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Abstract

bacteria was also investigated in this study.

IBBpo22-

Purpose: The aim of the present study was to investigate the tolerance of five new Achromobacter and
Pseudomonas strains to kerosene and to establish if the production of several secondary metabolites increases or
not when these bacteria were grown in the presence of kerosene. The biodegradation of kerosene by isolated

Methods: Five Proteobacteria were isolated from different samples polluted with petroleum and petroleum
products. Based on their morphological, biochemical, and molecular characteristics, isolated bacteria were identified
as Achromobacter spanius 1BBpy1g and I1BBpy>q, Pseudomonas putida 1BBpyyo, and Pseudomonas aeruginosa 1BBpy,g and

Results: All these bacteria were able to tolerate and degrade kerosene. Higher tolerance to kerosene and
degradation rates were observed for P. aeruginosa 1BBpyog and 1BBpy,,, compared with that observed for A. spanius
IBBpo1s @and IBBpyo1, and P. putida IBBpo1o. All these bacteria were able to produce several secondary metabolites,
such as surfactants and pigments. Glycolipid surfactants produced by P. geruginosa 1BBpgoo and 1BBpgo, A. spanius
IBBpo1g and IBBpy»1, and P. putida 1BBpy 19 have a very good emulsification activity, and their activity increased when
they were grown in the presence of kerosene. The production of rhamnolipid surfactants by P. aeruginosa 1BBpgzg
and IBBpy22 Was confirmed by detection of rhiAB gene involved in their biosynthesis. Pyocyanin and pyoverdin
pigments were produced only by P. aeruginosa IBBpy>o and IBBpy2o, While carotenoid pigments were produced by
all the isolated bacteria. Significant changes in pigments production were observed when P. aeruginosa 1BBpy, and
IBBpo2a, A. spanius 1BBpg1g and 1BBpey, and P. putida IBBpy;9 were grown in the presence of kerosene.

Conclusion: Due to their ability to tolerate and degrade kerosene, and also to produce several secondary
metabolites, the isolated bacteria could be used in the bioremediation of kerosene-polluted environments.

Keywords: Achromobacter, Pseudomonas, Kerosene, Tolerance, Secondary metabolites

Introduction

The Achromobacter and Pseudomonas are two of the most
diverse and ubiquitous Gram-negative bacterial genera
whose species (sp.) were isolated worldwide from all types
of environments, including from water, sediments, soil,
and sludge (Leahy and Colwell 1990; Chikere et al. 2011;
Mnif et al. 2011; Varjani 2017). Bacterial sp. of genera
Achromobacter and Pseudomonas have considerable
technological importance and include a variety of meta-
bolically versatile bacteria with ability to utilize a wide
range of simple and complex toxic organic compounds as
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the carbon and energy sources (Chikere et al. 2011;
Varjani 2017). These Gram-negative bacteria produce
large amount of secondary metabolites, such as surfactants
(Abdel-Mawgoud et al. 2009; Rocha et al. 2011; Rikalovi¢
et al. 2015; Joy et al. 2017) and pigments (Malik et al.
2012; El-Fouly et al. 2015) which are essential for their
survival and enable some species to tolerate and degrade
organic compounds that enters into the environment dur-
ing petroleum extraction, transportation, storage, and pro-
cessing activities (Leahy and Colwell 1990; Rocha et al.
2011). Generally, aliphatic and aromatic hydrocarbons
which exist in the composition of petroleum and petrol-
eum products are very toxic for most of the bacteria.
Nevertheless, a number of bacteria able to tolerate and
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degrade different hydrocarbons have been reported (Leahy
and Colwell 1990; Chikere et al. 2011; Mnif et al. 2011;
Varjani 2017; Xu et al. 2018; Shahzadi et al. 2019). Most
of the bacteria able to tolerate and degrade toxic hydrocar-
bons were isolated mainly from the petroleum and petrol-
eum product-polluted sites. The indigenous bacteria
which were exposed to aliphatic and aromatic hydrocar-
bons become adapted, exhibiting induction and repression
of specific enzymes, genetic modifications which result in
new metabolic capabilities, and selective enrichment of
bacteria able to tolerate and degrade the hydrocarbons
(Leahy and Colwell 1990; Chikere et al. 2011; Matilla
2018). Consequently, the isolation from the contaminated
environments of bacteria with high hydrocarbon degrad-
ing ability can serve as promising tool for the bioremedi-
ation of petroleum and petroleum product-polluted sites
(Patowary et al. 2016). Kerosene, also known as paraffin or
paraffin oil, is a refined petroleum product which contains
up to 260 aliphatic and aromatic hydrocarbons (Cs—C;7),
including toxic compounds, such as benzene, toluene, tri-
methylbenzene, ethylbenzene, xylenes, n-hexane, tri-
methylpentane, naphthalenes, and other PAHs (Ritchie
et al. 2003; Shahzadi et al. 2019). Many isolated bacteria
possess the ability to completely degrade only simple pet-
roleum hydrocarbons. It is generally recognized that no
single species is able to completely degrade any complex
mixture of hydrocarbons (Chikere et al. 2011; Patowary
et al. 2016). However, several Achromobacter and Pseudo-
monas strains able to grow on kerosene as the carbon and
energy source have been reported (Silva et al. 2006;
Ahamed et al. 2010; Mazumdar et al. 2015).

The aim of the present study was to investigate the
tolerance of five new Achromobacter and Pseudomonas
strains to kerosene and to establish if the production of
several secondary metabolites (i.e., surfactants, pigments)
increase or not when these bacteria were cultivated in li-
quid medium overlaid with kerosene. The presence of
rhlAB (rhamnosyl transferase) gene was investigated for
the isolated bacteria grown under the same conditions.
The biodegradation of kerosene by Achromobacter and
Pseudomonas isolates was also investigated in this study.

Materials and methods

Isolation and characterization of Achromobacter and
Pseudomonas strains

Bacteria used in this study were isolated from different
water, soil, and oily sludge samples polluted with petrol-
eum and petroleum products (Poeni, Teleorman County,
Romania), through enrichment cultures method as pre-
viously described (Stancu and Grifoll 2011). Enrichment
cultures were speeded on nutrient-rich LB agar (Sam-
brook and Russel 2001), and growing colonies were fur-
ther purified by repeated streaking. The isolates were
maintained routinely by subculture in liquid LB medium
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containing 20 pg ml™' ampicillin or kanamycin, incu-
bated for 2 days at 30 °C, and stored frozen at — 80 °C in
25% (v/v) glycerol.

