
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 4
:2

8:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrocarbon deg
aChemistry Interdisciplinary Project, Schoo

Division, University of Camerino, 62032 C

unicam.it; rita.giovannetti@unicam.it
bDepartment of Ecology and Environmental

Sweden
cSchool of Biosciences and Veterinary M

Division, University of Camerino, 62032 Ca
dIridES s.r.l., Via Via Gentile III da Varano

† Electronic supplementary informa
https://doi.org/10.1039/d3ra02536e

Cite this: RSC Adv., 2023, 13, 19276

Received 17th April 2023
Accepted 20th June 2023

DOI: 10.1039/d3ra02536e

rsc.li/rsc-advances

19276 | RSC Adv., 2023, 13, 19276–19
radation strategy and pyoverdine
production using the salt tolerant Antarctic
bacterium Marinomonas sp. ef1.†

Marco Zannotti, *ad Kesava Priyan Ramasamy,b Valentina Loggi,a

Alberto Vassallo, c Sandra Pucciarellicd and Rita Giovannetti *ad

One of the most concerning environmental problems is represented by petroleum and its derivatives

causing contamination of aquatic and underground environments. In this work, the degradation

treatment of diesel using Antarctic bacteria is proposed. Marinomonas sp. ef1 is a bacterial strain isolated

from a consortium associated with the Antarctic marine ciliate Euplotes focardii. Its potential in the

degradation of hydrocarbons commonly present in diesel oil were studied. The bacterial growth was

evaluated in culturing conditions that resembled the marine environment with 1% (v/v) of either diesel or

biodiesel added; in both cases, Marinomonas sp. ef1 was able to grow. The chemical oxygen demand

measured after the incubation of bacteria with diesel decreased, demonstrating the ability of bacteria to

use diesel hydrocarbons as a carbon source and degrade them. The metabolic potential of Marinomonas

to degrade aromatic compounds was supported by the identification in the genome of sequences

encoding various enzymes involved in benzene and naphthalene degradation. Moreover, in the presence

of biodiesel, a fluorescent yellow pigment was produced; this was isolated, purified and characterized by

UV-vis and fluorescence spectroscopy, leading to its identification as a pyoverdine. These results suggest

that Marinomonas sp. ef1 can be used in hydrocarbon bioremediation and in the transformation of these

pollutants in molecules of interest.
1. Introduction

In the 21st century, the industrial development with the need to
develop/improve new goods to achieve the best quality of life,
inevitably, led to important changes in the natural environment
due to contamination problems. Among these, one of the most
widespread is caused by petroleum and its derivates which can
eventually end up in the aquatic and underground environ-
ment, causing the contamination of aquifers and sources.
Nowadays, the necessity of petroleum and fuels is still high,
even though humankind is trying to move towards the
increased use of renewable energy. Transport of petroleum
hydrocarbons may result in accidental spills causing drastic
damage to the environment, especially marine ecosystems.
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Aer accidental spills, hydrocarbons can evaporate, migrate, or
be adsorbed by soils and organisms.1

Fuels, whose production represents most of the crude oil
processed, are the petroleum products most commonly released
into the environment and the largest quantity comes from those
that are used to power vehicles or that are transported as goods.
Among these, diesel is particularly difficult to handle, as it is
composed of many compounds of different chemical structure
and biodegradability;2 moreover, it comes in liquid form,
exhibiting much slower degradation due to its low evaporation
rate compared with other fuel petroleum derivatives.

Diesel fuel is composed mainly by saturated, unsaturated,
and aromatic hydrocarbons. The molecular composition of
diesel consists in aliphatic (74%) and aromatic hydrocarbons
(24%) – including polycyclic aromatic hydrocarbons (PAHs)
such as naphthalene – and other compounds (2%).1,3 The
number of the carbon chains in diesel is between 11 and 25.
Linear alkanes are less toxic than branched alkanes, that in turn
are less toxic than cyclic and aromatic hydrocarbons. Aromatic
hydrocarbons are identied as carcinogenic, toxic, and muta-
genic for living organisms, with a dangerous effect on the
nervous system and excretory system.4,5 Diesel in water ecosys-
tems reduces light penetration and oxygen solubilization, it is
bioaccumulated in the fat tissue of the living organisms, it
decreases the fertility, and it inhibits plant growth when present
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02536e&domain=pdf&date_stamp=2023-06-24
http://orcid.org/0000-0003-2527-9856
http://orcid.org/0000-0003-3505-1097
http://orcid.org/0000-0001-8099-6028
https://doi.org/10.1039/d3ra02536e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02536e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013028


