mechanically shaken

were added. The tube was shaken and incubated at

on a vortex for 15 s. The tube was then placed in

65 ºC for 10 min. Then, chloroform-isoamyl alco-

a sonicated bath at 35-40 ºC for 40 min. The ex-

hol was added and the tube was mixed and centri-

tract was separated from soil by centrifugation at

fuged. The solution was transferred to a clean tube,

3500 rpm for 15 min at 20 ºC. This process was

polyethylene glycol was added, and the mixture

repeated three times to obtain the maximum flu-

was incubated at 4 ºC overnight and centrifuged.

oranthene recovery. The extracts were combined,

The DNA pellet was resuspended in sterile deion-

evaporated and dissolved in 1 mL of methanol. A

ized water, washed with 70% ethanol and dried at

2.0 μL aliquot was analyzed for fluoranthene in a

65 ºC. The sediment was resuspended with 300 mL

HPLC system with an ultraviolet detector (UV) us-

of sterile deionized water. The bacterial commu-

ing a Discovery C18 column (25 cm x 4.6 mm, ID

nity dynamics of the microcosms were evaluated

5 μm). The mobile phase used was methanol-water

by PCR-DGGE analysis of the V6-V8 regions of

(85:15, v/v), and the flow rate was 1 mL min-1. The

16S rRNA gene using previously described oligo-

percentage recovery of fluoranthene was tested by

nucleotides and conditions (Ortega-González et

adding 1.0 g of dry soil of each sample (CAS and

al., 2013).
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The central portion of strong DGGE bands were
cut and cloned with a pCR 2.1-TOPO® cloning kit

2.8. Molecular identification of the bacterial
consortium isolates

(Invitrogen, Carlsbad, CA, USA) according to the
manual’s instructions. Afterwards, they were se-

To isolate and identify the members of the fluoran-

quenced with the ABI PRISM 310 Genetic Analyz-

thene-degrading bacterial consortium IPN-LO-02,

er (Applied Biosystems, Foster City, Calif., USA).

serial decimal dilutions to 10-6 were prepared from

The sequences were tested for chimeras by using

the last enrichment culture, and the bacteria were

the Chimera-Check program of the Ribosomal Da-

isolated by spreading 0.1 mL of the dilutions onto

tabase Project (RDP) at the website http://rdp.cme.

nutrient agar plates (BD, Mexico, DF, Mexico),

msu.edu/html/. The obtained partial 16S rRNA se-

with a single addition of 100 mg L-1 of fluoran-

quences were then submitted to a BLAST search to

thene. The culture media were incubated at 28 °C

obtain the best matching sequences.

until the onset of microbial growth, which occurred
one to two weeks later. The isolates were grouped

2.7. Obtention of a
bacterial consortium

fluoranthene-degrading

according to their colonial and microscopic morphologies and were identified by their partial 16S
rRNA gene sequences (500 bp) in accordance with

A composite sample of 1 g was inoculated in

the conditions described previously in Ortega-

a flask containing 100 mL of minimal medium

González et al. (2013). Their gene sequences were

with the following composition per liter: KH2PO4

deposited in GenBank with accession numbers

(0.68 g), Na2HPO4 (1.79 g), FeSO4·7H2O (0.4

from KJ410678 to KJ410681.

mg), MgSO4·7H2O (0.35 g), NH4NO3 (1 g), CaCl2
(0.8 g), and 0.1 mL of a solution of 100 mg L-1 of

3. Results

MnSO4, ZnSO4, CuSO4, H3BO4, and CoCl2, using
100 mg L-1 of fluoranthene (Sigma-Aldrich) as the

3.1. Physicochemical assessment of OAS and CAS

sole carbon source. The flask was incubated at 30
°C and 120 rpm until the culture reached an opti-

The physicochemical properties of the analyzed

cal density at 600 nm ranging from 0.25 to 0.30.

