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Abstract

Background Biosurfactants are surface-active compounds with environmental and industrial applications. These
molecules show higher biocompatibility, stability and efficiency compared to synthetic surfactants. On the other
hand, biosurfactants are not cost-competitive to their chemical counterparts. Cost effective technology such as

the use of low-cost substrates is a promising approach aimed at reducing the production cost. This study aimed to
evaluate the biosurfactant production and activity by the novel strain Rhodococcus sp. SP1d by using different growth
substrates. Therefore, to exploit the biosurfactant synthesized by SP1d for environmental applications, the effect of
this compound on the bacteria biofilm formation was evaluated. Eventually, for a possible bioremediation application,
the biosurfactant properties and its chemical characteristics were investigated using diesel as source of carbon.

Results Rhodococcus sp. SP1d evidence the highest similarity to Rhodococcus globerulus DSM 43954" and the ability
to biosynthesize surfactants using a wide range of substrates such as exhausted vegetable oil, mineral oil, butter,
n-hexadecane, and diesel. The maximum production of crude biosurfactant after 10 days of incubation was reached
on n-hexadecane and diesel with a final yield of 2.38+0.51 and 1.86+0.31 g L™ ' respectively. Biosurfactants produced
by SP1d enhanced the biofilm production of P. protegens MP12. Moreover, the results showed the ability of SP1d to
produce biosurfactants on diesel even when grown at 10 and 18 °C. The biosurfactant activity was maintained over a
wide range of NaCl concentration, pH, and temperature. A concentration of 1000 mg L' of the crude biosurfactant
showed an emulsification activity of 55% towards both xylene and olive oil and a reduction of 25.0 mN m™' of surface
tension of water. Eventually, nuclear magnetic resonance spectroscopy indicated that the biosurfactant is formed by
trehalolipids.

Conclusions The use of low-cost substrates such as exhausted oils and waste butter reduce both the costs of
biosurfactant synthesis and the environmental pollution due to the inappropriate disposal of these residues. High
production yields, stability and emulsification properties using diesel and n-hexadecane as substrates, make the
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biosurfactant produced by SP1d a sustainable biocompound for bioremediation purpose. Eventually, the purified
biosurfactant improved the biofilm formation of the fungal antagonistic strain P. protegens MP12, and thus seem to
be exploitable to increase the adherence and colonization of plant surfaces by this antagonistic strain and possibly

enhance antifungal activity.

Keywords Rhodococcus sp., Biosurfactants, Trehalolipids, Emulsification, Nuclear magnetic resonance spectroscopy,

Biofilm, Bioremediation

Introduction
Surface-active surfactants consist of hydrophobic and
hydrophilic moieties, exhibiting a wide range of chemical
structures, such as lipopeptides, glycolipids, polysaccha-
ride-proteins, and nucleolipids [1, 2]. These compounds
have several industrial-relevant properties such as reduc-
tion of the viscosity of crude oil, emulsification, foaming,
wetting, phase separation, and cleansing [3, 4]. Moreover,
both synthetic and biological surfactants have an impact
on biofilm growth in a wide range of medical, and envi-
ronmental bacterial strains [5]. Compared to synthetic
surfactants, microbiologically synthesized biosurfactants
show many advantages, including structural diversity,
low toxicity, good biodegradability, stability at extreme
temperatures, salinity, and pH values [6]. Biosurfactants
are becoming more popular as alternatives to synthetic
surfactants in a wide range of applications, such as phar-
maceuticals, cosmetics, oil, detergents, paint, textiles,
food processing, agriculture, and pollution removal [3,
7, 8]. The most notable bacterial genera able to produce
surface-active compounds are Pseudomonas sp. (rham-
nolipids, ornithine lipids, carbohydrate lipids), Bacillus
sp. (surfactins, lipopeptides), Acinetobacter sp. (glycolip-
ids, lipopeptides, rhamnolipids, and glycolipoproteins)
and Rhodococcus sp. (trehalolipids) [2, 4]. Several spe-
cies belonging to Rhodococcus genus were identified as
biosurfactant producers such as R. erythropolis, R. ruber,
R. fascians, R. longus, R. wratislaviensis, R. equi, R. rho-
dochrous and R. opacus [9-11]. Trehalolipid biosurfac-
tants produced mainly by this genus are widely applied
as emulsifying compounds with application in oil recov-
ery from reservoirs and in bioremediation protocols of
oil-contaminated soils [12]. Moreover, trehalolipids can
be potentially used in medical fields as antiviral, antimi-
crobial, anticancer, or inmunomodulating factor [13, 14].
Trehalolipids are mainly produced by organisms utilizing
hydrophobic substrates such as n-alkane, crude and vege-
table oils [6, 13], however, their production has also been
observed employing soluble substrates [15-17]. Marine
environments are rich in microorganisms that have
evolved unique physiological and metabolic characteris-
tics [18]. Several studies showed this habitat as a promis-
ing source for the discovery of novel bacterial strains able
to produce biosurfactants [19-22].

This study aimed to evaluate the properties of bio-
surfactants produced by the novel marine strain

Rhodococcus sp. SP1d by using different carbon sources
such as low-cost substrates to possibly reduce the pro-
duction costs. Moreover, their potential environmental
applications (in bioremediation protocols and as biocon-
trol agents) were evaluated. The investigation includes: (i)
a preliminary taxonomic identification of SP1d strain and
(ii) the characterization of biosurfactants produced by
using different carbon substrates. Moreover, in order to
potentially exploit the biosurfactant synthesized by SP1d
for environmental applications (iii) the effect of Rhodo-
coccus sp. SP1d biosurfactant on the biofilm production
of a plant growth promoting (PGP) and fungal antagonis-
tic bacterium such as Pseudomonas protegens MP12 [23]
was evaluated. Finally, (iv) for a potential bioremediation
application, the biosurfactant properties and its chemi-
cal characteristics were investigated using diesel as sole
source of carbon and energy.