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 4
:2

8:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at high concentration. Biodiesel refers to a vegetable oil- or
animal fat-based diesel fuel consisting of long-chain alkyl
(methyl, ethyl, or propyl) esters. Biodiesel is composed by fatty
acid esters typically made by a reaction between lipids (e.g.,
vegetable oil, soybean oil) and an alcohol. Biodiesel can be used
alone or blended with petrol diesel in any proportions.6

Fuels and petroleum derivates spills must be removed from
the environment, since their toxicity and harmful impact on
living organism; the remediation technologies used to restore
the environment aer hydrocarbons pollution in water include
physical, chemical, and biological treatments. Among physical
methods, barriers are commonly used to isolate the pollutant
compounds in water.1 Chemical treatments involve absorption
materials like activated carbons that can immobilize and
remove hydrocarbons, and emulsiers can also be applied due
to their ability to form oil–water emulsion, reducing the inter-
facial area.1 Biological treatments, or bioremediation, involve
microorganisms able to use hydrocarbons as carbon and energy
source,7 transforming them into less toxic and non-harmful
compounds. In this process, bacteria use the hydrocarbons as
carbon and energy source.1,7 Several examples of bacteria are
reported for their ability to degrade diesel,8 such as Rhodococcus
sp.,9 Pseudomonas sp.,9 Acinetobacter sp.,10 Bacillus and Alcani-
vorax;11 in the latter case, bacteria produce biosurfactants that
increase the solubility of diesel in water facilitating the biore-
mediation process.11

Usually, biodegradation rate decreases at lower tempera-
tures; for this reason, bioremediation technology has moved
towards the use of Antarctic bacteria for their ability to grow and
survive at low temperatures.12 The biodegradation is probably
the most environmentally friendly treatment since it is simple
to apply, inexpensive, as the major costs are related to the
bacterial culturing processes.13

It is interesting also to note that, when these bacteria face
stress conditions or essential element deciency, they can
produce uorescent pigments. In fact, in nature, bacteria and
fungi present the ability to produce a class of natural molecules
called siderophores, that show high affinity for iron and
metals.14,15 Different classes of siderophores can be produced by
bacteria, such as carboxylates, catecholates, hydroxamates,
phenolates, and pyoverdines;16 the last ones, in response of iron
limitation, are commonly synthesized by Pseudomonas.17–22 A
typical pyoverdine molecule consists in three distinct struc-
tures: (i) the uorescent chromophore related to the di-
hydroxyquinoline structure, (ii) a peptide chain consisting in
6 to 12 amino acids connected to the chromophore, and (iii)
a dicarboxylic acid, that usually is succinic or malic acid, or
their corresponding monoamide analog (i.e., glutamic and a-
ketoglutaric acid, respectively), bound to the amino group
present in the chromophore.20,23,24 Several pyoverdines differ
only for the acid moiety bound to the amino group.25–28 The
ability of chelation of the pyoverdine can be used for several
medical applications, as example in diagnostic for the detection
of infection;29 the siderophore, also, demonstrated to be
a promising target for the detection of pathogens.30 In addition,
its features make pyoverdine suitable for agriculture purposes,
as example to provide plants nutrients by triggering the
© 2023 The Author(s). Published by the Royal Society of Chemistry
mobilization of specic metals ions;31 moreover, the ability to
bind metals can be used for bioremediation and sensor appli-
cation32,33 and its uorescence behavior can be also exploited for
the detection of organic molecules.34

In this paper, it is reported the use of the Antarctic bacteria
Marinomonas sp.35 for the diesel and biodiesel degradation. This
bacterial strain, able to live in extreme temperature conditions,
was isolated from a consortium associated to the Antarctic
psychrophilic ciliate Euplotes focardii.36,37 The COD analysis
conrmed that Marinomonas sp. ef1 can degrade diesel fuel at
both 4 and 22 °C. Furthermore, this strain can grow, also, in
presence of biodiesel and, at the same time, can produce
a uorescent pigment that was characterized by UV-vis and
uorescence spectroscopy showing the identied pigment,
which has typical features of pyoverdine molecule.
2. Experimental section
2.1 Strain culturing conditions and pigment extraction

The bacterial strain used in this study was isolated from the
Antarctic psychrophilic ciliate Euplotes focardii and named
Marinomonas sp. ef1, as reported in the previous work.38 It was
grown in LB medium (5 g per L NaCl, 5 g per L yeast extract, 10 g
per L tryptone) or on LB Agar plates (the recipe is as that of LB
with the addition of 15 g per L bacto agar).