soils showed some differences. OAS had higher

Subsequently, 10 mL of the culture was transferred

values of N (13.1 g N kg−1, 82.8 mg N-NO3+ kg−1

to 100 mL of fresh mineral medium, supplement-

and 0.39 mg N-NO2+ kg−1), organic C (13.9 g C

ed with 100 mg L-1 of fluoranthene and incubated

kg−1) and sand (300 g kg soil-1) than CAS, indicat-

under the conditions described above. This pro-

ing a more fertile soil, although the texture of both

cedure was repeated five additional times to ob-

soils was silt loam. CAS had higher values of pH

tain a fluoranthene-degrading consortium named

(8.1), electrical conductivity (0.6 dS m−1), silt (737

IPN-LO-02. To ensure the fluoranthene-degrading

g kg soil-1) and clay (207 g kg soil-1) than OAS

capacity of the consortium, preliminary assays in

(Table 1). Other characteristics, such as the cation

minimal medium supplemented with 100, 200, 300

exchange capacity, WHC and P-PO43-, showed no

or 400 mg L of fluoranthene were performed. The

significant differences between the soils (P>0.05)

percentage of residual fluoranthene and maximum

(Table 1).

-1

growth velocity at 14 days were evaluated.
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Table 1. Characteristics of organic agricultural soil (OAS) and conventional agricultural soil (CAS).



⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Soil

pH

CEC 1

EC 2

1
(cmol(+) kg1) (dS m )

WHC 3

Organic C Total N

Silt

Clay

Sand

⎯⎯⎯⎯⎯⎯⎯⎯ (g kg soil -1) ⎯⎯⎯⎯⎯⎯⎯⎯⎯

P-PO43-

N-NO3-

N-NO2- N-NH4+ Textural soil

⎯⎯⎯⎯ (mg kg soil -1) ⎯⎯⎯⎯⎯ Classification

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
OAS

7.9 b

12.0 a

0.4 b

88.5 a

13.9 a

13.1 a

633 b

63 a

300 a

18.7 a

82.8 a

0.39 a

0

Silt loam

CAS

8.1 a

16.7 a

0.6 a

130.3 a

8.2 b

6.8 b

737 a

207 b

53 b

15.5 a

45.73 b

0.12 b

0

Silt loam

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

1
CEC: cation exchange capacity, 2EC: electrical conductivity, 3WHC: water holding capacity. A one-way ANOVA was
performed using Tukey’s test. Means (n = 9) with the same letter do not differ significantly (p>0.05).

3.2. Effect of fluoranthene on the bacterial
communities of OAS and CAS

At the final stage of the degradation kinetics, no
significant changes in the heterotrophic bacteria
counts were observed in either microcosm. A simi-

To determine whether fluoranthene had an effect

lar result was found for the OAS- and CAS-micro-

on the bacterial communities of OAS and CAS, an

cosms with added fluoranthene, and no significant

analysis of the PCR-DGGE profiles was performed

difference were observed compared with their re-

in both soils. Fluoranthene did not alter the dynam-

spective counterparts without fluoranthene (Figure

ics of the native microbiota of the microcosmsbe-

2a). Regarding potential cultivable fluoranthene-

cause a similar banding pattern was observed dur-

degrading bacteria, a similar effect was observed

ing the test days in the OAS-microcosm (Figure

in all microcosms studied, with an average count

1a) and CAS-microcosm (Figure 1b). Furthermore,

of 2.8 ± 0.5 x 105 cell g-1 soil (Figure 2b)

a similar banding pattern was observed in the OAS
and CAS, suggesting that the use of fertilizers and

Because fluoranthene had no effect on the bacterial community dynamic in the microcosms, the

pesticides on the CAS had no effect on the native

metabolic activity of soil microorganisms was

microbiota. Because PCR-DGGE analysis only

measured by their respiratory activity (CO2 pro-

detects the presence of genomic DNA and cannot

duction). The OAS- and CAS-microcosms with

assess the viability of bacteria, one viable bacteria

added fluoranthene showed a significant increment

count was performed to confirm that fluoranthene

in CO2 production compared to the microcosms

did not modify the native microbiota. The total

without fluoranthene (P<0.05, Figure 3a).

heterotrophic bacteria counts at the initial stage

The sOAS- and sCAS-microcosms (adsorption

of the degradation kinetics in the OAS- and CAS-

controls) did not exhibit respiratory activity (Fig-

microcosms without fluoranthene were 5.0 ± 0.5

ure 3a). The increased microbial respiration sug-

x 10 and 5.6 ± 0.5 X 107 cell g-1soil, respectively.
7

gests improved metabolic activity without cellular
division for fluoranthene removal.
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Figure 1. Effect of fluoranthene on the native microbiota of an agricultural soil. PCR-DGGE banding profiles
of the 16S rRNA gene from agricultural soil microcosms with added fluoranthene were obtained. (a) Microcosm
composed of OAS (organic agricultural soil); (b) microcosm composed of CAS (conventional agricultural soil).
The numbers 0, 3, 7, 14, and 28 indicate the sampling days during the degradation kinetics.