Results

Identification of Rhodococcus sp. SP1d

The sequence of the 16 S rRNA gene (1359 bp) of SP1d
strain was determined and the phylogenetic tree was con-
structed (Fig. 1). The results revealed an identity of 100%
with Rhodococcus globerulus DSM 43954". Moreover,
significant identity was found with Rhodococcus qing-
shengii JCM 154777 (99.48%), Rhodococcus degradans
CCM 4446T (99.04%), Rhodococcus baikonurensis GTC
10417 (99.04%), Rhodococcus baikonurensis GTC 10417
(98.77%) and Rhodococcus erythropolis NBRC 155677
(98.38%).

Growth tests in presence of different hydrophobic
substrates

Results showed that Rhodococcus sp. SP1d was able to
grow on n-hexadecane, diesel, butter, exhausted vegeta-
ble oil, and motor oil as the sole sources of energy and
carbon, although the growth on this latter substrate pro-
ceeds with a lower yield (Fig. 2). In presence of diesel and
exhausted oil the strain reached the maximum growth
after about 120 h with a cell concentration of 8.5 log,,
(CFUs ml™1). Growth curves in DM supplied with butter
showed an exponential phase for SP1d that lasted about
48 h and reached the maximum biomass production --
~8 log;, (CFUs ml™?) -- after 170 h. Eventually, the strain
is also capable of utilizing motor oil but with the cell
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Fig. 1 Phylogenetic tree generated by 16 S rRNA sequence retrieved from Rhodococcus sp. SP1d. Outgroup = Rhodococcus kroppenstedtii KO7-23T. Boot-
strap values are shown at branch nodes and are based on 1000 replicates. The scale bar indicates 0.005 substitutions per nucleotide position

concentration increasing only by about 1.5 and 1 order of
magnitude respectively over 10 days of incubation.

Evaluation of biosurfactant production by SP1d strain
grown on different substrates

Production of biosurfactant and its surface tension
reduction, oil-displacement, emulsification ability, and
the measurement of turbidity of the resulting emulsion
were evaluated for Rhodococcus sp. SP1d grown using
n-hexadecane, diesel, butter, exhausted vegetable oil,
and motor oil as substrates after 10 days of incubaton
(Table 1). The maximum production of crude biosur-
factant after 10 days was reached on n-hexadecane and
diesel with a final yield of 2.38+0.51 and 1.86+0.31 g L™*
respectively. Moreover, biosurfactant was synthetized
using exhausted vegetable oil (1.61+0.23 g L™!), butter
(0.81+0.29 g L™!) and mineral oil (0.31+0.25 g L™!) as
source of carbon and energy. Thus, a reduction in surface
tension in cell-free medium was observed when SP1d
strain was grown in n-hexadecane (14 mN m™!), diesel
(158 mN m™!) and exhausted vegetable oil (3.96 mN
m~1). On the other hand, surface tension measurements
were altered by the viscous nature of butter and mineral
oil and the bioemulsified cultures [17].

The oil-displacement test showed a large oil-free
clearing zone of 13.6%£1.53 and 9.0+1.41 mm by using
n-hexadecane and diesel as carbon and energy sources
respectively, while biosurfactant produced by SP1d
strain grown on exhausted oil displaced circle with
4.510.71 mm of diameter. Employing butter and motor

oil as substrates the diameter of the clear zone decreased
to 3.2+1.05 and 2.5+0.92 mm respectively. Similarly, the
highest % emulsification activity (EA24) was observed for
the biosurfactant synthesized by Rhodococcus sp. SP1d
grown on n-hexadecane with values ranging from 56.15
to 62.30 followed by that produced in presence of diesel
with a percentage in the range of 51.54—44.61%, among
the compounds tested. The turbidity of the emulsion
obtained for the biosurfactant produced using n-hexa-
decane as growth substrate was 53.501+4.24, 24.52+4.95,
23.53%3.26, and 14.00£2.83 with xylene, diesel, hexane,
and olive oil respectively. On the other hand, the turbidity
observed using diesel as carbon source was with xylene
(20.7+2.54) followed by olive oil (15.25+2.47), diesel
(12.95%+1.76) and hexane (5.30+0.14). Therefore, the
presence of exhausted oil as substrates leads to a % EA24
between 40.769 and 37.692%. The turbidites of the emul-
sions were found to be ODgy, 9.75+3.18, 5.375+0.67,
5.1+0.84, and 2.75+0.49 by using xylene, diesel, olive oil,
and hexane respectively. The % EA24 recorded by Rho-
dococcus sp. SP1d grown on butter were in the range of
40.769-22.308% with a turbidity of ODg,, 5.95+0.35
with diesel and 3.80+0.42 with hexane. The volume of
the emulsions formed with olive oil and xylene was too
low to measure the turbidity. Eventually, the emulsifica-
tion activity dropped when SP1d was grown on motor oil
with a % EA24 between 3.846+1.08 and 6.923+2.17, with
no possibility to determine its turbidity. All the emulsions
were stable for more than 15 days.
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Fig. 2 Growth curves of Rhodococcus sp. SP1d Continuous lines: bacterial
growth in presence of 1% of (a) n-hexadecane, (b) diesel, (c) butter, (d)
exhausted vegetable oil, and (e) motor oil. Dotted lines: bacterial growth in
absence of substrate. Each curve is based on the results of three replicates
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Monitoring of the biosurfactant production during
Rhodococcus sp. SP1d growth

The biosurfactant production was monitored during the
growth of Rhodococcus sp. SP1d cultivated on n-hexadec-
ane, diesel, mineral oil, exhausted vegetable oil and but-
ter as the sole sources of carbon and energy. The % EA24
was calculate on cell-free supernatant after 0, 48, 120,
168, and 240 h (Fig. 3). The results evidenced an expo-
nential trend of the % EA24 until about 168 h of incuba-
tion, followed by a stationary phase until the end of the
experimentation.

Effect of biosurfactants on biofilm production of Pseudo-
monas protegens MP12.