To monitor the growth in presence of diesel and biodiesel,
500 mL ofMarinomonas culture at stationary phase were washed
with a saline medium (SM) composed of 35 mM Na2HPO4,
20 mM KH2PO4, 400 mM NaCl, 10 mM NH4NO3, 1 mM MgSO4,
and 8 mM KCl, and then inoculated into 50 mL of the same SM,
as articial seawater, supplemented with 1% (v/v) commercial
diesel oil or with 1% (v/v) biodiesel oil. Marinomonas sp. ef1
growing in SM without diesel was used as negative control. The
growth was monitored under shaking conditions at 200 rpm in
a water bath set at 22 °C and 4 °C, by measuring the optical
density at 600 nm (OD600) using a NanoDrop (Thermo Scien-
tic™) spectrophotometer. Three replicates for each test were
measured.

Marinomonas sp. ef1 cells were also incubated with 1% (v/v)
of biodiesel in saline medium at 22 °C for a time period of 6
days; the cultures were centrifuged for 10 min at 3000 rpm
(Beckmann J2-21) and ltrated by PTFE sterile ReliaPrep
Syringe™ lters (0.22 mm, Ahlstrom) to completely remove
bacterial cells from samples by pelleting in order to obtain
a water solution containing a yellow pigment.

All the reagents were purchased from Sigma-Aldrich and
used without further purication.
2.2 Chemical oxygen demand (COD) determination

COD represent a proper parameter for the evaluation of the
amount of diesel organic content before and aer the bacterial
degradation process. COD evaluation of Marinomonas sp. ef1
cultures growing in SM supplemented with 1% (v/v) of diesel
was performed every 24 hours for six days; in parallel, the
optical density at 600 nm of each sample was analyzed. The
cultures were centrifuged for 10 min at 3000 rpm (Beckmann J2-
RSC Adv., 2023, 13, 19276–19285 | 19277
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21) and ltrated by PTFE sterile ReliaPrep Syringe™ lters (0.22
mm, Ahlstrom) to completely remove bacterial cells from
samples. 500 mL of the samples were diluted with Milli-Q water
to a nal volume of 25 mL and COD was determined by adding
0.5 g of HgSO4, to remove Cl− interference, and 2.5 mL of 96%
H2SO4. Then, 0.5 g of Ag2SO4, as catalyst, and 12.5 mL of 0.25 N
K2Cr2O7 were added. Aer adding 25 mL of H2SO4 (96%) the
samples were boiled for 3 hours. When the samples were
cooled, 2–3 drops of ferroin like indicator were added and COD
evaluated by titration with a solution of 0.25 N FeSO4(NH4)2-
SO4$6H2O till the change from blue/green to red. The same
procedure was repeated for only Milli-Q water as blank. The
COD was evaluated and reported in mg O2 per L using the
following equation:

COD (mg O2 per L) = [(m1 − m2)N × 8 × 1000]/V

wherem1 andm2 are the amount (mL) of FeSO4(NH4)2SO4$6H2O
consumed for the blank and for the sample respectively, N is the
concentration of FeSO4(NH4)2SO4$6H2O, and V is the volume
(mL) of the sample used. SM supplemented with 1% (v/v) of
diesel oil (i.e., without bacteria) was used as negative control.

All reagents were purchased from Carlo Erba reagents and
used without further purication.
2.3 Purication and characterization of uorescence
pigment

The 1% (v/v) of biodiesel solution containing the yellow
pigment formed aer incubation withMarinomonas sp. ef1 cells
was centrifuged for 10 min at 3000 rpm (Beckmann J2-21) to
remove bacterial cells. The supernatant was collected and l-
trated by using a PTFE sterile ReliaPrep Syringe™ lters (0.22
mm, Ahlstrom) for further investigations.