Morphological (i.e., Gram reaction, shape, motility,
pigments production, respiratory type) (Holt et al. 1994),
biochemical (i.e., catalase, oxidase, lactose utilization,
API 20 NE assay, bioMérieux, Marcy-I’Etoile, France),
and molecular characteristics (i.e., DNA fingerprints,
16S rRNA gene sequencing) of the bacterial isolates
were further determined. Genomic DNA was extracted
from these bacteria using the Pure Link genomic kit
(Invitrogen, Carlsbad, CA, USA).

Polymerase chain reaction (PCR) amplification of 16S
rRNA gene was performed in a total reaction volume of
50 pl using GoTaq G2 Flexi DNA polymerase (Promega,
Madison, W1, USA) in the supplied buffer. The universal
bacterial primers used were 27f and 1492r (Marchesi
et al. 1998). Amplifications were carried out in a Master-
cycler pro S (Eppendorf, Hamburg, Germany) using the
following program: initial denaturation at 94 °C for 10
min, followed by 35 cycles of 94 °C for 1 min, 55 °C for
30 s, and 72 °C for 2 min, with final extension at 72 °C
for 10 min. Restriction analyses of the amplified 16S
rDNA (ARDRA) were performed with EcoRl, Haelll,
and Hhal (Promega) in a total volume of 20 pl at 37 °C
for 3 h. Reaction products and restriction fragments re-
solved by 2% (w/v) agarose gel electrophoresis (Sam-
brook and Russel 2001) and stained with SYBR safe
DNA gel stain (Invitrogen, Carlsbad, CA, USA) were vi-
sualized under ultraviolet (UV) light.

Random amplification of polymorphic DNA (RAPD)
fragments was performed in a total reaction volume of
25 ul using GoTaq G2 Flexi DNA polymerase (Promega)
in the supplied buffer. The primers used were AP12
(Michaud et al. 2004) and AP5 (Pini et al. 2007). Ampli-
fications were carried out in a Mastercycler pro S
(Eppendorf) using the following program: initial de-
naturation at 94 °C for 10 min, followed by 45 cycles of
94 °C for 1 min, 36 °C for 1 min, and 72 °C for 2 min,
with final extension at 72 °C for 10 min. Reaction prod-
ucts were visualized by 2% (w/v) agarose gel electrophor-
esis (Sambrook and Russel 2001).

Sequencing of the amplified 16S rRNA gene was per-
formed by the CeMIA (SA Larissa, Greece) using the
amplification primers (27f and 1492r). The new sequences
were aligned and compared to those in GenBank database
using the NCBI BLAST algorithm (Altschul et al. 1997).

Kerosene tolerance of Achromobacter and Pseudomonas
strains

Solid medium overlay assay

The tolerance of isolated bacteria to kerosene was deter-
mined by plate overlay assay (Satpute et al. 2008). Over-
night cultures, grown in liquid LB medium at 30 °C,
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were spotted (20 pl, ODggo 0.3) onto LB agar plates, air
dried, and then overlaid with kerosene (Sigma-Aldrich,
Saint-Quentin-Fallavier, France). Control experiments
were set up in the same way, but in the absence of kero-
sene. Here, as elsewhere in this work, the assays were
done in duplicate. The plates with or without kerosene
were incubated 1 day at 30 °C. Kerosene tolerance was
measured as a function of the bacterial growth (colony
formation), as compared with the control. Here, as else-
where in this work, the Petri plates were visualized
under visible light (500 nm) and UV light (366 nm).

Liquid medium overlay assay

Overnight cultures grown in liquid LB medium at 30 °C
were inoculated (100-200 pl, ODggo 0.1) in liquid LB
medium, and then overlaid with 5% (v/v) kerosene. Con-
trol experiments were set up in the same way, but in the
absence of kerosene. Flasks were incubated 1, 3, and 6
days at 30 °C on a rotary shaker (200 rpm). The toler-
ance of isolated bacteria to kerosene was monitored by
determining the optical density at 660 nm (ODgg) using
a SPECORD 200 UV-visible spectrophotometer (Analy-
tik Jena, Jena, Germany), the cell viability by the spot
method as described by Stancu (2018), and the biomass
using the dry weight method (Silva et al. 2010). The deg-
radation of kerosene by isolated bacteria was monitored
by gravimetric analyses and by high-performance thin-
layer chromatography (HPTLC) analyses of the residual
kerosene extracted with chloroform (Gulati and Mehta
2017). HPTLC analyses were carried out using a
CAMAG TLC system (Muttenz, Switzerland). The sam-
ples were loaded under nitrogen stream on precoated sil-
ica gel 60 plates (Merck, Darmstadt, Germany) and
developed using n-hexane-ethyl acetate (92:8, v/v) (Eberlin
et al. 2009), methanol or n-hexane-ethyl acetate-
methanol-water (40:20:20:4, v/v/v/v) as carrier solution.
The plates were visualized and scanned under UV light
(254 nm) and under visible light (500 nm) after derivatiza-
tion with anisaldehyde solution (Eberlin et al. 2009).

Secondary metabolites production by Achromobacter and
Pseudomonas strains

Surfactants

Production of extracellular surfactants was monitored
by determining the cell growth and the formation of a
dark blue halos on CTAB (cetyl trimethyl ammonium
bromide) methylene blue agar (Siegmund and Wagner
1991), the emulsification index (E,;) for kerosene
(Abdel-Mawgoud et al. 2009), and by HPTLC analyses
of the crude surfactants extracted with chloroform-
methanol (Gesheva et al. 2010). HPTLC analyses were
carried out using a CAMAG TLC system (Muttenz).
The samples were loaded under nitrogen stream on
precoated silica gel 60 plates (Merck) and developed
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using chloroform-methanol-water (65:25:4, v/v/v) as
carrier solution (Gesheva et al. 2010). The plates were
visualized and scanned under UV light (254 nm) and
under visible light (500 nm) after derivatization with
iodine vapors or orcinol solution (Gesheva et al. 2010).