Biosurfactant produced by Rhodococcus sp. SP1d was
tested for their potential on improving adherence to plant
surfaces (i.e. enhancing the biofilm production) in the
Pseudomonas protegens MP12 [23]. Our results showed
that Pseudomonas protegens MP12 produced about log,,
4.5 CFU mL™" of biofilm in both growing (i.e., Nutrient
broth) and resting (i.e. ddH,O) cells in control condition
after 48 h at 27 °C. The addition of 25 and 50 pg mL™' of
biosurfactant enhanced the biofilm production for grow-
ing and resting cells respectively. Higher concentrations
(up to 200 pg mL~") of the biosurfactant did not increase
the biofilm production (Fig. 4a). By contrast the biosur-
factant addition did not affect the growth of planktonic
cells either in growing or resting cells (Fig. 4b). Our
results showed the potential use of the biosurfactants
produced by Rhodococcus sp. SP1d to increase the bio-
film production in the PGP bacterium P. protegens MP12.

Investigation on the biosurfactant production and activity

using diesel as substrate

Effects of the temperature on SP1d growth and biosurfactant
production

Although no bacterial growth was observed at both at
18 and 10 °C (data not shown), the results evidenced a %
EA24 in hexane of 5.71+4.04 and 44.29+2.02 and an oil-
displacement of 1.75%+2.06 and 4.75+1.26 mm at 10 and
18 °C respectively.

Effects of sodium chloride, pH. and temperature on
biosurfactant stability

The effects of NaCl, pH, and heating on biosurfactant
stability measured as % EA24 were shown in Fig. 5. The
biosurfactant activity derived from cell-free medium was
maintained over a wide range of NaCl concentrations, pH
values and heating times with minimal deviation in the %
EA24. On the other hand, the extracted crude biosurfac-
tant showed no significant differences from 2 to 12 pH
values, but % EA24 values dropped in presence of 10%
or more of NaCl. Eventually, the emulsification activity
decreased from 60 to about 40% after 60 min of heating.
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Table 1 Biosurfactant production (g L™"), its surface tension reduction (mN m™~"), oil displacement test (mm), emulsification activity
(% EA24) and determination of the turbidity of the emulsion (ODg,) for Rhodococcus sp. SP1d grown using different hydrophobic
substrates after 10 days of incubation (n.d.) not determined. (--) Surface tension measurements were confounded by the viscousnature

of butter and mineral oil and the bioemulsified cultures

Growth substrates

n-hexadecane Diesel Mineral oil Exhausted vegetable Butter
oil

Purified biosurfactant (g L") 238+051 1.86+0.31 031+0.25 1.61£0.23 0.81+0.29
Surface tension (MmN m™") 60.9+0.30 586+1.17 34.89+£1.92 5332£0.17 43.35+0.21
Reference culture 469+1.34 428+220 32.75+£044 49.36+0.33 44.17+0.34
Bioemulsified culture 14 15.8 - 3.96 -
Difference
Oil displacement test (mm) 13.6+1.53 9.0+1.41 25+092 45+0.71 32+1.05
Emulsification activity (% EA24)
Diesel 56.15£3.26 46.92+3.26 3.84+1.08 40.00+2.17 40.76+7.61
QOlive ol 61.53+4.35 44614435 6.92+2.17 40.76 £3.26 2230+543
Hexane 6230£2.17 46.92+7.61 538+1.08 39.23£3.26 40.00+2.17
Xylene 57.69£1.26 51.53+£3.23 4.61+£4.35 37.69£543 2461217
Turbidity of the emulsion (ODg,)
Diesel 24.52+£495 1295+1.76 n.d. 537+0.67 595+0.35
Olive oil 14.00+2.83 15.25+247 nd. 510+084 nd.
Hexane 2353+£3.26 530+0.14 nd. 2.75+0.49 3.80+042
Xylene 5350£4.24 20.7+2.54 n.d. 9.75+3.18 n.d.

Surface tension and emulsification abilities of extracted
crude biosurfactant

A reductions of 25.0 mN m™! of surface tension was
observed in water supplied with 1000 mg L™! of puri-
fied biosurfactant compared to bidistilled water: from
72.84+0.11 mN m™! to 47.82+2.24 mN m™ .,

The % EA24 activity of extracted crude biosurfactant
was tested (Fig. 6). The results evidenced a linear curve
between the concentration of crude biosurfactant and
% EA24 values reaching a percentage of emulsification
activity of about 55% either with xylene or olive oil using
1000 mg L™ ! of crude biosurfactant.

Chemical characterization of biosurfactants produced by
SP1d strain
The biosurfactants obtained growing Rhodococcus sp.
SP1d on diesel as the sole source of carbon were analyzed
using Nuclear Magnetic Resonance (NMR) spectroscopy.
High-resolution NMR spectroscopy is an exquisite tech-
nique to analyze molecules composition even in com-
plex mixtures. NMR-active nuclei are extremely sensitive
to their chemical environment, therefore the analysis of
NMR spectra allows structural elucidation, and qualita-
tive information about the molecules under investigation.
One dimensional ' H NMR spectrum acquired on the
crude extracts of biosurfactants dissolved in D,0, shows
a variety of signals with chemical shifts in the 5.5-3.3 and
2-0.8 ppm regions characteristic of the presence of long
hydrocarbon chains and carbohydrate rings. However,
the ! H NMR spectrum has limited chemical shift disper-
sion and therefore is difficult to interpret. Wetherefore

recorded 2D homo and heteronuclear spectra with the
aim to further characterize the chemical nature of the
biosurfactants.