Figure 2. Enumeration of soil bacteria in the microcosms. Bacterial counts of (a) heterotrophic bacteria and (b)
fluoranthene-degrading bacteria were performed at the initial and the final stages of the degradation kinetics
(CFU g-1 soil). OAS (organic agricultural soil), OAS+F (organic agricultural soil with 300 mg L-1 of added fluoranthene), CAS (conventional agricultural soil), and CAS+F (conventional agricultural soil with 300 mg L-1 of
added fluoranthene). The values shown are the average ± the percentage of the standard error of three independent
experiments. The “t-student” test was performed comparing the initial and final CFU of each microcosm.
Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 876-889
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Figure 3. Removal of fluoranthene in microcosms made with agricultural soils. (a) Cumulative production of CO2 in OAS
(organic agricultural soil), OAS+F (organic agricultural soil with 300 mg L-1 of added fluoranthene), sOAS+F (sterile organic
agricultural soil with 300 mg L-1 of added fluoranthene, as the inactivated biotic control), CAS (conventional agricultural soil),
CAS+F (conventional agricultural soil with 300 mg L-1 of added fluoranthene), and sCAS+F (sterile conventional agricultural
soil with 300 mg L-1 of added fluoranthene, as the inactivated biotic control); (b) removal of fluoranthene in the OAS- and
CAS-microcosms; (c) bioaugmentation (BA) and bioattenuation (BT) effects on the CAS-microcosm with 300 mg L-1 of added
fluoranthene. sBA (sterile CAS and the consortium. Bars represent the standard error, and each point on the graph is the mean
of nine independent assays. * Significant difference (P<0.05) between OAS+F and OAS or sOAS+F and between CAS+F and
CAS or sCAS+F. One-way ANOVA was performed using Tukey’s test.
Journal of Soil Science and Plant Nutrition, 2016, 16 (4), 876-889
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3.3. Removal of fluoranthene in OAS- and CASmicrocosms

Bacillus sp. Flu1, Bacillus pumilus Flu2, Bacillus
pumilus Flu3, and Pseudomonas nitroreducens Flu4
were identified.

To determine whether there was a relationship
between microbial respiration and fluoranthene

3.5. Removal of fluoranthene in the CAS-microcosm

removal in the microcosms tested, the residual flu-

by bioaugmentation

oranthene in soil was quantified during dynamic
removal. The OAS- and CAS-microcosms exhib-

To

ited similar behaviors during fluoranthene removal

could be improved by bioaugmentation, the bac-

(p>0.05). Fluoranthene removal began on day 3,

terial consortium LO-IPN-02 was incorporated

and on day 28, the highest removal percentage

in the CAS-microcosm. The bioaugmented CAS-

of 43% was obtained (Figure 3b). The effect of

microcosm (BA) reached a higher percentage of

fluoranthene adsorption in both soils (using the

fluoranthene removal than the non-bioaugmented

sOAS- and sCAS-microcosms with added fluor-

CAS-microcosm (bioattenuated or BT) on days 14

anthene as adsorption controls) showed an insig-

(59.4%) and 28 (64.4%) of the incubation period

nificant removal of fluoranthene until day 14; after

(p<0.05; Figure 3c). To assess the involvement of

that point, the sCAS-microcosm reached a similar

the consortium in fluoranthene removal, a micro-

determine

whether

fluoranthene

removal

removal as that of the CAS-microcosm (p> 0.05).

cosm composed of sterile CAS and the consor-

During days 7 and 14, there was a significant dif-

tium (sBA-microcosm) was included. The results

ference between the OAS- and CAS-microcosms

of the sBA-microcosm and BA-microcosm were

compared to their corresponding adsorption con-

similar (Figure 3c), indicating that the members of

trols (p <0.05; Figure 3b).