Genomic DNA was extracted using Pure Link genomic
kit (Invitrogen). PCR amplification of ri/AB gene was
performed in a total reaction volume of 25 pl using
GoTaq G2 Flexi DNA polymerase (Promega) in the sup-
plied buffer. The primers used were rhlA-f and rhlB-r
(Medina et al. 2003). Amplifications were carried out in
a Mastercycler pro S (Eppendorf) using the following
program: initial denaturation at 94 °C for 10 min,
followed by 35 cycles of 94 °C for 1 min, 50 °C for 30 s,
and 72 °C for 2 min, with final extension at 72 °C for 10
min. Reaction products resolved by 1.5% (w/v) agarose
gel electrophoresis (Sambrook and Russel 2001) and
stained with SYBR safe DNA gel stain (Invitrogen) were
visualized under UV light.

Pigments

Production of extracellular pigments, such as pyocyanin
and pyoverdin, was monitored by determining the for-
mation of blue-green and yellow-green fluorescent col-
onies on King A and King B agar (King et al. 1954) and
by HPTLC analyses of the pigments extracted with di-
chloromethane (Jensen et al. 2006). HPTLC analyses
were carried out using a CAMAG TLC system (Mut-
tenz). The samples were loaded under nitrogen stream
on precoated silica gel 60 plates (Merck) and developed
using dichloromethane-methanol (95:5, v/v) as carrier
solution (Jensen et al. 2006). The plates were visualized
and scanned under UV light (254 nm). Pyocyanin ex-
tracted with chloroform and 0.2 N HCI (Jensen et al.
2006) was quantified by UV-visible (200-800 nm) spec-
troscopy analyses (El-Fouly et al. 2015) using a SPE-
CORD 200 UV-visible spectrophotometer (Analytik
Jena).

Production of intracellular pigments, such as caroten-
oid pigments, was monitored by determining the forma-
tion of creamy colonies on LB or King B agar and by
HPTLC analyses of the pigments extracted with acetone
(Beuttler et al. 2011). HPTLC analyses were carried out
using a CAMAG TLC system (Muttenz). The samples
were loaded under nitrogen stream on precoated silica
gel 60 plates (Merck) and developed using chloroform-
methanol (90:10, v/v) as carrier solution (Provvedi et al.
2008). The plates were visualized and scanned under UV
light (254 nm). Production of carotenoid pigments, such
as zeaxanthin, was confirmed by UV-visible (200-800
nm) spectroscopy analyses of crude extracts (Beuttler
et al. 2011) using a SPECORD 200 UV-visible spectro-
photometer (Analytik Jena).
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Results and discussion

Isolation and characterization of Achromobacter and
Pseudomonas strains

As a result of very low growth rate of many bacteria which
exist in petroleum and petroleum product-polluted envi-
ronments, less than 1% of the bacteria are cultivable in la-
boratory conditions. Thus, only fast growing or the best
adapted bacteria are cultivable in laboratory conditions
(Chikere et al. 2011). Using a culture-dependent approach,
we succeed to isolate five bacterial strains from different
samples polluted with petroleum and petroleum products.
Strain IBBp,;g was isolated from a water sample, strains
IBBpo19 and IBBpyy, were isolated from a soil sample,
while strains IBBpy,; and IBBpy,, were isolated from a oily
sludge sample.

Distinct morphological and biochemical characteristics
were observed for the isolated bacteria (Table 1, Fig. 1).
Strains IBBpy1g, IBBpoig, and IBBpy,; formed creamy-
white pigmented colonies, while strains IBBpyy and
IBBp,y, formed yellow-green pigmented colonies on LB
agar. All isolates were Gram-negative, motile, rod-shaped
cells, and facultative anaerobic. They were positive for
catalase, oxidase, L-arginine dihydrolase, D-glucose, potas-
sium gluconate, capric acid, malic acid, and for trisodium
citrate assimilation and negative for lactose, indole, D-
glucose fermentation, esculin hydrolysis, [B-galactosidase,
and for D-maltose assimilation. Furthermore, the isolated
bacteria were positive or negative for nitrate reductase,
urease, gelatin hydrolysis, L-arabinose, D-mannose, D-
mannitol, N-acetyl-glucosamine, adipic acid, and for phe-
nylacetic acid assimilation. Based on morphological and
biochemical characteristics, all isolates were classified
within the genus Achromobacter and Pseudomonas.

The DNA extracted from isolated bacteria was used as
template for PCR amplification of 16S rRNA gene using
universal bacterial primers, such as 27f and 1492r (Mar-
chesi et al. 1998). The conserved fragment of the 16S
rRNA gene with 1465 bp in length was detected in all
isolates (Table 1, Fig. 1). ARDRA analyses were carried
out on the amplified fragment with EcoRI, Haelll, and
Hhal restriction enzymes. Two ARDRA profiles were
obtained when the amplified fragment was digested with
EcoRI: one group composed of IBBp,1g and IBBpy,; iso-
lates, and the second group composed of IBBpgo,
IBBpyao, and IBBpy,, isolates. When the amplified frag-
ment was digested with Haelll and Hhal, three ARDRA
profiles were obtained: one group composed of IBBp,g
and IBBp,; isolates, the second group composed of
IBBp,9 isolate, and the third group composed of IBBp,g
and IBBp,,, isolates.

For further characterization of the isolated bacteria,
DNA extracted from all of them was used as template
for RAPD analyses using primers AP12 (Michaud et al.
2004) and AP5 (Pini et al. 2007). As expected, three
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distinct RAPD profiles were observed: one group com-
posed of IBBp,1g and IBBp,,; isolates, the second group
composed of IBBp,;9 isolate, and the third group com-
posed of IBBpyoo and IBBp,y, isolates.

The ARDRA and RAPD analyses revealed that the five
isolates produced three different DNA fingerprints.
Strains IBBpois, IBBpoio, and IBBp,ss which exhibited
different DNA fingerprints were chosen for 16S rRNA
gene sequence analyses. The sequences of IBBp,ig

(MK934546), IBBpoio (MK934547), and IBBpyoo
(MK934548) isolates were 98-100% similar to the 16S
rRNA gene sequences of A. spanius UQ283

(CP034689.1), P. putida YM9 (MK634690.1), and P. aer-
uginosa PsADMCO06 (MK598332.1), respectively. Based
on morphological, biochemical, and molecular charac-
teristics, strains IBBp,s and IBBp,y; were classified
within the species A. spanius, strain IBBp,;o was classi-
fied within the species P. putida, while strains IBBp,y
and [BBp,,, were classified within the species P. aerugi-
nosa. Two of the isolates (i.e., A. spanius IBBp,z and
IBBpy21) belonged to class Betaproteobacteria, while the
other three isolates (i.e., P. putida 1BBp,19, P. aeruginosa
IBBposo and IBBpyy,) were from class Gammaproteobac-
teria. Occurrence of these Proteobacteria in environ-
ments polluted with petroleum and petroleum products
have been previously reported (Joy et al. 2017).