The pH values of yellow pigment samples were adjusted by the
addition of 1 M NaOH and 1 M HCl (Carlo Erba) to the solution
and measured by using a pH-meter electrode CDC401 (Hach).

At each pH value, the UV-vis and uorescence spectra of the
yellow pigment were recorded by using Agilent Cary 8454 UV-Vis
Diode Array spectrophotometer and an Ocean HDX uorimeter
(Ocean Insight), equipped with amonochromatic laser at 365 nm.
The Fe(III) complex of the yellow pigment was spectrophotomet-
rically monitored in presence of 6 mM FeCl3 (Sigma Aldrich).
2.4 Marinomonas sp. ef1 genome analysis

Prediction of the gene clusters encoding for secondary metab-
olites in the genome ofMarinomonas sp. ef1 (available under the
BioProject accession number PRJNA388049) was performed
using the online soware antiSMASH (v 6.1.1),39 selecting
“strict” as detection strictness.
3. Results and discussions
3.1 Marinomonas sp. ef1 genome analysis

John et al. (2020) analyzed the genome of Marinomonas sp. ef1
(available under the BioProject accession number
PRJNA388049) and they reported the presence of genes
19278 | RSC Adv., 2023, 13, 19276–19285
encoding 2-keto-4-pentenoate hydratase (mhpD) and benzene
1,2-dioxygenase subunits alpha (bedC1) and beta (bnzB). We
further identied additional genomic sequences encoding
enzymes such as naphthalene and salicylate hydroxylases (nagG
and nagH), predicted to be involved in the degradation of
aromatic compounds.40

Salicylate is an important intermediate in the bacterial
degradation of polycyclic aromatic hydrocarbons and salicylate
hydroxylases play essential roles in linking the peripheral and
ring-cleavage catabolic pathways.41 The genes encoding
enzymes involved in degradation of benzene were also investi-
gated. In detail, genes encoding for catechol 1,2-dioxygenase
(catA), muconate cycloisomerase 1 (catB), muconolactone D-
isomerase (catC), 3-oxoadipate enol-lactonase (catD), 3-oxoadi-
pate CoA-transferase subunits alpha (catI) and beta (catJ), two
beta-ketoadipyl-CoA thiolases (catF or pcaF), and 3-ketoacyl-CoA
thiolase (fadA) were found. According to KEGG pathway,42 this
set of genes might link the degradation of benzene to the TCA
cycle, through the nal formation of acetyl-CoA and succinyl-
CoA. Spatial proximity in the genome sequence and/or partial
overlapping of the coding sequences suggest that these genes
might be organized in two operons (i.e., catBCA and catIJFD).

Finally, we found in the Marinomonas sp. ef1 genome the
catechol 1,2-dioxygenase, homogentisate 1,2-dioxygenase, and
protocatechuate 3,4-dioxygenase coding genes which may be
involved in the metabolism of diesel degradation.43 The ability
of this organism to breakdown aromatic compounds ensures
the uptake of carbon from alternative sources, a characteristic
that might have helped this bacterium to survive in the high
selective Antarctic habitat.
3.2 Diesel degradation ability by Marinomonas sp. ef1

The ability of Marinomonas sp. ef1 to grow in presence of
hydrocarbons was preliminarily checked at 4 °C, in saline
medium (SM), in presence of 1% (v/v) diesel oil as a sole carbon
source, during a period of 5 days. As it is shown in Fig. S1,†
presence of diesel oil sustained the bacterial growth; indeed, the
sample containing diesel showed an increased turbidity, due to
cellular growth, with respect to the negative control lacking
diesel. Therefore, the growth of Marinomonas sp. ef1 was moni-
tored by measuring the OD at 600 nm at two incubation
temperature (i.e., 4 °C and 22 °C) under shacking conditions in
LB medium (used as control) and SM supplemented with 1% (v/
v) of commercial diesel. These two temperatures were chosen
because 22 °C is the optimal growth temperature ofMarinomonas
sp. ef1 in LB medium (John et al., 2020), while 4 °C mimics the
temperature of its natural habitat (i.e., Antarctic Sea water).