The ! H-'3 C HSQC spectrum of the crude extracts
of biosurfactants dissolved in D,O, showed several dis-
persed and resolved NMR signals in the range of 6.5-0.5
ppm in the ! H dimension and 112-118 ppm in the ¥ C
dimension. The closer inspection of the signals in the
1 H shift range of 5.5 to 3 ppm and the comparison with
the deposited spectra of standard solutions of pure sub-
stance in the Biological Magnetic Resonance Data Bank
[24], allowed the identification of the main carbohydrate
as the disaccharide trehalose (Fig. 7a). The analysis of the
signals allowed to clearly identify the characteristic reso-
nances of the anomeric carbon and proton (§.; 96 ppm,
Oyy1 5.106 ppm) and the peaks of the methylene carbons
C6 (8¢ 63.34 ppm, 844 3.77 ppm and d¢ 63.12 ppm, Sy
3.66 ppm) [25]. The presence of the trehalose moiety is
further confirmed by the analysis of the ! H-'* C HMBC
spectrum, which provides long-range correlations typical
of the trehalose carbohydrate (Fig. 7b). The resonances
observed in the anomeric region between 95 and 105
ppm of the ! H-'3 C HSQC spectrum (Fig. 7a inset) sug-
gested the presence of additional carbohydrate moieties
(four different pyranoside rings) however it was not pos-
sible to clearly identify signal patterns. The presence of
the trehalose moiety is confirmed also by homonuclear
2D ' H-! H TOCSY spectrum (data not shown).

Interestingly, long-range correlations in the ! H-'3 C
HMBC spectrum showed two signals at 165.74 ppm and
two at 180.94 and 184.44 ppm, indicative of the presence
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of at least four ester groups (Fig. 7c). It is worth noticing
that the signals at ~165 ppm (** C dimension) are absent
in the ! H-1* C HMBC spectrum recorded on the aque-
ous phase obtained after biosurfactant basic hydrolysis
(Fig. 7d); this observation suggests that esterification of
hydroxyl groups of the trehalose rings and the carbonyl
carbons of the fatty acids had occurred. However, due
to the crowded spectrum, we could not assign the exact
3 J H,C correlations between the carbohydrate and the
hydrocarbon chain.

The spectra of the crude biosurfactants dissolved in
D,O revealed also characteristic ! H NMR signals with
chemical shifts at ~0.8 ppm for the methyl group (-CH,),
~1.2 ppm for the long hydrocarbon chains (-CH,),—, and
~2.5 ppm for (-CH,—~COO-), however, the 2D spectra
recorded on the same sample were not informative.

To identify the fatty acid moieties further NMR spectra
were acquired on the organic phase obtained after basic
hydrolysis of the biosurfactants, dissolved in methanol.
The ! H-'3 C HSQC spectrum shows the expected sig-
nals for long hydrocarbon chains, and a signal at 5.36 and
132.07 in the ! H and ! C carbon dimensions, respec-
tively (Fig. 8a) corresponding to a vinylic hydrogen in the
fatty acid chain. The presence of the unsaturation is also
confirmed by analyzing the ! H-! H TOCSY spectrum
where a characteristic pattern of cross-peaks of vinylic
(O 5.39 ppm), allylic (8 2.05 ppm), and hydrocarbon
chains (8 1.34 ppm) protons is easily identified (Fig. 8b)
[26]. By a closer inspection of the ! H-! H TOCSY spec-
trum, it was also possible to identify the peak at 3.52 ppm
characteristic of hydroxylated fatty acids with a crosspeak
at 8y 3.52/0.96 ppm indicative of the hydroxylation close
to the methyl group of the fatty acid (Fig. 8b). Overall
NMR analysis allowed to conclude that the biosurfac-
tant produced growing Rhodococcus sp. SP1d on diesel is
formed by a trehalose moiety and long-chain fatty acids
saturated, unsaturated and hydroxylated.

Discussion

The marine environment represents a huge source of
bacteria that can be potentially exploited for the syn-
thesis of novel natural molecules that can be utilized for
commercial aims. However, biosurfactants produced by
strains isolated from marine habitats are poorly investi-
gated in comparison to terrestrial strains [27]. Microor-
ganisms that are exposed to hydrocarbon-polluted sites
produce surface-active molecules to increase their bio-
availability [28]. To date, marine strains able to produce
biosurfactants belong to different genera including Mari-
nomonas sp., Bacillus sp., Acinetobacter sp, Cobetia sp,
Catenovulum sp., Serratia sp., Pseudomonas sp., Pseudo-
alteromonas sp., Glaciecola sp., Alteromonas, Halomonas
and Alcanivorax [29-32]. Moreover, Rhodococcus strains
able to produce biosurfactants were already isolated from



Andreolli et al. Microbial Cell Factories (2023) 22:126

a b
6.0 e NB 10
i o ddH,0
> S -~ 8
= 5.0 } }’—" 6
— o
7 b=
> 45 C
g $ 54
= 4.0 3 "
3.5

o 50 =

Biosurfactant (ug ml?)

Page 7 of 15

ddH,0 + 50 pg/ml BS
ddH,0
NB

NB + 25 pg/ml BS

hours

Fig. 4 (a) Effect of different concentrations of biosurfactants (BS) from Rhodococcus sp. SP1d on the biofilm production of growing (NB) and resting cells
(ddH,0) of P protegens MP12 after 48 h of incubation at 27 °C. (b) Growth of planktonic cells after 48 h of incubation in growing (NB) and resting (ddH,0)

ccondition in presence and absence of biosurfactant (BS)

pH

A pH B

Fig. 5 Effect of pH, NaCl, and heat on the stability of (A) extracted crude
biosurfactantand (B) cell-free medium measured by % EA24 tested against
xylene. Error bars represent the values of three independent experiments

701 I I
604 % - w -
501 B >
i3 L
§ 40 22
“i 30 0 0 500 1000
B et -
204 il
T —il— Olive oil
10 Le* i
S - - @ = Xylene
0 == . . v . . .
0 200 400 600 800 1000 1200
mg L!

Fig. 6 Emulsification activity (% EA24) tested again olive oil and xylene of
biosurfactant purified from Rhodococcus sp. SP1d strain grown on diesel

marine environments: Dang et al. [29] found that, among
the isolated strains, two strains belonging to this genus
were the best at reducing the surface tension of the cul-
ture medium and White et al. [22] isolated Rhodococcus

sp. PML026 with high production of biosurfactants.
Indeed, several species belonging to Rhodococcus genus
— isolated both from terrestrial and marine environments
— were identified as biosurfactant producers [9-11] but,
at the best of the author’s knowledge, this is the first
manuscript that described the production and its poten-
tial agro-industrial applications of biosurfactants from a
bacterial strain closely related to R. globerulus species.