Kerosene tolerance of Achromobacter and Pseudomonas
strains

The tolerance of Achromobacter and Pseudomonas iso-
lates to kerosene was further investigated in both solid
and liquid media.

Solid medium plate overlay assay

The ability of the isolated bacteria to tolerate kerosene
was first determined by plate overlay assay (Fig. 2a).
Lower growth was observed for A. spanius 1BBp,;g and
IBBpyo; and P. putida 1BBp,19 when they were spotted
on LB agar overlaid or not with kerosene, compared
with that observed for P. aeruginosa IBBpyyo and IBBp,»s
which showed profuse growth on the kerosene overlay
plates. It was not surprising to observe such differences
from one bacterium to another, as the tolerance of bac-
teria to toxic hydrocarbons is a strain-specific character-
istic (Sardessai and Bhosle 2004). If we compare the
growth of each Achromobacter and Pseudomonas iso-
lates with their corresponding control, there were no sig-
nificant differences between bacteria growth on LB agar
and their growth on LB overlaid with kerosene. Usually,
the tolerance level derived from the growth on nutrient
agar media overlaid with hydrocarbons could be differ-
ent from that observed in two-phase biotransformation
systems consisting of a liquid nutrient medium and a
hydrocarbon. Several additional parameters, such as
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Table 1 Morphological, biochemical, and molecular characteristics of Achromobacter and Pseudomonas strains
Characteristics Strain
1BBpois 1BBpoio 1BBpo20o 1BBpo21 1BBpo2>
Morphological,  Gram — — - — —
biochemical Shape Rods Rods Rods Rods Rods
Motility + + + + +
Color of colonies Creamy-white  Creamy-white Yellow-green Creamy-white  Yellow-green
Pyocyanin pigment production - - + - +
Pyoverdin pigment production - - + - -
Facultative anaerobic growth + + + + +
Catalase +
Oxidase + + + +
Lactose utilization - - - - -
Nitrates reduction + - + + +
Indole - - - - -
D-glucose fermentation - - - - -
L-arginine dihydrolase + + + + +
Urease - - + - +
Esculin hydrolysis - - - - -
Gelatin hydrolysis - - + - +
{-galactosidase - - - - -
D-glucose assimilation + + + + +
L-arabinose assimilation + + - + -
D-mannose assimilation. + + - + -
D-mannitol assimilation + - + + +
N-acetyl-glucosamine assimilation - - + - +
D-maltose assimilation - - - - -
Potassium gluconate assimilation + + + + +
Capric acid assimilation + + + + +
Adipic acid assimilation + - + + +
Malic acid assimilation + + + +
Trisodium citrate assimilation + + + +
Phenylacetic acid assimilation + - - -
Molecular ARDRA using
27f/1492r primers (DFS, bp) 1465 1465 1465 1465 1465
EcoRl restriction enzyme (DFS, bp) 370,520, 700  — - 370,520,700 —
Haelll, Hhal restriction enzymes 300, 350 150, 200, 340, 430 150, 200, 350 300, 350 150, 200, 350
(DFS, bp)
RAPD using
AP12 primer (DFS, bp) 400-2400 390-3000 360-3000 400-2400 360-3000
APS5 primer (DFS, bp) 300-1900 480-2000 270-1450 350-2500 280-1600
16S rRNA gene sequence, A. spanius, 99  P. putida, 98 P. aeruginosa, ND  A. spanius, ND  P. aeruginosa, 100
sequence identity (%)
GenBank accession number MK934546 MK934547 - - MK934548

Pyocyanin and pyoverdin (fluorescein) pigment production on King A and King B agar, respectively
DFS detected fragments size, + positive reaction, — negative reaction, ND not determined
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Fig. 1 Morphological, biochemical and molecular characteristics of Achromobacter and Pseudomonas strains. a Macroscopic view (MV): A. spanius
IBBpo1s (1), P. putida 1BBpo1g (2), P. aeruginosa 1BBposo (3), A. spanius I1BBpsyy (4), P. aeruginosa IBBpy,s (5); plates visualized under visible and UV light.
b Utilization of several carbon substrates using APl 20 NE plates. ¢ Genomic fingerprinting: A. spanius 1BBpog (1, 6), P. putida 1BBpsig (2, 7), P.
aeruginosa 1BBpoyo (3, 8), A. spanius BBzt (4, 9), P. aeruginosa 1BBpos (5, 10); ARDRA PCR of 16S rRNA gene (1465 bp fragment) using 27f/1492r
primers (1-5), digestion of the amplified fragment with EcoRl restriction enzyme (6-10); RAPD using AP12 (1-5), AP5 (6-10) primers; 1 kb DNA
ladder, Promega (M)

SPOA gllesiti)! Kerosene

Fig. 2 Kerosene tolerance of Achromobacter and Pseudomonas strains. a Solid medium plate overlay assay (SPOA): A. spanius 1BBpo1g (1), P. putida
IBBpo19 (2), P. aeruginosa 1BBposo (3), A. spanius 1BBpeay (4), P. aeruginosa IBBey,s (5); plates visualized under visible and UV light. b Liquid medium

overlay assay (LOA): A. spanius 1BBpo1g (1, 2), P. putida I1BBpo1s (3, 4), P. aeruginosa 1BBpyag (5, 6), A. spanius 1BBpoyy (7, 8), P. aeruginosa 1BBpys> (9, 10),
control (1, 3, 5, 7, 9), kerosene (2, 4, 6, 8, 10)
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aeration, may possibly be involved in hydrocarbons
tolerance in such two-phase systems (Sardessai and
Bhosle 2004).

