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Abstract

Diesel, for its carcinogenic and teratogenic properties, is considered as an environmental hazard. The present study concen-
trates on diesel utilization by Stenotrophomonas pavanii DB1 under various physicochemical parameters and mass spectral
analysis of the metabolites produced. Soil remediation potential of the culture for reducing diesel toxicity against Vigna
radiata seed germination was also evaluated. Supplementation of the broth with ammonium sulfate, molasses and tween
80 enhanced diesel utilization (up to 66.3%). A steady decrease in diesel utilization (69.46-51.23%) was recorded with the
increase in salinity from 1 to 5000 mM. Similarly, the utilization efficiency was low (up to 11.5%) when cadmium, lead
and mercury salts were present but was not affected by zinc and copper salts. Liquid chromatography—mass spectrometry
revealed extensive utilization (95-99%) of both the short- (C,,—C,,) and long-chain (C,4—C;,) n-alkanes. Significantly, the
culture exhibited uniform utilization of various recalcitrant n-alkanes, to generate metabolites like aldehyde, ketone, fatty
acids, carboxylic and dicarboxylic acids. Stenotrophomonas pavanii DB1 mediated 95% and 86% of diesel utilization in soil
with and without nutrient amendment, respectively. Germination percentage of V. radiata seeds improved with the bacterial
inoculation of the diesel-containing soil. Stenotrophomonas pavanii DB1 culture did not establish antagonistic effect over
the resident soil bacteria. Based on the spectral analysis and soil remediation studies, it could be inferred that S. pavanii DB1
is a potential culture for bioremediation of sites polluted with diesel.
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Introduction

Diesel oil demand accounted for majority of the total oil
demand during the last decade, thereby remaining as the
primary fuel consumed globally. Diesel typically contains
numerous alkanes and arene compounds that are moderately
soluble and volatile. Therefore, the rising demand for diesel
is a concern due to its deleterious effect on the environment
(Palanisamy et al. 2014). Its nature of preferential binding to
detritus and extreme non-polarity increases the level of pol-
lution (Barathi and Vasudevan 2001). High concentrations
of remnant diesel at the affected sites (in case of pipeline and
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reservoir leakages or accidental spillage) may demonstrate
phytotoxic activity besides being immunotoxic, neurotoxic
and carcinogenic to animals and human (Fathepure 2014).
Diesel contamination has been addressed by several
physicochemical methods like evaporation, oxidation, syn-
thetic and natural sorbent materials, barriers and skimmers,
dispersing agents, gelling agents and Fenton’s reagent. But
these methods are often expensive and result in sludge dis-
posal problem (Sutton et al. 2014). Contrarily, bioremedia-
tion of diesel produces non-toxic products such as water,
carbon dioxide, ammonia and has been accepted as an alter-
nate cost-efficient method for reducing the remnant diesel
concentration at the affected site (Leahy and Colwell 1990).
Microorganisms are often exploited as an effectual alter-
native to treat polluted sites. While there is a ubiquitous
presence of diesel-degrading microorganisms, they nor-
mally form a small portion (< 1%) of the gross microbial
inhabitants. Increasing number of hydrocarbon-degrading
microorganisms (~ 10% of community) was reported when
petroleum pollutants were available (Kostka et al. 2011).
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Among the microorganisms, prokaryotes (bacteria, cyano-
bacteria) and eukaryotes (filamentous fungi, yeasts, diatoms
and algae) have been verified to have the capacity to utilize
diesel (Das and Chandran 2011). Bacteria are predominant
in petroleum-desecrated sites and contribute as principal
degraders of the spilled oil (Rahman et al. 2003). Notably,
Aeromicrobium, Acinetobacter, Burkholderia, Brevibac-
terium, Dietzia, Enterobacter, Gordonia, Mycobacterium,
Pseudomonas, Sphingomonas, etc., are associated with die-
sel degradation (Daugulis and McCracken 2003).
Degradation of diesel by bacteria under natural condi-
tions is reported to be low and is often restricted by the
contaminant, nutrient availability, physical conditions (pH,
salinity, temperature, etc.) or microbial competition in situ
(Atlas and Cerniglia 1995). Although many diesel-utilizing
bacteria have been documented, available scientific literature
on physicochemical factors influencing diesel utilization by
bacteria is scanty. Keeping these points in the forefront, the
present study explores diesel utilization by bacteria native to
diesel-contaminated soil, analyze the factors influencing die-
sel utilization and check the potency of the isolate to remedi-
ate diesel contamination in soil under laboratory conditions.