Despite the exceptional proprieties and the wide poten-
tial applications in different industrial sectors, the com-
mercialization of biosurfactants remains costly and
difficult. This is mainly due to the usage of expensive
chemically synthesized media. Therefore, it is impor-
tant to search for potential renewable, raw and cheap
substrates to reduce the biosurfactant production cost
[33]. The results here obtained showed that SP1d strain
is able to grow and produce biosurfactants by using a
wide range of different hydrophobic substrates such as
exhausted vegetable oil and butter as sole source of car-
bon end energy.

The emulsification activity was often observed
depending on the carbon source used for the bacterial
cultivation [34]. Here, the results evidenced that n-hexa-
decane>diesel >exhausted vegetable oil>butter>motor
oil were the best substrates in terms of production of
crude biosurfactant. The biosurfactant production was
confirmed by the value of surface tension reduction in
the cell-free medium supplied with n-hexadecane, die-
sel and exhausted vegetable oil. Several manuscripts
reported the production of surface-active compounds by
both marine and terrestrial strains belonging to Rhodo-
coccus genus using hydrocarbons as carbon sources [29,
35]. However, less information has been found regarding
the other hydrophobic carbon sources. The production of
biosurfactant on residual fried oil was already observed
only in two Rhodococcus erythropolis strains reaching
an E24 of about 60% and 40% by using 2—-3% and 1% of
substrate respectively [17, 36]. Different species of Pseu-
domonas and the marine Nocardiopsis sp. B4 were found
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Fig. 7 Heteronuclear NMR spectra acquired on biosurfactants dissolved in D;0. () ' H-'3 C HSQC spectrum of the crude extracts of biosurfactants. The
insets show a zoom of the spectrum of the biosurfactants (black) superimposed with the ' H-'> C HSQC spectrum of trehalose deposited in the BMRB
(red). (b) Superimposition of a region of the ' H-'* C HMBC spectra of biosurfactants (black) and of trehalose deposited in the BMRB. (¢, d) Zoom of the
carbony! region of the ' H-'3 C HMBC spectra of crude biosurfactants (c), and after basic hydrolysis (d). All the spectra were recorded at 25 °C
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Fig.8 (a) ' H-' HTOCSY spectrum acquired on the organic phase obtained after basic hydrolysis of the biosurfactants. (b) Superimposition of the zoom
of the ' H-" HTOCSY spectrum of biosurfactants (black) with ' H-" H TOCSY spectra of oleic acid (green) and 16-hydroxypalmitic acid (red) deposited in
the BMRB. Dashed lines indicate typical cross peaks patterns of vinylic, allylic, and hydrocarbon chains (...) and of hydroxylated fatty acids (_._). All the

spectra were recorded at 25 °C
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to produce surface-active compounds from olive and
sunflower oil [37-39]. Although the capability of a strain
of Rhodococcus species of growing on butter and other
animal fats has been already observed by Kis et al. [40],
to the best of the authors’ knowledge, the production
of surface-active compounds from these substrates by
this genus have been not reported yet. Zouari et at [41].
described the synthesis of biosurfactants using butter-
milk and poultry-transforming wastes by Bacillus subti-
lis SPB1, and active-surface compounds were produced
with the animal fat waste by Pseudomonas, Nocardia, and
Aneurinibacillus genera [42, 43]. Although used lubricat-
ing oils have become a serious environmental concern,
only a few investigations were carried out to test these
compounds as substrates for biosurfactant production.
Mercade et al. [44] showed that among all the isolated
strains only 10% of them synthesized biosurfactant uti-
lizing waste lube oil. The phylogenetic characterization
showed that all the strains belonged to Rhodococcus and
Bacillus species. Moreover, the bacterial species Coryne-
bacterium kutscheri, Bacillus megaterium, Pseudomonas
aeruginosa, and the marine Azotobacter chroococcum
showed the capability to grow and produce biosurfactants
using waste motor oil lubricant as substrate [45—48].

Indeed, the results so far achieved evidenced that the
biosurfactant produced by Rhodococcus sp. SP1d was
able to emulsify a wide range of compounds such as die-
sel, olive oil, xylene, and n-hexadecane. The literature
suggested that the emulsified activity of some Rhodococ-
cus strains is mostly toward long-chain hydrocarbons [6].
The emulsification activity of SP1d was comparable or
even higher in comparison with the other Rhodococcus
strains [11, 17, 36].

Kinetics of biosurfactant production by strains belong-
ing to Rhodococcus genus grown with hydrocarbons was
widely studied, confirming the results here obtained.
Under non-limiting conditions glycolipid production
by R. erythropolis and R. ruber correlated with biomass
formation and substrates consumption, suggesting its
growth-associated mode [49, 50].

The results so far achieved evidenced that Rhodococ-
cus sp. SP1d produced the highest amount of biosur-
factant by using diesel and n-hexadecane as substrate.
This observation suggests the potential use of this strain
for bioremediation use. The surfactant production of R.
ruber IEGM 231 and R. wratislaviensis BN38 increased
with the increase in n-alkane chain length, reaching the
maximal level of 9.9 and 3.1 g L™ respectively on n-hexa-
decane [50, 51]. Moreover, a yield of about 0.25-0.30 g
L~! was reported in R. erythropolis S67 using n-hexa-
decane as a carbon end energy source [52]. Among four
different carbon sources — crude oil, diesel, benzene, and
naphthalene — the maximal biosurfactant production of
R. erythropolis LMG 5359 and R. ruber LMG 5366 strains
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was obtained using naphthalene and diesel with yields of
about 4.5-6 g L1, Although the growth of SP1d on die-
sel and n-hexadecane produced the highest amount of
biosurfactant, this compound was even synthetized by
using low-cost substrates such as exhausted vegetable oil
(1.61£0.23 g L™') and butter (0.81£0.29 g L™'). Synthe-
sis of biosurfactants has been already investigated from
waste frying oil. For instance, different studies reported
a final production ranging from 0.8 to 2.7 g L™! [37, 38].
Moreover, it is reported that different factors such as C/N
ratio and the use of different nitrogen sources can drasti-
cally affects biosurfactant synthesis [37, 38]. On the other
hand, the culture conditions applied in this study were
not optimized for biosurfactant biosynthesis. Further
investigations should be carried out to maximize the pro-
duction yields.