Liquid medium overlay assay

We further investigated the ability of the isolated bac-
teria to tolerate kerosene when they were inoculated in
liquid LB medium overlaid with 5% kerosene (Fig. 2b,
Fig. 3a—c). All tested bacteria were able to grow in the
presence of kerosene. After 1 and 3 days incubation, the
growth of Achromobacter and Pseudomonas isolates in
liquid LB medium overlaid or not with kerosene was
lower (ODggo 0.31-1.27) (data not shown), compared
with that acquired after 6 days (ODggo 1.39-2.45) (Fig.
3b). We observed that, after 6 days, the growth of A.
spanius 1BBpy1g and IBBpyy; and P. putida 1BBp, in li-
quid LB medium was lower for the control cells (ODgg
1.39-2.03), compared with the growth of the cells in the
same medium but overlaid with kerosene (ODggp 2.12—
2.45). On the contrary, for P. aeruginosa 1BBpy, and
IBBpy2y, the growth was higher for the control cells
(ODggo 2.27, 2.04), compared with the growth of the
cells in the presence of kerosene (ODggg 2.17, 1.89). The
same trend was observed when the bacterial biomass
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was determined. The dry weight values for A. spanius
IBBp,1g and IBBpyy; and P. putida 1BBpyo control cells
was lower (0.58-1.38 g 1), compared with those
aquired when these bacteria were grown in the presence
of kerosene (1.04—1.50 g 1™). Higher dry weight values
were obtained for P. aeruginosa 1BBpyyo and IBBpgy
control cells (1.76, 1.66 g 1™'), compared with those ob-
tained when these bacteria were grown in the presence
of kerosene (1.71, 1.56 g 1Y), Like in the solid medium
plate overlay assay, lower growth was observed for A.
spanius 1BBpgy1g and IBBpy,; and P. putida 1BBpy;9 when
they were spotted on LB agar, compared with that ob-
served for P. aeruginosa 1BBpyyo and IBBp,y,. There were
no significant differences between the viability of control
cells (confluent cell growth) and the viability of cells
grown in the presence of kerosene. The obtained results
indicated that the tested bacteria have a good tolerance
to kerosene.

Using gravimetric analyses, we further investigated the
ability of our bacteria to degrade 5% kerosene (Fig. 3d,
e). After 6 days, the degradation of kerosene by A. spa-
nius 1BBpo1g and IBBpgy; and P. putida 1BBpyo was
lower (42.0-44.7%), compared with that observed for P.
aeruginosa 1BBpyyo and IBBpgyas (54.2%, 56.9%). It was

a.
6 days

d. -

DKe 6 days Strain

(% +SD) | IBBpois| IBBpo19| IBBpozo| IBBpeoi| IBBpo
Kerosene 420+ | 447+| 542+| 432+ 569+
0.15 0.17 0.09 0.10 0.11

(RKe); plate visualized and scanned under UV and visible light

Fig. 3 Tolerance to kerosene and their degradation by Achromobacter and Pseudomonas strains. a Cell viability (CV): A. spanius 1BBpog (1, 2), P.
putida 1BBpo1o (3, 4), P. aeruginosa 1BBpoyg (5, 6), A. spanius 1BBpeay (7, 8), P. aeruginosa 1BBpos» (9, 10), control (1, 3,5, 7, 9), kerosene (2, 4, 6, 8, 10);
plates visualized under visible and UV light. b Optical density (ODgg). € Dry weight (DW). d Degradation of kerosene (DKe). The values represent
the average from two independent assays (nm, g I1 or %) with standard deviation (SD). e HPTLC: A. spanius 1BBpo1g (1), P. putida 1BBpo1g (2), P.
aeruginosa 1BBpoo (3), A. spanius 1BBpos1 (4), P. aeruginosa 1BBpg»> (5), control (C, uninoculated medium), kerosene (C, 1, 2, 3, 4, 5); residual kerosene

ODgg 6 days Strain
(nm + SD) | IBBpois| IBBpo19| IBBpozo| IBBpo2i| IBBpaza
Control 154+ 203+ | 227+ | 1.39+ | 2.04+
0.01 0.07 0.05 0.05 0.08
Kerosene 212+ | 245+ | 217+ | 225+ | 1.89+
0.11 0.16 0.05 0.19 0.10
DW 6 days Strain
(g1 +SD) | IBBpyis| IBBporo| IBBpozo| IBBpozi| IBBpox
Control 058+ | 1.38+ | 1.76 +| 0.60+ | 1.66+
0.01 0.04 0.07 0.01 0.02
Kerosene 104+ | 150+ | 171+ | 146+ | 156+
0.08 0.07 0.07 0.07

"|HPTLC 6 days
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not surprising to observe these differences since P. aeru-
ginosa strains are the best known bacteria able to utilize
a number of aliphatic and aromatic hydrocarbons as the
carbon and energy sources (Pacwa-Plociniczak et al
2014). The ability of other Achromobacter (Mazumdar
et al. 2015) and Pseudomonas (Silva et al. 2006; Ahamed
et al. 2010) strains to grow on kerosene as the carbon
and energy source was earlier reported. Achromobacter
sp. AMps degraded all the major components of kero-
sene in 60 days (Mazumdar et al. 2015), while P. alcali-
genes F.S3b degraded 0.2% kerosene in a percent of
76.08% in 7 days (Ahamed et al. 2010). Silva et al. (2006)
reported that the maximum growth (2.5 g 1'!) for P. aer-
uginosa strain AT18 was in 0.2% kerosene. As observed,
our Achromobacter and Pseudomonas strains degraded
5% kerosene in 6 days with good degradation rates
(42.0-56.9%). The degradation of kerosene by the tested
bacteria was also confirmed by HPTLC analyses of the
residual kerosene extracts. As we described in the “Ma-
terials and methods” section, several carrier solution
were tested and the best one was n-hexane-ethyl
acetate-methanol-water mixture (Fig. 3e). When the
TLC plate was visualized under UV light, the control
(uninoculated medium overlaid with kerosene) gave two
spots at the Ry (retardation factor) value of 0.06 and
0.80. These two spots were also detected in extracts
from the tested bacteria grown in the presence of kero-
sene. When the TLC plate was derivatized with anisalde-
hyde solution and visualized under visible light, an
additional spot with the R; value of 0.66 was detected in
the control, while in the extracts from the tested bac-
teria, this spot was detected only in barely quantities.
The presence of these three spots in lower quantities in
extracts from the inoculated medium overlaid with kero-
sene indicates the degradation of some hydrocarbons
which exist in the composition of kerosene by tested
bacteria.