Materials and methods
Chemicals and reagents

Analytical grade chemicals and dehydrated media from
HiMedia (Mumbai, India) were used. Diesel (density,
0.86 kg/l; cetane number, 45; sulfur, 1.5 ppm; moisture,
0.02%) was acquired from Shell petrol pump (Bangalore),
and stored in dark throughout the study.

Isolation of bacteria

Soil polluted with diesel oil was sampled (1 kg) from a
garage situated at Cottonpete (12.9667°N, 77.5667°E),
Bangalore, India. In the laboratory, the soil was stored
under aseptic condition until used. Bushnell Haas agar or
BHA (composition g/l: MgSO,, 0.2; CaCl,, 0.02; KH,PO,,
1.0; K,HPO,, 1.0; NH,NO;, 1.0, FeCl;, 0.05; agar, 20; pH
7.0+£0.2), spiked with diesel (1% v/v), was considered for
bacterial isolation. The soil sample (1 g) was diluted (dilu-
tions 107! to 1073) and plated on BHA. Plates were incu-
bated (28 +2 °C, 24 h) and checked for bacterial colonies to
appear. Morphologically distinct cultures were inoculated
on BHA slants and preserved at 4 °C.

Selection of potent bacterial culture

Diesel (1% v/v) was spiked in the autoclaved modified min-
eral salt broth of Bhattacharya et al. (2014) taken in separate
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flasks, and respective bacterial culture (1 ml, 1 X 107 CFU/
ml) was inoculated in the designated flasks. Uninoculated
broth was considered ‘control.” The inoculated flasks and
‘control’ were incubated (28 +2 °C, 120 rpm, 5 days). Fol-
lowing incubation, a potent isolate was chosen based on the
extent of diesel utilization.

Assessment of diesel utilization by respective culture
involved solvent extraction and gravimetric method (Agarry
and Latinwo 2015). n-hexane (10 ml) was added to cell-
free supernatant (cell cultures centrifuged at 5000 rpm for
15 min) and agitated for 3 min. The n-hexane layer was
extracted and collected in sterile pre-weighed, oven-dried
Eppendorf tubes. The extractant was allowed to volatilize
overnight at 50 °C. The tubes were subsequently cooled and
weighed on a calibrated balance (Shimadzu ELB-300) in
an environmentally controlled balanced room to assess the
quantity of residual diesel. Percentage of diesel utilization
was calculated as:

]
———| x 100
Wi
where W, represents the initial weight of diesel and W, the
residual weight of diesel.

Molecular identification

The genomic DNA of the selected isolate was extracted
using the Bacterial Genomic DNA Isolation Kit (Chromous
Biotech Pvt. Ltd., India). PCR amplification of 16S rDNA
was performed with the use of universal forward and reverse
16S rDNA primers (5'-AGAGTTTGATCCTGGCTCAG-3'
and 5'-GGTTACCTTGTTACGACTT-3', respectively).
Genetic Analyzer (ABI 3500 XL Applied Biosystems,
USA) and Seq Scape software (version 5.2) were used for
sequencing the PCR amplicon (Bhattacharya et al. 2016).
Using BLASTNn, the nucleotide sequence was aligned with
the other sequences available in the NCBI database (Alts-
chul et al. 1990). The nucleotide sequence was submitted to
GenBank (NCBI, USA) and provided an accession number.