To investigate the potential use of biosurfactant syn-
thetized by SP1d strain for environmental applications,
its effect on the biofilm production of P. protegens MP12
was first evaluated. This latter strain exhibited PGP (Plant
Growth Promotion) traits and inhibitory effects on myce-
lial growth towards grapevine phytopathogens such as
Aspergillus niger, Penicillium expansum, Neofusicoccum
parvum, Botrytis cinerea, and Alternaria alternata [23].
Leaf spraying of specific bacteria strains is a promising
biological alternative to treatment with chemical pesti-
cides against plant fungal diseases [53]. Previous obser-
vations demonstrated that P. protegens MP12 can be an
appropriate biocontrol agent in epiphytic treatments [54].
The effectiveness of such protocol may be largely affected
by the bacterial surface attachment through an high pro-
duction of a persistent biofilm on the hydrophobic leaves
surface. Biosurfactants can affect biofilm production in
the freshwater microbial community [5]. For instance,
rhamnolipid biosurfactants can reduce or increase bio-
film production based on the belonging microbial spe-
cies. Trehalose biosurfactant from Rhodococcus fascians
BD8 showed antibiofilm activities against pathogenic
bacteria such as Escherichia coli, Vibrio harveyi, and Pro-
teus vulgaris, and yeast as Candida albicans [55]. As far
as we know, the study here reported represents the first
investigation on the effect of the trehalose biosurfactant
in the biofilm production towards PGP bacteria such as
P. protegens MP12. Here, it was found that 25 pg ml™! of
biosurfactant from Rhodococcus sp. SP1d increased by a
factor of ten the biofilm production in this strain. Our
results encourage the use of this biosurfactant to improve
adherence to plant surfaces and hence it may enhance the
antifungal activity of P protegens MP12.

Therefore, for a potential bioremediation application,
the biosurfactant properties and chemical characteriza-
tion were investigated using diesel as sole source of car-
bon and energy. In fact, although previous works showed
the biosurfactant production by Rhodococcus genus using
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diesel as carbon source [29, 49] and its potential appli-
cation in bioremediation protocols [22, 56], a detailed
investigation of biosurfactants produced by this genus
using diesel, one of the most environmental contami-
nants [57-59], as a sole source of carbon and energy is
lacking in scientific literature.

The capability of Rhodococcus sp. SP1d to synthesize
biosurfactants at both 10 and 18 °C is a great advantage
when in-situ bioremediation protocols are applied in
places where the temperature cannot be accurately con-
trolled as in laboratory conditions. As already observed
by Dang et al. [29] the results here achieved evidenced
that biosurfactants production by Rhodococcus genus
was not necessarily associated with bacterial growth on
hydrocarbons but can be synthetized by resting cells.
Here, the biosurfactant activity was maintained over
wide NaCl concentrations, pH ranges, and heat treat-
ments. However, a slight decrease of emulsifying activ-
ity was observed when purified biosurfactant was tested
compared to cell-free medium. This aspect should be
investigated in future studies. The stability of surface-
active compounds synthesized by Rhodococcus genus
to these stress conditions has been already documented
[6, 11]. The effectiveness of biosurfactants under intense
conditions of pH, NaCl, and temperature is a funda-
mental aspect to evaluate for their utilization in some
industrial applications such as oil recovery and the biore-
mediation of polluted environment [60]. In fact, the liter-
ature reported that the biosurfactant exhibited superior
properties if compared to the synthetic surfactants, that,
for instance, are inactivated at 2—3% of salt [6]. Here, the
results indicated that the crude biosurfactant purified
from SP1d grown on diesel was able to form stable emul-
sions with both xylene and olive oil reaching an EA24 of
about 55% by using 1000 mg L™! of crude biosurfactant.
A purified trehalolipid (250 mg L) synthesized by the
marine bacterium Rhodococcus sp. PML026 was able to
produce emulsions ranging from 34 to 46% that were
stable in a wide range of temperatures and NaCl concen-
trations [22]. The literature evidenced an EA24 of about
50% and 60% with olive and crude oil respectively with
1000 mg L~ ! rhamnolipids produced by P. aeruginosa SP4
[61]. Eventually, the 250 mg L™! of surfactin produced by
Bacillus subtilis showed an emulsification index of about
65% with diesel and kerosene and 55% with gasoline, sug-
gesting higher stability of the emulsion formed with long-
chained hydrocarbons. In fact, the emulsion formed with
toluene presented a lower stability, since the EA24 value
significantly decreased with time [62]. Here, a reduction
of 25.0 mN m™"! of surface tension was observed in water
supplied with 1000 mg L™ of purified biosurfactant. This
value is in accordance or slightly lower with measure-
ments already reported in literature [17, 22, 29].
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Analyses by NMR of the extracted biosurfactant were
consistent with the compound being a trehalolipid com-
parable with other biosurfactants already isolated from
Rhodococcus genus [22, 52]. In fact, the data obtained
from the intact and hydrolyzed biosurfactant evidenced
that the sugar moiety was trehalose linked with long-
chain fatty acids saturated, unsaturated, and hydroxyl-
ated. Trehalolipids may find application in biomedical
fields thanks to their anticancer, immunomodulation,
antimicrobial, and antiviral properties [13]. Moreover,
they are widely applied in environmental fields improving
the solubility of hydrophobic compounds and desorption
from contaminated soil [13, 63].