Secondary metabolites production by Achromobacter and
Pseudomonas strains

The ability of the isolated bacteria to produce secondary
metabolites such as surfactants and pigments when they
were inoculated in liquid LB medium overlaid or not
with 5% kerosene was also investigated in this study.

Surfactants

One of the numerous physiological adaptations of bac-
teria induced by presence of hydrocarbons is surfactant
production (Joy et al. 2017), which could be present on
the cell surface and/or excreted extracellularly (Rikalovi¢
et al. 2015). The ability of the isolated bacteria to pro-
duce extracellular surfactants was confirmed by CTAB
methylene blue agar assay (Fig. 4a). All tested bacteria
were able to grow on CTAB methylene blue agar. No
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significant differences were observed between the growth
of control cells and that observed for the cells grown in
the presence of kerosene. After 6 days, lower growth on
CTAB methylene blue agar was observed for A. spanius
IBBp,1g and IBBpyy; and P. putida 1BBp, e, compared
with P. aeruginosa 1BBp,yo and IBBp,y,. Although all
tested bacteria grew on CTAB methylene blue agar, the
formation of a dark blue halo around the colony (which
indicates the production of the extracellular glycolipids
or other anionic surfactants) was observed only for P.
aeruginosa 1BBp,yo and IBBpyy,. An increase in biosur-
factant production was observed for P. aeruginosa
IBBpy2o and IBBp,y, after 6 days incubation, compared
with that observed after 1 and 3 days. Our results are in
agreement with that earlier reported concerning the
overproduction of glycolipid surfactants by P. aeruginosa
strains during nutrient limitation conditions (Chrza-
nowski et al. 2012).

As could be observed (Fig. 4b), Achromobacter and
Pseudomonas isolates were able to produce surfactants
that emulsify the kerosene, and these tension-active
compounds have very good emulsification activities (Epq
of 57-94%). Mnif et al. (2011) and Joy et al. (2017) re-
ported the isolation of other Achromobacter (i.e., A. xylo-
soxidans  C350R, Achromobacter sp. PS1) and
Pseudomonas (i.e., P. aeruginosa CA50R, Pseudomonas
sp. MRBSIT1) strains with very good emulsification ac-
tivities (E,4 of 45—-77%). We observed an increase in the
emulsification activity (E;q of 69-94%) when Achromo-
bacter and Pseudomonas isolates were grown in the
presence of kerosene, as compared with their corespond-
ing controls (E,4 of 57-86%). The increase in the emulsi-
fication activity could be due to the biosurfactant
production which has the ability to emulsify the hydro-
phobic compounds, such as hydrocarbons, and make
them more accessible for bacterial degradation (Mnif
et al. 2011).

The production of extracellular glycolipid surfactants
by the isolated bacteria was confirmed by HPTLC ana-
lyses of the crude extracts. When the TLC plate was vi-
sualized under UV light (Fig. 4c), several surfactant
fractions were observed for Achromobacter and Pseudo-
monas isolates, and the number of these fractions varies
from one bacterium to another, and even for the same
bacterium depending on the culture conditions (growth
in liquid medium overlaid or not with kerosene). Be-
tween two and four fractions with Rf values of 0.41-0.62
were detected in extracts from A. spanius 1BBpy g and
IBBpyo1, P. putida 1BBp,ie, and P. aeruginosa I1BBp,yg
and IBBp,,,. From all these fractions, only two of them,
those with R; values of 0.46—0.48 and 0.51-0.53, were
detected in all bacteria. When the same TLC plate was
derivatized with iodine vapors or orcinol solution and vi-
sualized under visible light (data not shown), some of
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b E>4 6 days Strain
(% £ SD) | IBBpys| IBBpoio| IBBpazo| IBBpoai| IBBpox
Control 64 + 71 + 57 + 71 + 86 +
0.10 0.09 0.11 0.06 0.07
Kerosene 85+ 86 + 69 + 93 + 94 +
0.07 0.05 0.09 0.08 0.05

and scanned under UV light

Fig. 4 Extracellular surfactant production by Achromobacter and Pseudomonas strains. a CTAB methylene blue assay: A. spanius 1BBpo1g (1, 2), P.
putida 1BBpg1g (3, 4), P. aeruginosa 1BBpyyq (5, 6), A. spanius 1BBpsyy (7, 8), P. aeruginosa 1BBpy>> (9, 10), control (1, 3,5, 7, 9), kerosene (2, 4, 6, 8, 10);
plates visualized under visible and UV light. b £,4 (emulsification) index. The values represent the average from two independent assays (%) with
standard deviation (SD). ¢ HPTLC: A. spanius 1BBpe1s (1, 2), P. putida 1BBpo1o (3, 4), P. aeruginosa 1BBpeao (5, 6), A. spanius 1BBpey1 (7, 8), P. aeruginosa
IBBpo2o (9, 10), control (1, 3, 5, 7, 9), kerosene (2, 4, 6, 8, 10); sugars standards (Ss), D-glucose (G), L-rhamnose (R), glycolipids (GL); plate visualized

"|HPTLC 6 days

All tracks at 254 nm

these spots showed positive reaction indicating the pres-
ence of lipids and glycolipids in the surfactant molecules.
The HPTLC analyses confirmed that surfactants pro-
duced by Achromobacter and Pseudomonas isolates are
glycolipids; however, on the CTAB methylene blue agar
assay, the formation of a dark blue halo around the col-
ony was observed only for P. aeruginosa isolates. Like
other Pseudomonas strains (e.g., P. aeruginosa, P. putida)
(Rikalovi¢ et al. 2015), our Pseudomonas isolates (P.
putida 1BBpy1o, P. aeruginosa 1BBpyyo and IBBp,yy) pro-
duced glycolipid surfactants, which are probably rham-
nolipids in the case of P. aeruginosa isolates.
Furthermore, surfactants produced by Achromobacter
isolates (A. spanius IBBp,1g and IBBp,y;) are also glyco-
lipids. Similarly, Joy et al. (2017) reported glycolipid sur-
factant production by Achromobacter sp. PS1.