Optimization of factors influencing diesel utilization

For estimating the diesel concentration that supports maxi-
mum utilization, the isolate was cultured with different die-
sel concentrations (0.1-5.0% v/v). Diesel utilization was
studied by evaluating the effect of co-substrates (1.0% w/v:
glucose, glycerol, molasses or whey); nitrogen sources (1.0%
w/v: corn steep liquor, beef extract, yeast extract, tryptone,
peptone, ammonium sulfate, sodium nitrate or ammonium
chloride); surfactants (sodium deoxycholate, sodium lauryl
sulfate [0.05% w/v], triton X-100, tween 20 or tween 80
[0.1% v/v]); salinity (NaCl: 1, 10, 100, 500, 1000, 2000,
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5000 or 7000 mM); and heavy metal salts (5 mM: PbCl,,
CuSO,, ZnCl,, CdCl, or HgCl,).

Liquid chromatography-mass spectrometry
analysis

The optimized broth (100 ml) containing diesel (3%
w/v) was seeded with the selected isolate and incubated
(28 +2 °C, 120 rpm) for 5 days. Uninoculated broth was
considered as the abiotic control. Following incubation, the
cell-free supernatant was prepared (centrifuging the broth
for 15 min at 5000 rpm). The residual diesel from the cell-
free supernatant was extracted with n-hexane (in equal vol-
ume). The extract was purified in a Florisil sorbent column
(149-250 pm particle size, Sigma-Aldrich, Germany) and
concentrated (Pacwa-Plociniczak et al. 2014).

The congeners in diesel were separated and identified
using a single-quadrupole mass spectrometer (Shimadzu
LCMS-2010) with an electrospray ionization interface.
The ZORBAX C-18 column (50X 4.6 mm, 1.8 pm), main-
tained at 50 °C, was injected with the purified sample (2 pl).
Mobile phase (n-hexane with 0.01% formic acid) was used
with 0.1 ml/min rate of flow. UV detector was used at
254 nm. Mass spectra were obtained by chemical ionization
at atmospheric pressure and positive electron spray ioniza-
tion (which gave protonated M*! values in 50-900 /7 range)
using 135.0 V fragmentor voltage. Shimadzu LC-MS solu-
tion software was used for acquiring and processing the data.

The degradation efficiency was calculated by the equation
given by Ghazali et al. (2004):

. . A; X 100
Degradation efficiency (% ) = 100 — { ————

Ay

where A is total area under peak for individual hydrocarbon,
A, total area under peak in abiotic control.

Phytotoxicity study and soil remediation

The diesel toxicity on germination of Vigna radiata seeds
was assessed following the protocol of Vinothini et al.
(2015). V. radiata seeds were selected for testing diesel tox-
icity because it is an important test species for the evaluation
of phytotoxicity of environmental pollutants (Kannan and
Upreti 2008). V. radiata is naturalized in open wastelands,
roadsides, thicket margins, etc., where it may come in con-
tact with harmful hydrocarbons. It is an erect or semi-erect
legume with a well-developed taproot (a trait useful in study-
ing effect of xenobiotics on root and shoot length).

The experimental conditions maintained are as fol-
lows: (1) control (garden soil + seeds); (2) effect of diesel
(diesel-contaminated soil + seeds); (3) effect of bacterial
inoculation (diesel-contaminated soil + selected bacterial

suspension + seeds); (4) degradation ability in the presence
of soil augmentation (diesel-contaminated soil + selected
bacterial suspension + modified mineral salt broth + seeds).

Under each set of experimental conditions, garden soil
and diesel-contaminated soil (50 g each) were taken in
paper cups (5 cm rim diameter). Prior to sowing, all healthy
seeds of V. radiata were decontaminated using HgCl, (0.1%
w/v) and washed repeatedly with distilled water for remov-
ing traces of HgCl,. Subsequently, the seeds (4 seeds per
cup) were sown in the cups. Paper cups designated to be
seeded with the bacterial culture, received 1 ml of bacterial
culture (1x 107 CFU/ml). All the cups were maintained at
28 +2 °C for 10 days. Sterilized distilled water (1.5 ml) was
added regularly to restore the moisture in soil. The germi-
nation percentage under each experimental condition was
calculated as: [(number of seeds germinated/total number of
seeds)] X 100. Root and shoot length were recorded (in cm)
from each set up after 10 days.