Conclusions

This study reports the characterization of a new marine
strain Rhodococcus sp. SP1d able to produce trehalolipid
biosurfactant by using low-cost substrates such as but-
ter and exhausted vegetable oils for reducing the costs
of production. Moreover, results here obtained on diesel
and n-hexadecane strongly suggest the potential applica-
tion of this strain in bioremediation protocols in oil-pol-
luted soil. Eventually, purified biosurfactant improved the
biofilm formation of the PGPB P. protegens MP12, with
potential application for increasing the adherence and
colonization of plant surfaces and, thus, its antifungal
activity.

Materials and methods

Cultivation of Rhodococcus sp. SP1d

Rhodococcus sp. SP1d was isolated from an aged hydro-
carbon-polluted dredged sediment and screened for bio-
surfactant production as further described. The strain
was routinely cultivated on Nutrient (Oxoid, Basingstoke,
UK) broth (Nutrient 13 g L) or agar: nutrient broth sup-
plemented with agar 15 g L™ (Oxoid, Basingstoke, UK) at
27 °C (200 rpm).

16 S rDNA gene amplification and taxonomic analysis

The preliminar taxomonic identification of SP1d strain
was carried out as described in Andreolli et al. [64].
Briefly, The DNA was purified from SP1d strain grown
in 5 ml of Nutrient broth fro 48 h (27 °C at 200 rpm) by
using Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI, USA). The 16 S rDNA gene was amplified
through fD1 and rP2 primers [65]. The PCR reaction was
performed in a final volume of 25 ul containing~100 ng
of total DNA, 5x PCR buffer, 1 U of GoTaq' DNA poly-
merase (Promega, Madison, W1, USA), 0.4 mM of dNTPs
and 0.8 M of each primer. The amplification was carried
out as follow: 95°C for 5 min, thus 30 cycles of 95C for
1 min, 50 °C for 1 min, and 72 °C for 2 min, and a final
extension at 72 °C for 5 min.
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The 16S rRNA amplicon (1359 bp) was cloned in Esch-
erichia coli X11-blue by using the Promega pGEM-T vec-
tor system (Promega, Madison, WI, USA) following the
manual instructions. The gene was sequenced in both 5’
and 3’ direction by GATC Biotech (Cologne, Germany)
and the nucleotide sequence was deposited in the NCBI
database with the accession number MZ798796. The
bacterial similarity was further searched through EzBio-
Cloud database [66]. Therefore, the sequence alignment
and the further phylogenetic tree based on the neighbor-
joining algorithm were performed through MEGA-X
software [67]. Rhodococcus kroppenstedtii K07-23" was
used as an out-group and bootstrap analysis was carried
out on the basis of 1000 bootstrap replications.

Growth curve with hydrophobic compounds

A starter culture of Rhodococcus sp. SP1d grown in Nutri-
ent broth for 48 h was centrifuged (4,500 g for 15 min at
4 °C) and washed twice in physiological solution (0.9%
NaCl in distilled water). Therefore, the cell suspension
was transferred in 25 ml of a minimal defined medium
(DM: Na,HPO, 2.2 g L™}, KH,PO, 0.8 g L™, NH,NO,
3 g L™!) supplied with trace mineral and vitamin solu-
tions as described in Frassinetti et al. [68] reaching a final
ODyy, of 0.01. The medium was supplied with 1% (v/v) of
n-hexadecane, diesel (V-Power Diesel, Shell) exhausted
sunflower oil (post-fried oil), or motor oil (Roil Petroli,
Multigrade turbo SAE 10 W/40), previously sterilized by
filtration. Moreover, butter sterilized by autoclave was
used always reaching a final concentration of 1% (w/v).
In the negative control samples, the substrate was omit-
ted. The cultures were thus incubated at 27 °C for 10 days
at 200 rpm. The growth of SP1d using diesel as substrate
was monitored even at 18 and 10 °C. The cell counting
was performed by plating serial dilution and the cell con-
centration was expressed by Colony Forming Unit (CFUs
ml~1). Data showed derived from three independent
experiments.

Investigation of the biosurfactants production on different
growth substrates

The analysis of the biosurfactant production was car-
ried out after 10 days of SP1d growth at 27 °C at 200 rpm
in DM medium using n-hexadecane, diesel, sunflower
exhausted oil, motor oil, and butter as sole sources of
carbon and energy as above-described. Therefore, the
culture was centrifuged at 10°000 g x for 10 min and the
cell-free supernatant was used for the following tests.

Oil-displacement assay

Oil-displacement test was carried out as previously
described by Morikawa et al. [69]. Twenty ml of distilled
water was added to a Petri dish, and crude petroleum
oil was added until a thin film on the water surface was
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established. Then, 10 pl of cell-free culture was pipetted
on the center of the oil film. Therefore, the diameter of
the oil-free clearing zone was measured. Distilled water
was used as the negative control. The assay was per-
formed in triplicate.

Emulsification activity (% EA24) and measurement of
turbidity of the emulsion

The emulsification activity was assayed using diesel, olive
oil, hexane, and xylene. Four ml of cell-free culture and 6
ml of test compounds were mixed for 3 min and, thus, it
had been standing for 24 h at room temperature prior to
measurement. The % EA24 was expressed as a percentage
of the height of the emulsion layer divided by the total
height of the mixture. In the case of the cell-free culture
test, if enough emulsion was established (>30% EA24)
this phase was transferred using a Pasteur pipette to
cuvettes, and absorbance was measured at 600 nm (Bio-
photometer, Eppendorf).

Additionally, the % EA24 was measured by adding 0,
250, 500, and 1000 mg L~! of biosurfactant purified from
SP1d strain grown on diesel as the sole source of carbon
and energy after 10 days of incubation to 2 ml of distilled
water and 2 ml of olive oil or xylene.

Surface tension measurement

A 10 ml of cell-free supernatant was put in a plate, placed
onto the tensiometer platform and the surface tension
was measured on a DY-300 instrument (Kyowa Inter-
face Science Co, Niiza, Japan). The surface tension of the
culture medium without bacterial inoculum was taken
as reference. Additionally, the surface tension was deter-
mined in bidistilled water supplied with 1000 mg L™! of
purified biosurfactant. Three readings for each sample
were taken.