Growth curves (Fig. 1) showed that the two cultures of Mar-
inomonas sp. ef1 in SM supplemented with 1% of diesel reached
the plateau aer 5 days at 22 °C and 6 days at 4 °C. As expected,
when growing in LB medium, the plateau was reached earlier,
just aer 24 h in the case of 22 °C and aer 3 days at 4 °C. These
results clearly demonstrated thatMarinomonas sp. ef1 could use
diesel as sole carbon source to growth at both 22 °C and 4 °C,
although the growth rate was slower in comparison to the
control cultures.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Growth curves ofMarinomonas sp. ef1 in LB at 4 °C (grey dash line) and 22 °C (grey line), and salinemedium (SM) supplementedwith 1% (v/
v) of diesel at 4 °C (blue dash line) and 22 °C (blue line). The experimental data represents a mean ± standard deviation of three replicates.

Fig. 2 (a) COD values for the negative control (NC; not inoculated SM
supplemented with diesel oil), and forMarinomonas sp. ef1 cultures at
4 °C and 22 °C with 1% (v/v) of diesel, after 6 incubation days; (b) COD
and optical density at 600 nm of Marinomonas sp. ef1 cultures in
presence of 1% (v/v) diesel at 22 °C.
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To determine the biodegradation capacity of Marinomonas
sp. ef1, the COD values were measured in cultures grown in
presence of diesel at 22 °C and 4 °C, aer 6 days of incubations.
As it is possible to observe in the Fig. 2a, COD values agreed with
the growth performances observed previously (Fig. 1); indeed,
cultures of Marinomonas sp. ef1 growing at 22 °C had a lower
COD in comparison to the culture at 4 °C. In detail, at 22 °C the
COD value was reduced by 87% when compared to the negative
control, whereas at 4 °C the COD reduction was 54%, con-
rming thatMarinomonas sp. ef1 metabolized the hydrocarbons
present in diesel more efficiently at 22 °C.

Thus, COD and OD600 values were measured daily in cultures
incubated at 22 °C in presence of diesel. As reported in Fig. 2b,
the COD values decreased constantly during the experiment,
whereas the OD600 increased, demonstrating the ability of
Marinomonas sp. ef1 to use hydrocarbons of diesel as substrates.

The OD intensity is proportional to the cell density as re-
ported in the eqn (1):

Nsample

Vsample

~OD600nm (1)

where Nsample is the number of bacteria cells present in the
sample, and Vsample is the volume (l) of the bacterial population.
During the microbial growth the increase in cell number, at
a given time interval, is proportional to the actual cells number
(N); since the newly produced bacterial cells always add to the
population, N increases steadily, and mathematically the
process can be described by the eqn (2):

dN

dt
¼ mN (2)

where m is the specic growth rate of the bacterial population;
integrating, it is possible to dene the eqn (3):

lnN − lnN0 = mt (3)

where N0 is the initial concentration of bacteria at time = 0.
© 2023 The Author(s). Published by the Royal Society of Chemistry
According to these equations, the eqn (3) can be expressed as:

ln OD − ln OD0 = mt (4)
RSC Adv., 2023, 13, 19276–19285 | 19279
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Table 1 Specific growth rate ofMarinomonas sp. ef1 cultures at 22 °C
in presence of 1% (v/v) of diesel and kinetic constant of diesel
degradation

Specic growth rate (lag phase) 0.0182 h−1

Specic growth rate (exp phase) 0.0297 h−1

k1 (step 1), R2 0.0101 h−1, 0.995
k2 (step 2), R2 0.0304 h−1, 0.999
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And for two OD points at different times, can be possible the
calculation of the specic growth rate:

m ¼ ln OD2 � ln OD1

ðt2 � t1Þ (5)

Specically, during the lag phase the specic growth rate for
Marinomonas sp. ef1 cultures at 22 °C in presence of 1% (v/v) of
diesel is equal to 0.0182 h−1, whereas for the exponential phase
the specic growth rate is 0.0297 h−1 (Table 1).

Taking into considerations the consumption of the
substrate, represented by the hydrocarbons present in the diesel
and measured as COD values, in these conditions the diesel
degradation follows two steps (Fig. 2b); the slowest step is
between t0 and 3 days (72 hours), while the second faster step is
between 3 and 5 day (120 hours), that corresponds to the
exponential growth of the bacteria. Both the degradation steps
follow a rst order kinetics44 that can be described as follow:

d½COD�
dt

¼ �k½COD� (6)

[COD] = [COD]0 e
(−kt) (7)

In Fig. S2,† the plot of ln[COD]/[COD]0 versus time (h),
describes the two different steps during the diesel degradation,
Fig. 3 Growth curve ofMarinomonas sp. ef1 in SM supplemented with 1%
standard deviation of three replicates.