Study for antagonism

Diesel-contaminated soil sample (used in the study for the
isolation of diesel-utilizing bacteria) was serially diluted
till 10~ dilutions, plated on nutrient agar and incubated
(28 +2 °C, 24 h). Morphologically dissimilar colonies were
chosen and expressed as CFU/ml.

Cross-streak method was adopted to assess antagonism
by the selected isolate which was streaked as a single line
(central streak) on nutrient agar. The other soil isolates were
perpendicularly streaked in duplicates on either side of the
central streak. The plate was incubated (28 +2 °C, 24 h)
and checked for inhibitory zone (Velho-Pereira and Kamat
2011).

Statistical analysis

Each experiment was conducted in triplicate (n=3). The
data were presented graphically [mean + standard deviation
of the mean (SD)]. Microsoft Excel 2010 was used for data
analysis.

Results and discussion

Isolation, screening of potent diesel-degrading
bacteria

BHA spiked with diesel (1% v/v) supported the isolation of
four diesel-utilizing bacteria that were designated as DB,
DB2, DB3 and DB4, respectively. Following incubation in
mineral salt broth spiked with diesel, isolate DB1 demon-
strated maximum utilization of diesel (27.5%) and was cho-
sen for the study.
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Molecular identification

The PCR amplicon (~ 1.5 kbp) was obtained. Using the
BLASTn, the resulting nucleotide sequence (843 bp) when
compared with 16S rDNA sequences in NCBI database
matched with a cluster containing Stenotrophomonas sp. A
similarity in sequence (99%) with Stenotrophomonas pava-
nii strain LMG 25348 was recorded. Hence, it was desig-
nated as Stenotrophomonas pavanii DB1. This ribosomal
sequence was provided an accession number (KX249701)
by GenBank (NCBI, USA).

Effect of diesel concentration

Concentration of the petroleum oil is related to its exposed
surface area which in turn affects the rate of degradation.
With greater area of the petroleum oil being exposed, faster
degradation is facilitated. At higher concentration, the oil
acts as a blanket, thereby creating oxygen limitations and
disturbing the replenishment of nutrients (carbon/nitrogen/
phosphorus) for the degrading organisms. In addition, at
high oil concentrations the easily degradable hydrocarbons
are attacked faster, leaving the recalcitrant hydrocarbons
(with limited surface area and moisture retention capacity).
It is usually considered that petroleum hydrocarbon concen-
tration > 5% limits the microbial activity (Del’Arco and de
Franca 2001).

When S. pavanii DB1 was exposed to different diesel
concentrations, the extent of degradation was observed to
be inversely proportional to the rise in diesel concentra-
tion. Beyond 3% v/v concentration of diesel, utilization was
greatly reduced, and hence, this concentration was consid-
ered throughout the study. Decrease in diesel utilization
at higher concentrations could possibly be a consequence
of the hydrocarbon toxicity on bacterial cell membrane.
Increased petroleum oil levels also facilitate anaerobic con-
dition that inhibits the aerobic degradation process. Earlier
researchers reported that diesel beyond 3% v/v proves to be
increasingly deleterious to crop growth and soil microbiota
(Agarry and Latinwo 2015).

Micrococcus sp., Methylobacterium sp., Pseudomonas
sp., Noccardia sp., Rhodococcus sp. when inoculated in
Bushnell Haas broth could degrade up to 1% v/v of petro-
leum hydrocarbons (2T oil, diesel, petrol and kerosene)
where Pseudomonas sp. demonstrated highest biodegrada-
tion (70%) of hydrocarbons (Nilesh and Hardik 2013). The
1% hydrocarbons in the medium could possibly be higher
than the endurance limit of above-mentioned bacteria
(except Pseudomonas sp.), thus decelerating their growth
and biodegradation. Likewise, the same concentration could
probably not be formidable enough to negatively alter the
growth of the Pseudomonas culture, and hence, it could
degrade petroleum hydrocarbons efficiently. This accounts
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for the varying ability of the isolates to survive in a single
concentration of crude oil.