Effect of biosurfactants on biofilm production of
Pseudomonnas protegens MP12

The effect of biosurfactants on the biofilm production of
Pseudomonas protegens MP12 [23] was investigated by
using Calgary Biofilm Device (Innovotech, Edmonton
Canada). It constitutes a 96-well microtiter plate and a
lid with pegs protruding into the microtiter plate wells.
The device was used to investigate the ability of the bio-
surfactant produced by Rhodococcus sp. SP1d as biofilm
stimulating in the agro-industrial relevant strain Pseudo-
monas protegens MP12. Four different concentrations of
biosurfactant produced by Rhodococcus sp. SP1d after 10
days of cultivation in DM supplied with 1% of n-hexadec-
ane were tested. For the analysis, the microtiter plate was
inoculated with Pseudomonas protegens MP12 at 0.05
and 1 ODg, in nutrient broth medium and double dis-
tilled water (i.e., ddH,O) respectively, and twofold serial
dilutions between 200 and 25 mg ml~! of biosurfactant;
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bacteria growing with only nutrient broth (i.e., NB) and
ddH,O were used as control. The microtiter was then
incubated for 48 h at 27 °C and 150 rpm allowing biofilm
production in both growing and resting cells. Experi-
ments were performed in triplicate. To collect the biofilm
produced, the peg lids were rinsed twice with physiologi-
cal solution (i.e., 0.9% NaCl) to remove loosely bound
cells and then placed into a new 96-well plate containing
200 pl of physiological solution (i.e., recovery plate) in
each well. Finally, it was sonicated for 30 min to remove
biofilm from the peg to the recovery plate. Biofilm pro-
duction was evaluated by tenfold serial dilution into
physiological solution. The growth of planktonic cells
not involved in biofilm production was measured before
quantification of biofilm formation in 96-well plates. Via-
ble cell numbers were determined using spot plate count
and expressed as log,, colony forming units CFU mL ™.

Analysis of the biosurfactant production

The production of biosurfactants was monitored after
0, 48, 120, 168, and 240 h of incubation of Rhodococcus
sp. SP1d at 27 °C (200 rpm) by using n-hexadecane, die-
sel, sunflower exhausted oil, motor oil, and butter as sole
source of carbon and energy. Biosurfactant production
was assessed by % EA24 as above-described using xylene
and olive oil as reference compounds. The analysis was
performed in triplicate.

Investigation of biosurfactant stability

The effect of heat, pH, and NaCl on the activity of the
biosurfactant obtained both from crude extracted bio-
surfactant dissolved in water (1000 mg L™') and cell-free
supernatant after 10 days of incubation (27 °C, 200 rpm)
of Rhodococcus sp. SP1d using diesel as the sole source of
carbon and energy was established. Different concentra-
tions of NaCl from 0 to 25% (complete saturation; w/v)
was applied. Moreover, the initial pH of cell-free broth
(pH 6.6) was reduced and increased within the range of
2-12. To establish the heat stability of the biosurfactants,
they were placed in a thermoblock set at 100 °C for differ-
ent timing (from 0 to 120 min). Afterward, the samples
were treated by autoclave at 121 oC for 15 min. After
each treatment, the activity of the biosurfactant was
determined by % EA24 measurement. The experimenta-
tion was performed in triplicate.

Biosurfactant extraction and alkaline hydrolysis

The biosurfactants produced by Rhodococcus sp. SP1d
using diesel as substrate were extracted as described
by Kuyukina et al. [70]. A flask containing diesel with-
out bacterial inoculum was even extracted as a control.
Briefly, cultures of SP1d were centrifuged at 10,000 g for
10 min at 4 °C, and the hydrophobic phase layer at the
surface was transferred in a new flask. Biosurfactants
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were extracted by using methyl tertiary-butyl ether
(MTBE) as a solvent system at room temperature on a
rotary shaker (200 rpm) for 3 h. The solvent layer was
separated from the aqueous phase through a separating
funnel, and the solvent was removed by freeze-dried and
stored at — 80 °C.

The alkaline hydrolysis was performed for 2 hin 1 M
NaOH at 90 °C with regular mixing. After cooling, an
equal volume of 1 M HCI was added. Therefore, a 1:1 vol-
ume of hexane was supplied, vigorously mixed end cen-
trifuged. The upper hexane and the lower water layers
were separated and lyophilized.

Nuclear magnetic resonance spectroscopy (NMR)

NMR experiments were acquired on a Bruker Advance III
600 spectrometer, operating at 600.13 MHz proton Lar-
mor frequency, and equipped with a triple resonance TCI
cryoprobe. All the spectra were recorded using Bruker-
standard pulse sequences. Two-dimensional (2D) homo-
nuclear ! H-! H total correlation spectroscopy (TOCSY)
spectra were recorded with a mixing time of 60 ms, 8
transients, and a spectral window of 10 204 Hz in both
dimensions, collecting 512 t; increments, each consisting
of 2048 complex points. The heteronuclear 2D ! H-13 C
Heteronuclear Single Quantum Coherence (HSQC)
spectra were recorded with 16 transients, a spectral win-
dow of 12,019 Hz in the ! H and 21,127 Hz in the '* C
dimensions, collecting 256 t; increments, each consisting
of 1024 complex points. The heteronuclear 2D ! H-'* C
Heteronuclear Multiple Bond Correlation (HMBC) spec-
tra were recorded with 64 transients, a spectral window
of 7211 Hz in the ! H and 33,201 Hz in the '* C dimen-
sions, collecting 256 t; increments, each consisting of
4096 complex points, and using J; long-range coupling
of 8 Hz.

All spectra were manually phased and baseline-cor-
rected using TOPSPIN 3.6.1 (Bruker) and were refer-
enced to trimethylsilylpropanoic acic (TSP) signal at 0
ppm. Samples were dissolved in D,O (crude biosurfac-
tants and aqueous phase after basic hydrolysis) or deuter-
ated methanol (organic phase after basic hydrolysis). All
the spectra were acquired at 25 °C.
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