the consortium LO-IPN-02 participated in the removal of fluoranthene. To demonstrate the adapta-

3.4. Characterization of the fluoranthene-degrading
bacterial consortium

tion of the bacterial consortium LO-IPN-02 in the
CAS-microcosm, a PCR-DGGE was performed.
The BA-microcosm and BT-microcosm did not

The bacterial consortium used in the bioaugmen-

exhibit significant changes in the DGGE banding

tation assay was characterized. The maximum

profile during the incubation period of 28 days

growth velocities for the consortium were 0.14,

(Figure 4). Afterwards, four representative bands

0.29, 0.35, and 0.27 d for concentrations of 100,

(a-d) of the DGGE (Figure 4) were excised from

200, 300 and 400 mg L-1 of fluoranthene, respec-

the gel, sequenced, and submitted to a BLAST

tively, while their corresponding initial consump-

search to obtain the closest related sequences in

tion velocities were 1.1, 3.5, 4.01 and 3.3 mg L-1

the GenBank database.The sequences were iden-

d . Because the bacterial consortium LO-IPN-02

tical to deposited sequences: band a was related

performed best at 300 mg L-1 of fluoranthene, this

to Bacillus sp. (AB425351), band b to Pseudo-

concentration was used in the microcosm assays.

monas sp. (PSU37339), band c to Bacillus safen-

Molecular identification of the cultivable mem-

sis (KM888116), and band d to Pseudomonas sp.

bers of the bacterial consortium was performed by

(PSU37339) (Figure 4).

-1

-1

analysis of their 16S rRNA gene sequences, and
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Figure 4. Evaluation of the microbiota under bioaugmentation and bioattenuation techniques in OAS-microcosms. PCR-DGGE
banding profiles of the 16S rRNA gene from OAS microcosms with added fluoranthene were obtained. The numbers 0, 3, 7, 14, and
28 indicate the sampling days during the degradation kinetics. Letters from a to d are the excised and sequenced bands from the gel.

4. Discussion

than OAS, which could have an effect on the adsorption of PAHs (Zielińska and Oleszczuk, 2016; Wu et

Few studies have been performed on fluoranthene

al., 2011). It is important to determine the physico-

degradation at the microcosm level (Song et al. 2016;

chemical parameters of soil to enhance the removal

Zeng et al., 2010). In these works, the involvement of

of a contaminant. Thus, Azubuike et al., (2016) sug-

the indigenous bacterial community in fluoranthene

gested that the physicochemical parameters of a soil

removal, soil physicochemical properties and land

should be known beforehand to choose the best bio-

agricultural practices were not explored simultane-

remediation strategy. The results of the present study

ously. The stability of indigenous bacterial communi-

suggest that the high content of organic C in OAS and

ties of soil is important for the successful removal of

the higher content of clay in CAS negatively affected

contaminants. Furthermore, land agricultural practices

the biodegradation of fluoranthene.

(the use/management of fertilizers and pesticides) and

The involvement of the indigenous bacterial commu-

the physicochemical properties of a soil can influence

nity in fluoranthene degradation was analyzed. At the

the permanence or removal of contaminants. Under

molecular level, PCR-DGGE analysis showed a simi-

these considerations, fluoranthene removal (used as a

lar banding profile in all microcosms; at the microbio-

compound model of PAHs) by the indigenous bacterial

logical culture level, no significant changes in the het-

community of an OAS and CAS was explored in the

erotrophic bacteria count and cultivable fluoranthene-

present study, taking into account the physicochemical

degrading bacteria were observed in microcosms with

properties of the soils. Regarding the latter, OAS had

and without fluoranthene. However, a high metabolic

higher values of N and organic C than CAS, indicat-

activity (determined indirectly by the production of

ing a more fertile soil. A high amount of organic C can

CO2) was observed in the presence of fluoranthene.