Effect of co-substrates

Co-metabolism is the utilization of non-growth substrate(s)
by any microorganism when another metabolizable com-
pound is available. Such non-growth substrates (often
referred to as co-substrates) include metabolizable com-
pounds that result in utilization of a non-growth substrate
by any microorganism (Ziagova et al. 2009). Co-substrates
being growth substrates serve several purposes. First, it acts
as energy source for microbial growth and maintenance.
Second, it offers reducing equivalents (power), allowing uti-
lization of non-growth substrates (Movahedin et al. 2005).
The remediation process for spilled petroleum hydrocarbons
is speeded by increasing aeration, by the addition of co-
substrates and/or nutrients to prompt microbial metabolism
or bacterial inoculations for seeding (McCarthy et al. 2004).

In comparison with other carbon sources, molasses sup-
ported maximum diesel utilization (35.33%) by S. pavanii
DBI1 (Fig. 1a). Since molasses constitutes essential minerals
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(calcium, chromium, cobalt, copper, magnesium, iron, man-
ganese, phosphorous, potassium, sodium, etc.) and is a relia-
ble energy and carbohydrate source, it allows rapid bacterial
proliferation that facilitates greater hydrocarbon utilization
(Lin et al. 2016). In accordance with the present observa-
tion, Antoniou et al. (2015) showed that diesel degradation
was enhanced by incorporating molasses as a carbon source.
Studies also illustrated that molasses in brewery waste efflu-
ents facilitated a greater percentage of degradation as com-
pared to other carbon sources (Agarry and Latinwo 2015).
Gestel et al. (2003) while studying bioremediation of diesel-
contaminated soil, spiked soil with diesel and mixed com-
posted biowaste (1:10 ratio) to improve diesel removal.

In the present inquest, molasses at 0.1% w/v concentra-
tion showed maximum diesel utilization (41.6%), whereas
at 8 and 10% w/v concentration, utilization reduced to 16%.
The reason for decreased utilization of diesel at high molas-
ses concentration possibly is related to the osmotic effect of
high sugar concentrations on bacterial species and also due
to Crabtree effect. Crabtree effect leads to accumulation of
ethanol (a natural antiseptic that inhibits cell growth) and
represses respiration by the fermentation pathway depend-
ent on the substrate (Crabtree 1928). During anaerobic fer-
mentation, inclusion of 3% bioagent such as diluted molas-
ses (at 60 ml/day) would enhance diesel degradation up to
250-400% beyond what was achieved in untreated soil (Lin
et al. 2016).

Effect of nitrogen supplements

Microbial utilization of xenobiotics is often challenged by
the availability of mineral nutrients such as nitrogen, phos-
phate and potassium, thereby affecting cellular metabolism
and growth. Nutrient supplementation (generally nitrogen
and phosphates) stimulates the microbial growth, metabo-
lism and thereby enhance bioremediation (Atagana et al.
2003). Ammonium sulfate favored maximum diesel utili-
zation (43.32%) by S. pavanii DB1, while the lowest level
of diesel utilization (27.55%) was reported for beef extract
and tryptone supplementation. In general, inorganic nitrogen
salts improved diesel utilization by S. pavanii DB1 (Fig. 1b).

While evaluation of growth conditions for diesel-degrad-
ing Pseudomonas sp. strain DRYJ3, ammonium sulfate
optimally supported the degradative activity and biomass
formation. Sources like L-cystine, L-glutamic acid, L-aspartic
acid facilitated poor degradative activity and biomass forma-
tion. The other reason to choose ammonium sulfate as the
principal nitrogen source was associated with its widespread
usage as a cost-effective nitrogen source for bioremediation
(Shukor et al. 2009).

Mineral salt broth supplemented with ammonium sul-
fate (2% w/v) showed maximum diesel utilization (49.08%)
by S. pavanii DB1. Decreased diesel utilization at high

ammonium sulfate concentrations may result from the
osmotic imbalance arising from the diffusion of ammonium
ions across bacterial cell membrane. Optimal ammonium
sulfate concentration that supported maximal Pseudomonas
DRYIJ3 growth was 2% (w/v) (Shukor et al. 2009).

Effect of surfactants

Surfactants contain both hydrophobic and hydrophilic
moiety, thus providing a ‘bridge’ between the hydropho-
bic hydrocarbons and the hydrophilic microbial cells. Such
surface-active agents increase the bioavailability of organic
contaminants by incorporation (solubilization) of the mol-
ecule into the core of micelles (hydrophobic) in solution
(Bamforth and Singleton 2005).