19280 | RSC Adv., 2023, 13, 19276–19285
corresponding to two different degradation kinetic constants as
reported in Table 1. In Fig. 2b the dash lines represent the
experimental tting by using the calculated kinetic constants
showing a good estimation of the process. In Table 1 the specic
growth rate and the kinetic results are resumed.
3.3 Biodiesel degradation ability by Marinomonas sp. ef1

The growth of Marinomonas sp. ef1 was also estimated at 22 °C
in SM in presence of 1% (v/v) biodiesel as a sole carbon source
by measuring the OD600; the growth curve reached the plateau
aer 4 days of incubation, as reported in Fig. 3.

In presence of 1% (v/v) of biodiesel at 22 °C, the lag phase is
very short and the exponential growth is faster as demonstrated
by the calculated specic growth (eqn (5)) that, for the expo-
nential phase, is 0.0639 h−1; this value is much higher than
Marinomonas sp. ef1 cultivated in the same condition with
commercial diesel.

In this case, the evaluation of the COD parameter, to conrm
the biodiesel degradation by Marinomonas sp. ef1 was not
possible, because of the formation of a yellow pigment in the
cultures that impaired CODmeasurements. Indeed, in presence
of biodiesel, Marinomonas sp. ef1 cultures turned to yellow and
a uorescence was observed when they were exposed to UV rays;
these features were probably due to the production of
a secondary metabolite and the amount of this yellow
compound was also proportional to the bacterial growth and to
the percentage of biodiesel added to the sample, as shown in
Fig. S3.†

The yellow pigment was isolated as reported in the experi-
mental section and characterized by UV-vis and uorescence
spectroscopy at different pH values. In Fig. 4 the UV-vis spectra
of the pigments at three different pH values are reported (i.e.,
pH: 2.08, 6.16, and 11.97); in this case the intermediate pH is
that of the extracted pigments from the bacterial culture.
(v/v) of biodiesel at 22 °C. The experimental data represents a mean±

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis spectra of the pigment produced by Marinomonas sp.
ef1, at different pH values (2.08, 6.16, 11.97).
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As reported in Fig. 4, at acidic pH, the solution containing
the pigment showed a very light-yellow colour, almost trans-
parent; the related UV-vis spectrum presented two adsorption
bands at 366 and 380 nm. Increasing the pH to 6.16, the band at
366 nm decreased in intensity, and a new absorption band was
present at 410 nm; at this pH value, the colour of the solution
was light-yellow. Reaching a strong basic pH (11.97), the
shoulder at 366 nm and the band at around 380 nm dis-
appeared completely, while the band at 410 nm increased and
red-shied to obtain a broadened absorption band at 430 nm;
in these conditions the colour of the solution became bright
yellow.

From these results, and in agreement with literature, it is
plausible to propose that this secondary compound produced
by the Marinomonas sp. ef1 is a pyoverdine molecule, which is
a uorescent molecule due to the presence of the di-
hydroxyquinoline structure (Fig. 5).19,45
Fig. 5 Typical structure of pyoverdine based on a di-hydroxyquinoline c

© 2023 The Author(s). Published by the Royal Society of Chemistry
The spectral changes of the pyoverdine can be attributed to
the protonation and deprotonation of –OH groups of the
dicarboxylic acid, and of the catecholate group present in the di-
hydroxyquinoline structure.18,19,46

As reported in the Fig. 6, also the uorescence emission of
the pigment changed as function of the pH; specically, at acid
pH, the uorescence emission was centered at 431 nm (violet
emission), and red shied at 458 nm at intermediate pH (blue
light emission) and at around 500 nm at basic pH (yellow
emission).47–49

To further conrm that the pigment produced was the
siderophore pyoverdine, the ability to strongly bind Fe(III), even
at very low concentration, was evaluated, as reported in the case
of other pyoverdine molecules. The hydroxyl groups of the
dihydroxyquinoline, carboxyl acid and amino acids groups on
the peptide chain of the pyoverdine allow this molecule to
capture very strongly and rapidly Fe(III).18,50