Another assay for the determination of the ability of the
isolated bacteria to produce surfactants is the detection of
enzyme-encoding genes involved in their biosynthesis
(Pacwa-Plociniczak et al. 2014). Since all Achromobacter
and Pseudomonas isolates were able to produce glycolipid
surfactants, we further checked the presence of rh/AB

(rhamnosyl transferase) gene in their genome. DNA ex-
tracted from bacteria grown 1 and 6 days in liquid LB
medium overlaid or not with 5% kerosene was used as
template for PCR amplification of rhlAB gene (Fig 5a, b)
using primers rhlA-f and rhiB-r (Medina et al. 2003). As
expected, the fragment of the rhlAB gene with 216 bp in
length was detected in higher quantities only in the DNA
extracted from P. aeruginosa IBBpy,g and IBBpgyo; no sig-
nificant changes in their PCR pattern were observed. On
the contrary, in the DNA extracted from A. spanius
IBBp,1s and IBBpy,;, the rhlAB gene was detected in
barely quantities and changes in their PCR pattern were
observed. In the DNA extracted from P. putida 1BBpyo,
the detected fragment has higher size (approximately
220-230 bp in length), as compared with the fragment of
the rhlAB gene detected in P. aeruginosa IBBp,y, and
IBBp2> (216 bp); no significant changes in the PCR pat-
tern were observed in the DNA extracted from P. putida
IBBp,19. The PCR of r1/AB gene confirmed the produc-
tion of anionic rhamnolipid surfactants by P. aeruginosa
IBBp20 and IBBp,»,. Due to their characteristics (e.g., high
affinity for hydrophobic molecules, high emulsifying



Stancu Annals of Microbiology

(2020) 70:8

Page 10 of 13

PCR 1 day

Fig. 5 Detection of rh/AB gene in DNA extracted from Achromobacter and Pseudomonas strains. a PCR using DNA extracted after 1 day
incubation. b PCR using DNA extracted after 6 days incubation. A. spanius 1BBpo1g (1, 2), P. putida I1BBpgio (3, 4), P. aeruginosa 1BBpyyq (5, 6), A.
spanius 1BBpwy1 (7, 8), P. aeruginosa 1BBp,>> (9, 10), control (1, 3, 5, 7, 9), kerosene (2, 4, 6, 8, 10); PCR of rhIAB gene (216 bp fragment) using rhlA-f/
rhIB-r primers (1-10); 1 kb DNA ladder, Promega (M)

PCR 6 days |

activity, low critical micelle concentration values), surfac-
tants and especially glycolipid biosurfactants, such as
rhamnolipids, were reported to improve the biodegrad-
ation of many petroleum and petroleum products (Rocha
et al. 2011; Chrzanowski et al. 2012).

Pigments

The ability of the isolated bacteria to produce extracellular
pigments, such as pyocyanin and pyoverdin pigments, was
confirmed by determining the formation of blue-green
colonies on King A and yellow-green fluorescent colonies

b.
PcQ 6 days Strain
(ug mI"" + SD) | IBBpois | IBBpoig| IBBpozo| IBBpoi | IBBpon
3240 + 74.96 +
Control ND ND 0.05 ND 0.04
0.30 + 3.89 +
Kerosene ND ND 007 ND 0.09

Fig. 6 Extracellular pigments production by Achromobacter and Pseudomonas strains. a Pyocyanin (Pc) production: A. spanius 1BBpog (1, 2), P.
putida 1BBpo1o (3, 4), P. aeruginosa 1BBpoyg (5, 6), A. spanius 1BBpeay (7, 8), P. aeruginosa 1BBp>» (9, 10), control (1, 3,5, 7, 9), kerosene (2, 4, 6, 8, 10);
plates visualized under visible and UV light. b Pyocyanin quantification (PcQ) assay: concentration (ug mi™") = ODs,o X 17.072, not detected (ND).
The values represent the average from two independent assays (ug ml™") with standard deviation (SD). ¢ HPTLC: A. spanius 1BBpog (1, 2), P. putida
IBBpo1o (3, 4), P. aeruginosa 1BBposo (5, 6), A. spanius 1BBpos1 (7, 8), P. aeruginosa 1BBpyo> (9, 10), control (1, 3, 5, 7, 9), kerosene (2, 4, 6, 8, 10);
pigments standards (Sp), 2-heptyl-4-hydroxy-quinolone (HHQ), Pseudomonas quinolone signal (PQS); plate visualized and scanned under UV light

"|HPTLC 6 days
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on King B agar, respectively. Although all tested bacteria
were able to grow on these agar media, the pyocyanin
(Fig. 6a) and/or pyoverdin pigments production was ob-
served only for P. aeruginosa isolates. P. aeruginosa
IBBpoyo produced both pyocyanin and pyoverdin pig-
ments, while P. aeruginosa 1BBpy,, produced only pyocya-
nin. The ability of these two P. aeruginosa strains to
produce pigments varies from one bacterium to another,
and even for the same bacterium depending on the culture
conditions. The pyocyanin pigments extracted from P.
aeruginosa 1BBp,yo and IBBpy, showed characteristic
peaks at 205-210, 275, 390, and 525 nm, and the pigment
production significantly decreased from 32.40 to 0.30 pg
ml™ and from 74.96 to 3.89 pg ml™", respectively, when
these bacteria were grown in the presence of kerosene
(Fig. 6b). Furthermore, significant differences between
UV-Vis absorption spectra of the pyocyanin pigments ex-
tracted from the bacterial cells grown in the presence of
kerosene were observed, as compared with their core-
sponding controls (data not shown). In the acidic form,
pyocyanin pigments extracted from other Pseudomonas
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strains (i.e., P. aeruginosa Ry P. aeruginosa Us) showed
characteristic peaks at 300, 388, and 518 nm (El-Fouly
et al. 2015). Hydroxy-alkyl-quinoline (HAQ) metabolite
production by tested bacteria was monitored by HPTLC
analyses of the crude pigment extracts. When the TLC
plate was visualized under UV light (Fig. 6¢), several frac-
tions with R values of 0.04—0.50 were observed in extracts
from A. spanius 1BBpyg and IBBpyy1, P. putida 1BBpyo,
and P. aeruginosa IBBpy,o and IBBp,y,, and the number of
these fractions varies from one bacterium to another. The
spot with R¢ values of 0.04—0.06 and 0.18—0.21 correspond
probably to HAQs metabolites, such as 2-heptyl-4-hy-
droxy-quinolone (HHQ) and 2-heptyl-3-hydroxy-4-
quinolone or Pseudomonas quinolone signal (PQS), re-
spectively. All our bacteria were able to produce HHQ,
while the production of PQS was observed only in P.
aeruginosa 1BBp,yo and IBBpys,. According with litera-
ture, PQS and its precursor HHQ are secondary metab-
olites produced by various bacteria, including by
Pseudomonas sp. strains which act as signaling mole-
cules in cell-to-cell communication in the quorum

a.