Results revealed that as compared to the control, all the
surfactants enhanced diesel utilization. Tween 80 facilitated
the highest utilization (66.3%). Since all surfactants were
introduced in broth at very little concentration, bacterial
growth was not affected. Being non-ionic in nature, tween
80 did not disrupt the charge distribution across the cell
membrane and hence the growth of S. pavanii DB1 was not
affected.

Literature suggests that non-ionic surfactants (mainly pol-
yoxyethylene sorbitan surfactants) are regularly selected for
enhancing diesel degradation, pertaining to their low cyto-
toxicity (Cheng et al. 2008). Incorporation of tween 80 (1%
v/v) to Pseudomonas culture increased the diesel degrada-
tion (up to 70% as compared to control) due to enhancement
in the availability of the hydrocarbons (Nilesh and Hardik
2013).

Effect of salinity

Judging the probable fettering effect of salinity is a mandate
for selecting suitable strains for the remediation of saline
environment contaminated with pollutants. The concentra-
tion of salts and hydrocarbon in medium are the major fac-
tors that may disturb degradative capacity of any organism
under study (Valentin et al. 2006). Determination of the
effect of salinity in the present study gains importance since
the literature citing such effect on diesel utilization is scanty.

Stenotrophomonas pavanii DB1 could tolerate a wider
NaCl concentration. The level of diesel utilization steadily
decreased with the change in salinity from 1 to 5000 mM
(69.46-51.23%). Beyond 5000 mM NaCl, only 22.36% utili-
zation was reported (Fig. 2a). Result such as this emphasizes
on appropriateness of the culture particularly for oil removal
on beaches, estuaries or intertidal areas where bacteria often
survive under varied salinity gradients.

Exposure to particular salt concentrations can be detri-
mental to microbial metabolism. Higher salinity disinte-
grates microbial cells because of plasmolysis or cytoplasmic
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recession induced by an osmotic difference across the cell
wall (Abou-Elela et al. 2010).

For a novel isolate of Aeribacillus pallidus from a geo-
thermal oil field under thermophilic conditions, the opti-
mum NaCl concentration for degradation was reported to
be 10 g/l, when NaCl concentration range for growth was
0-80 g/l. A steady deterioration in growth and degradation
was recorded at higher concentration of NaCl, thus empha-
sizing the lethal effect of high salinity on microbial cells
(Mnif et al. 2014).

Effect of heavy metals

Environmental presence of heavy metals may be either natu-
ral or from anthropogenic activities. Heavy metals at higher
concentrations are often found in polluted sites. Heavy metal
co-contamination may hamper the degradation of xenobiot-
ics compounds in situ (Koeleman et al. 1999).

Usage of heavy metals in the present study was not under-
taken to emphasize that they could enhance diesel degrada-
tion. Contrary, it was taken up to understand the degree of
inhibition that the diesel utilization might suffer and also to
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judge the diesel utilization capacity of the bacterial culture
in the presence of individual heavy metal. Diesel utilization
by S. pavanii DB1 was severely affected when salts of cad-
mium, lead and mercury were present. Zinc and copper did
not decrease the utilization efficiency drastically. Figure 2b
illustrates how heavy metal salts affected the diesel utiliza-
tion by S. pavanii DB1.

The presence of cadmium severely affected the diesel
utilization ability of S. pavanii DB1 probably due to induc-
tion of oxidative stress. Strong affinity of mercury for thiol
groups in proteins might have inactivated the enzymes asso-
ciated with diesel utilization (Bartolucci et al. 2013). While
studying the diesel degradation potential of a microbial
community (isolated from a soil polluted by heavy metals),
the heavy metals exhibited their toxicity in the following
order—Hg > Cr> Cu > Cd > Ni>Pb>Zn (Riis et al. 2002).