In this context, the pyoverdine at pH 6.16, in presence of 6
mMof FeCl3, showed a colour change from pale-yellow to orange
aer only 60 seconds, due to the formation of stable complex
with Fe(III). The UV-vis spectral variations reported in Fig. 7
showed a red shi of the main bands with an increasing of
absorbance at around 400 nm; at this pH, a broad ligand-to-
metal charge transfer band at higher wavelength (470 nm)
and a small band at 550 nm were observed.18,21,45

At genomic level, the analysis with the online soware
antiSMASH (v. 6.1.1)39 allowed the identication of four genome
regions containing secondary metabolite biosynthetic gene
clusters (Table 2). Noteworthy, one of the predicted secondary
metabolites biosynthetic regions (1.1 in Table 2) was classied
as a nonribosomal peptide synthetase (NRPS) cluster, sharing
a 38% similarity with that of the siderophore turnerbactin from
the bacterium Teredinibacter turnerae T7901. This region
includes two genes predicted to encode NRPS (indicated as core
biosynthetic genes, in red, in Fig. 8), reported to be responsible
for pyoverdine synthesis in Pseudomonas.22 This cluster may
hromophore structure.

RSC Adv., 2023, 13, 19276–19285 | 19281

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02536e


Fig. 6 Emission spectra of the pigment produced by Marinomonas sp. ef1, at different pH.

Fig. 7 Complexation of Fe(III) by pyoverdine produced by Marinomonas sp. ef1, at different time.

Table 2 Secondary metabolite biosynthetic gene clusters present in genome of Marinomonas sp. ef1 and predicted using antiSMASH

Contig Region Type

Position Most similar known cluster

From To Name Type Similarity

1 Region 1.1 NRPS 292.233 359.796 Turnerbactin NRP 38%
6 Region 6.1 Betalactone 240.314 264.144
8 Region 8.1 Acyl-amino-acids 53.961 115.232
9 Region 9.1 Ectoine 91.642 102.031 Ectoine Other 83%

19282 | RSC Adv., 2023, 13, 19276–19285 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Scheme of region 1.1 predicted by antiSMASH and containing a putative NRPS gene cluster (Table 1).
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represent a good candidate for pyoverdine biosynthesis in
Marinomonas sp. ef1.

The biosynthesis of pyoverdine by Marinomonas sp. ef1 in
presence of biodiesel may be a response to iron deciency in the
environment;17 in contrast, this production was not observed in
the case of cultures containing diesel.
4. Conclusions

In this study, the Antarctic bacteriumMarinomonas sp. ef1 was
used successfully for diesel and biodiesel degradation. Mar-
inomonas sp. ef1 showed a different behavior when the culture
grew with 1% (v/v) of diesel or biodiesel. The hydrocarbons
present in the composition of diesel can be used by the
bacteria as carbon source permitting them to reproduce and
growing in this extreme condition. The bacterial growth
monitored by the optical density at 600 nm (OD600) demon-
strate the ability of the Antarctic bacterium to grow better and
more rapidly at 22 °C instead of 4 °C, even if at this temper-
ature, the bacteria, in presence of diesel, were able to grow.
The degradation of diesel was monitored by the evaluation of
COD parameter, showing a reduction about 87% of COD at
22 °C, whereas the COD reduction at 4 °C was 54%. In addi-
tion, a kinetic study demonstrated that the diesel degradation
at 22 °C follows two different steps, the rst slower and the
second faster, both following a rst order kinetics with
different degradation rate.

When theMarinomonas sp. ef1 was cultivated with 1% (v/v) of
biodiesel, the bacterium always showed the capability to
reproduce itself, and in this case, more rapidly with respect to
the same condition with commercial diesel. In addition, in
presence of biodiesel the bacterium was stimulated to synthe-
size a yellow secondary metabolite, that showed the typical
absorption and uorescence prole of the pyoverdine side-
rophore. The capability of Marinomonas sp. ef1 to exploit
alternative carbon sources probably contributes to its survival
and that one of its host E. focardii under the nutrient limitations
in the Antarctic environment; in fact the pyoverdine biosyn-
thesis may be a strategy to scavenge Fe(III) ions that are essential
for basic metabolism and to face iron deciency in the Antarctic
environment. In this case the presence or the absence of pyo-
verdine represent an indication of the presence of biodiesel or
diesel, respectively.
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