reduce the use of HMW-PAHs as a source of carbon

The heterotrophic bacteria count reported in this study

for the native soil microorganisms. CAS had more clay

was in agreement with those of other studies (Johnsen
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and Karlson, 2005; Simarro et al., 2013) Similar to

fluoranthene removal. Previous studies reported that

the report by Simarro et al. (2013) the heterotrophic

the addition of microorganisms had negligible effects

bacteria counts were two orders of magnitude higher

on the removal of PAHs at the field or microcosm level

than contaminant-degrading bacteria. It has been re-

(Simon et al., 2004; Viñas et al., 2005). In our study,

ported that the soil microbial population changes with

bioaugmentation was achieved, although the added

the addition of a contaminant (Yan et al., 2016) and

fluoranthene-degrading consortium apparently did

that a specific microorganism selection takes place

not modify the population structure of the indigenous

(Barbato et al., 2016). Furthermore, the ring structure

bacterial community of CAS since the DGGE band-

of PAHs influences this microbial selection (Muck-

ing profile was similar between the BA-microcosm

ian et al., 2007). Our results suggest that the bacterial

and BT-microcosm. This result suggests that the na-

communities of both soils were tolerant and capable

tive microbiota was stable and possibly prevented the

of surviving the toxicity level produced by fluoran-

establishment of foreign microorganisms in the envi-

thene because no alteration of the soil microorgan-

ronment. However, this result is controversial because

isms was observed. The toxicity of fluoranthene could

other works demonstrated that the addition of a micro-

also be mitigated by the physicochemical properties

bial consortium in polluted soils changed the micro-

of the soils, where fluoranthene adsorption by silt,

bial diversity, without radical removal of pollutants by

clay or sand was able to reduce its negative effect on

indigenous microorganisms (Wang et al., 2014; Viñas

microorganisms (Ghosal et al., 2016), or by native

et al., 2005), or that the addition of a microbial consor-

soil microorganisms with the ability to remove it.

tium had a positive effect on PAHs-removal (Sharma et

Data on the fluoranthene degradation kinetics suggest

al., 2016). Another possibility is that the members of

the involvement of indigenous bacterial communities

the bacterial consortium LO-IPN-02 were already pres-

in OAS and CAS; however, the abiotic controls (sCAS

ent in the CAS environment. The nucleotide sequences

and sOAS) showed decreased fluoranthene by the end

of the four representative PCR-DGGE bands corre-

of the incubation time. The phenomenon of fluoran-

sponded to Bacillus sp. (AB425351), Pseudomonas

thene adsorption in the sCAS-microcosm could have

sp. (PSU37339), Bacillus safensis (KM888116), and

occurred due to the high silt and clay contents. This

Pseudomonas sp. (PSU37339). Bacteria detected by

result shows that the indigenous soil microbiota is ini-

PCR-DGGE were similar to the bacterial genera pres-

tially involved in fluoranthene removal and that the

ent in the consortium used for bioaugmentation (Bacil-

effect of soil adsorption occurs afterwards. Our results

lus sp. Flu1, Bacillus pumilus Flu2, Bacillus pumilus

are supported by Yang et al. (2010), who indicated

Flu3, and Pseudomonas nitroreducens Flu4), which

that sequestration is the major mechanism for the ac-

may explain the similar DGGE banding profile in both

cumulation of PAHs in soils. Additionally, the soils

microcosms. These results suggest that it is important

used in this study had high concentrations of C and N;

to know the bacterial population structure associated

therefore, soil microorganisms did not need fluoran-

with the soil to ensure the success of a bioaugmenta-

thene as a source of C, which could have occurred in

tion assay because the added microorganisms must be

the OAS-microcosm.

compatible or related to the indigenous microbiota.

Regarding bioaugmentation, the results of the pres-

Crop management and addition of fertilizers (Chan-

ent study suggest that CAS easily incorporated exog-

nabasava et al., 2015; Chrysargyris and Tzortzakis,

enous microorganisms and consequently enhanced
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the indigenous bacterial community. However, in the

from the Consejo Nacional de Ciencia y Tecnología

present study, there were no significant differences

(CONACyT). MSVM, JCCD, and JJR would like

between OAS and CAS, suggesting that the fertil-

to thank the COFAA and EDI, Instituto Politécnico

izers and pesticides added to CAS did not affect the

Nacional fellowships, and the support of the Sistema

indigenous bacterial community nor the degradation

Nacional de Investigadores, CONACyT.

of fluoranthene. Soil characteristics can also contribute to the removal of PAHs. The distribution of PAHs
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