LC-MS analysis of diesel utilization products

Individual hydrocarbons in the diesel oil (aliphatic, cycloal-
kanes, polycyclic aromatic hydrocarbons, etc.) differ in their
vulnerability to microbial attack, where n-alkanes show
moderate recalcitrance followed by branched alkanes, low
molecular weight aromatics, cyclic alkanes, polyaromatic
hydrocarbons in increasing order (Olajire and Essien 2014).
Thus, the extent to which these hydrocarbons are removed is
an important criterion in ascertaining the success of biore-
mediation in diesel-contaminated environments (Azubuike
et al. 2016).

The mass spectrum of diesel retrieved from the abiotic
control and inoculated medium is shown, respectively
(Fig. 3). From the full-scan mass spectral analysis, a signifi-
cant correlation was observed between the decrease in peak
area of individual n-alkane (C,,—C;() of diesel and their
abundance in the abiotic control. Variation in relative abun-
dance of these n-alkanes is due to the metabolic activity of S.
pavanii DB1. Appearance of new peaks in the mass spectra
points at generation of metabolites (possibly alicyclic and
branched-chain aliphatic organic acids as well as diacids and
aromatic ketones) arising from efficient utilization of these
hydrocarbons by S. pavanii DB1 (Langbehn and Steinhart
1994).

The most significant observation is that besides the
medium-chain n-alkanes (C,,—C,,), alkanes with long-
chain length (Cs—C;,) were also effectively utilized by the
bacterial culture. n-alkanes ranging from C,, to C,, were
extensively utilized by S. pavanii DB1 (utilization percent-
age ranging between 96 and 99%), while utilization percent-
age for docosane, tricosane, tetracosane, pentacosane, hexa-
cosane, heptacosane and nonacosane ranged between 95 and
97%. This phenomenon highlights that the culture was capa-
ble of utilizing diesel as a substrate and exhibited uniform
utilization rates for a wide range of n-alkanes from C, to
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tions

C;p. In contrast, most researchers have reported decreasing
utilization rate with increasing carbon number (Balseiro-
Romero et al. 2017).

Hydrocarbonoclastic bacteria are highly functional in
removing hydrocarbons from polluted environments. Based
on the LC-MS data, the intermediates metabolized by S.
pavanii DB1 during the course of incubation were tenta-
tively identified and the probable diesel utilization pathway
was analyzed. In order to overcome the low chemical reac-
tivity of medium- and long-chain n-alkanes in diesel, aerobic
bacteria such as S. pavanii DB1 may use alkane-activating
enzyme like dioxygenase to generate reactive oxygen species
(n-alkyl hydroperoxides). During the aerobic utilization of
these n-alkanes, the terminal alkyl group is usually oxidized
to liberate a primary alcohol that further oxidized to alde-
hyde (e.g., anthracenecarboxaldehyde, m/z 206), and fatty
acids of various chain lengths such as medium-chain fatty
acid (dodecanoic acid m/z 200,207), saturated fatty acids
(pentadecanoic acid, m/z 242,243; octadecanoic acid, m/z
287,284), long-chain fatty acid (octadecanedioic acid, m/z
314) are generated (Wentzel et al. 2007).

Simultaneously, detection of different carboxylic and
dicarboxylic acids such as undecylic acid (m/z 186), anthra-
cenedicarboxylic acid (m/z 266), eicosanedioic acid (m/z

with diesel, b diesel utilization by S. pavanii DB1 under optimized condi-

342) may be due to the w-hydroxylation of fatty acids at the
both terminal alkyl groups (the ® position), rendering an
®-hydroxy fatty acid that is further converted into carbox-
ylic and dicarboxylic acids. Beyond this point, subterminal
oxidation of n-alkanes may generate secondary alcohol to be
later converted to ketone [undecanone (m/z 167,170)] (Rojo
2009).

Phytotoxicity and soil remediation study

Soil contamination is considered a major problem for many
industrialized nations having high population densities.
Soil bioremediation mostly employs the utility of microor-
ganisms, which either occur naturally or introduced to soil
for degrading the pollutants. This technology is attracting
increasing attention as an economic and safer alternative to
landfilling and incineration (van Straalen 2002).