CpA 6 days Strain

(diff. &, nm) | IBBpyis| IBBpoio| IBBpesg| IBBpoy | IBBpoga

A 355/345| 350 [345/350\340/345|350/345

Control 1.00+| 1.00+| 1.05+| 0.67+| 1.14 +
0.08 0.05 0.04 0.06 0.07

Kerosene 0.63+|085+|098+| 035+ 1.13+
0.10 0.04 0.06 0.07 0.09

Fig. 7 Intracellular pigments production by Achromobacter and Pseudomonas strains. a Carotenoid pigment (Cp) production: A. spanius 1BBpog (1,
2), P. putida 1BBpo1g (3, 4), P. aeruginosa 1BBeyzg (5, 6), A. spanius 1BBpoyy (7, 8), P. aeruginosa 1BBpe,s (9, 10), control (1, 3,5, 7, 9), kerosene (2, 4, 6, 8,
10); plates visualized under visible and UV light. b Carotenoid pigments absorption (CpA) maxima at different wavelengths (A). The values
represent the average from two independent assays (nm) with standard deviation (SD). ¢ HPTLC: A. spanius 1BBpo1g (1, 2), P. putida BB (3, 4), P.
aeruginosa 1BBposo (5, 6), A. spanius 1BBpoy1 (7, 8), P. aeruginosa 1BBpys> (9, 10), control (1, 3, 5, 7, 9), kerosene (2, 4, 6, 8, 10); pigments standards (Sp),
zeaxanthin (Zx or 3,3-carotene-3,3"-diol), B-carotene (3C); plate visualized and scanned under UV light

"[HPTLC 6 days
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sensing system (Jensen et al. 2006; Niewerth et al.
2011). PQS signaling is directly or indirectly involved in
regulation of secondary metabolite production (e.g.,
pigments, surfactants) and virulence factor production,
biofilm formation, motility, and also in membrane
vesicle formation. HHQ and PQS exhibit also a very
good antimicrobial activity against various Gram-
positive and Gram-negative bacteria (Jensen et al. 2006;
Niewerth et al. 2011; Reen et al. 2011). The isolation of
new bacteria able to produce HAQs metabolites is very
important and will make possible the discovery of new
therapeutic strategies to combat microorganisms which
are refractory to conventional antimicrobial agents
(Reen et al. 2011).

The ability of the isolated bacteria to produce intracel-
lular pigments, such as carotenoids, was also investi-
gated. Creamy pigments which showed absorption
maxima between 340 and 355 nm were produced by A.
spanius 1BBpy1g and IBBpgyy, P. putida 1BBp,i9, and P.
aeruginosa 1BBp,yo and IBBp,y, (Fig. 7a, b). According
with literature (Sajilata et al. 2008), cis-zeaxanthin iso-
mers show absorption in the near-UV region (320-340
nm), while trans-isomers absorb in the visible region
(400-500 nm). Significant differences between UV-Vis
absorption spectra of the carotenoid pigments extracted
from the bacterial cells grown in the presence of kero-
sene were observed, as compared with their corespond-
ing controls (data not shown). Production of carotenoids
by Achromobacter and Pseudomonas isolates was moni-
tored also by HPTLC analyses of the crude pigment ex-
tracts. When the TLC plate was visualized under UV
light (Fig. 7c), several fractions with R¢ values of 0.06—
0.58 were observed in extracts from A. spanius I1BBpg;g
and [BBpgy;, P. putida 1BBpoie, and P. aeruginosa
IBBpgoo and IBBpgy,, and the number of these fractions
varies from one bacterium to another. The spots with R¢
values of 0.10-0.16 which correspond probably to zea-
xanthin (Zx or [,p-carotene-3,3"-diol) were detected in
all the isolated bacteria extracts, while the spots with R¢
values of 0.57—0.58 which correspond to p-carotene (BC)
were detected only in P. aeruginosa extracts.

Pigments produced by different bacteria have been ex-
tensively used in food and textile industries, paper pro-
duction, agricultural practices, water science, and
technology (Malik et al. 2012; Usman et al. 2017). Fur-
thermore, the pigments (e.g., pyocyanin, carotenoids)
which showed useful biological activities, such as antiox-
idants, antibiotic, and anticancer agents, have also been
used in medicine (Malik et al. 2012; El-Fouly et al. 2015;
Usman et al. 2017).

Conclusions
Five Proteobacteria from Beta- and Gamma- classes were
isolated from different samples polluted with petroleum
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and petroleum products. Based on their morphological,
biochemical, and molecular characteristics, isolated bac-
teria were identified as A. spanius strains IBBp,;z and
IBBpyo1, P. putida strain IBBp,;9, and P. aeruginosa strains
IBBpyso and IBBpgso. All the isolated bacteria were able to
tolerate and degrade kerosene, and their tolerance and
degradation rates vary from one bacterium to another.
Achromobacter and Pseudomonas isolates were able to
produce several secondary metabolites (i.e., surfactants,
pigments), and their production varies from one bacter-
ium to another. Glycolipid surfactants produced by Achro-
mobacter and Pseudomonas isolates have a very good
emulsification activity, and their activity increased in the
presence of kerosene. Pyocyanin and pyoverdin pigments
were produced only by P. aeruginosa IBBpy,o and IBBp;,,
while carotenoid pigments were produced by all the iso-
lated bacteria. Significant changes in pigment production
were observed when Achromobacter and Pseudomonas
isolates were grown in the presence of kerosene. Due to
their ability to tolerate and degrade kerosene, and also to
produce secondary metabolites, the bacteria which were
isolated in this study could be used in the bioremediation
of environments polluted with complex mixtures of hy-
drocarbons, such as kerosene.
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