Diesel toxicity on V. radiata seed germination and ability
of S. pavanii DB1 to degrade diesel were analyzed by pot
culture experiments, wherein garden soil (free from diesel
contamination) supported maximum seed germination under
the laboratory conditions. Seeds sown in soil befouled with
diesel revealed 100% loss in germination probably because
of toxicity of diesel toward seed germination. Earlier,
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Al-Ghazawi et al. (2005) recorded that crude oil when pre-
sent decreases germination percentage of Alfalfa seeds,
where 15-30% seed germinated in the presence of 500 mg/
kg diesel or higher.

Seeds sown in diesel-polluted soil treated only with S.
pavanii DB1 culture revealed 75% inhibition of germina-
tion. Seeds in diesel-containing soil + treated with S. pavanii
DBI1 + nutrient amendment, revealed 25% of germination
inhibition. Reduction in germination inhibition percentage
in the second case may be correlated to nutrients and sur-
factant availability which could have reduced the toxicity of
diesel, thereby improving the germination. Length of root
and shoot for the control seeds were found to be 6.0 and
7.0 cm, respectively. For soil treated with S. pavanii DB1,
the root and shoot lengths were 5.0 and 3.0 cm, respectively,
whereas that for soil treated with isolate and nutrients were
5.6 and 6.1 cm, respectively (Fig. 4).

Following incubation (10 days) in soil with diesel, greater
degradation (95%) was mediated by S. pavanii DB1 in soil
with added nutrients and surfactant than in the one with-
out any nutrients and surfactant amendments (86%). The
recovery of diesel from unaugmented soil (control) was 97%.
Besides involvement of indigenous soil microflora, possible
autooxidation and adsorption on soil organic matter could
also be the reason for such minimal diesel degradation in
the control.

Soils polluted with hydrocarbons generally contain lesser
nutrients than uncontaminated soils; hence, fortification with
essential nutrient sources is necessary. Besides the co-sub-
strate and nitrogen source being available, tween 80 resulted
in partitioning of diesel, thus preventing it from being tightly
bound to the soil particles, and was made available for bacte-
rial degradation (Baldrian 2008).
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Fig.4 Effect of diesel on germination of V. radiata seeds a seed sown
in diesel-contaminated soil, b growth in the presence of S. pavanii
DB1, ¢ growth in the presence of S. pavanii DB1 with nutrients, d
growth in control
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Study for antagonism in soil

The soil bacterial count appeared to be almost the same
prior to and following the inoculation of S. pavanii DB1.
Extensive colonization of S. pavanii DB1 implies that S.
pavanii DB1 did not establish antagonistic interaction with
the resident soil bacteria. This is due to the fact that Steno-
trophomonas species are natural soil inhabitants and also act
as biofertilizer. It was worth observing that unlike many soil
amendment studies where the introduced bacteria suppress
the existing bacterial population in the soil, introduction of
S. pavanii DB1 did not show any such effect. The result
from the cross-streak method for determining synergistic/
antagonistic activity among microorganisms also supports
the above observation (Fig. 5).

Conclusion

The present investigation highlights that S. pavanii DB1 can
tolerate higher concentrations of diesel. Augmentation of the
growth medium by co-substrates, nitrogen supplementation
and non-ionic surfactants enhanced the diesel utilization.
Salts of cadmium, lead and mercury when present in the
medium severely affected the process. Moreover, S. pavanii
DB1 may be used for diesel removal from environments with
varied salinity gradients since the culture could tolerate a
wider NaCl concentration. The mass spectrum of diesel fol-
lowing the activity of S. pavanii DB1 reveals that besides
the medium-chain n-alkanes, long-chain alkanes were also
effectively utilized to liberate aldehyde, fatty acids, ketone,
carboxylic and dicarboxylic acids, etc. It is worth recog-
nizing that improvement in diesel utilization by S. pavanii
DB1 and better shoot and root growth of V. radiata were
observed in soil with nutrients and surfactant amendments.

Fig.5 Cross-streak method demonstrating

synergistic
between S. pavanii DB1 and other bacterial isolates

activity
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Appropriateness of S. pavanii DB1 for hydrocarbon reme-
diation in soil can be emphasized as the culture did not sup-
press the existing bacterial population in the soil.
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