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ARTICLE INFO ABSTRACT

Keywords: The environmental and economic impact of an oil spill can be significant. Biotechnologies applied during a
Marine hydrocarbonoclastic bacteria marine oil spill involve bioaugmentation with immobilised or encapsulated indigenous hydrocarbonoclastic
Biofilm species selected under laboratory conditions to improve degradation rates. The environmental factors that act as
Crude oil biodegradation di he effecti £ hyd b 1 f the chall iated with the
Oil spill stressors and impact the effectiveness of hydrocarbon removal are one of the challenges associated with these

applications. Understanding how native microbes react to environmental stresses is necessary for effective
bioaugmentation. Herein, Micrococcus luteus and M. yunnanensis isolated from a marine oil spill mooring system
showed hydrocarbonoclastic activity on Maya crude oil in a short time by means of total petroleum hydrocarbons
(TPH) at 144 h: M. luteus up to 98.79 % and M. yunnanensis 97.77 % removal. The assessment of Micrococcus
biofilms at different temperature (30 °C and 50 °C), pH (5, 6, 7, 8, 9), salinity (30, 50, 60, 70, 80 g/L), and crude
oil concentration (1, 5, 15, 25, 35 %) showed different response to the stressors depending on the strain. Ac-
cording to response surface analysis, the main effect was temperature > salinity > hydrocarbon concentration.
The hydrocarbonoclastic biofilm architecture was characterised using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Subtle but significant differences were observed: pili in M. luteus by SEM and the
topographical differences measured by AFM Power Spectral Density (PSD) analysis, roughness was higher in
M. luteus than in M. yunnanensis. In all three domains of life, the Universal Stress Protein (Usp) is crucial for stress
adaptation. Herein, the uspA gene expression was analysed in Micrococcus biofilm under environmental stressors.
The uspA expression increased up to 2.5-fold in M. luteus biofilms at 30 °C, and 1.3-fold at 50 °C. The highest uspA
expression was recorded in M. yunnanensis biofilms at 50 °C with 2.5 and 3-fold with salinities of 50, 60, and 80
g/L at hydrocarbon concentrations of 15, 25, and 35 %. M. yunnanensis biofilms showed greater resilience than
M. luteus biofilms when exposed to harsh environmental stressors. M. yunnanensis biofilms were thicker than
M. luteus biofilms. Both biofilm responses to environmental stressors through uspA gene expression were
consistent with the behaviours observed in the response surface analyses. The uspA gene is a suitable biomarker
for assessing environmental stressors of potential microorganisms for bioremediation of marine oil spills and for

Environmental stressor
uspA gene expression

biosensing the ecophysiological status of native microbiota in a marine petroleum environment.

1. Introduction United States [1]. The intervention of microorganisms in the biodegra-
dation processes is so important that for the DWH oil spill the half-lives

Oil spills can have extensive environmental and economic impact. In of n-alkanes that leaked into the deep sea were shorter than expected, it
2018, the ultimate cost to BP for the Deepwater Horizon (DWH) oil spill meant 1-6 days [2]. Biotechnologies applied during a marine oil spill
in 2010 for 87 days into the Gulf of Mexico, was of $144.89 billion in the concern biostimulation, bioaugmentation, and biosurfactant dispersion.
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These processes can be carried out with indigenous or allochthonous
microbiota [3]. Bioaugmentation with selected hydrocarbonoclastic
species under laboratory conditions is used to improve hydrocarbon
degradation rates [3]. Indigenous isolates obtained from environmental
samples are applied to overcome the lack of adaptability of allochtho-
nous microorganisms and are preferred for their catalytic abilities to
accelerate the degradation of contaminants [3,4]. Also, the indigenous
strain isolation is mainly carried out in environments where there is low
number of autochthonous microbes with the ability to degrade the
contaminants [4]. One of the biotechnological alternatives is the release
of autochthonous microorganisms with active compounds into the ma-
rine environment attached to or inside particles made of polymers such
as polyurethane-polyurea co-polymers, alginate, and chitosan of low or
no toxicity that serve as a vehicle [3]. Due to the immobilization action,
the bacterial cells were protected from being washed off into the sea [5].
In seawater, antibiotic resistance genes and stress response seem to be
important components of the biofilm functional core of over 7300 ma-
rine biofilm-forming species, stress response aids bacteria in surviving in
their natural environments and can start the formation of biofilms [6]. In
this respect, biofilm-mediated bioremediation is a suitable strategy for
the removal of toxic compounds in the environments [7]. Hydro-
carbonoclastic bacteria use hydrocarbons as their sole nutrient source,
their biofilms are potentially efficient due to their ability to utilise a
wide range of crude oil compounds as their preferred energy and
nutrient source, the biosurfactants they produce increase the availability
of hydrocarbons to the microbial cells [8]. The low bioavailability of the
hydrophobic compounds of hydrocarbons to microorganisms is one of
the main factors limiting the effectiveness of the bioremediation process
[7]. In this respect, biotechnological alternatives are available to
immobilise cells and biofilms of microorganisms with catabolic capac-
ities for hydrocarbon biodegradation [9-11]. Environmental conditions
are one of the problems faced by these immobilization applications, as
they exert stressors that influence the removal efficiency and biodeg-
radation of hydrocarbons [11]. Subsequently, it is crucial to investigate
and characterise the in vitro physiology and metabolic capacity of
different hydrocarbon-degrading bacteria in specific conditions. Mi-
crobes are subject to environmental stressors all the time, their influence
determines the regulation of genes, whether they are expressed or not
during biofilm formation [12]. The universal stress proteins (Usps) are
expressed in eukaryotes and prokaryotes. Usp, which is a serine and
threonine autophosphorylating protein, a primary regulator of bacterial
survival, has a role in adaptation to several pressures, such as oxidative
stress, temperature changes, low pH, or hypoxia, and induces adaption
to the hostile environments by promoting adhesion and motility [13].
On the other side, oil concentration, pH, and salinity have influence on
the crude oil removal efficacy in hydrocarbonoclastic immobilised
bacteria [11]. Moreover, understanding the mechanisms and enzy-
mes/genes involved in biofilm formation will help to develop new
strategies for the bioremediation of contaminated environments and
hazardous pollutants [7]. Micrococcus can be found in contaminated
soils, oil spills, and sludge, it degrades hydrocarbons and olefinic com-
pounds [14]. It uses toxic organic molecules as carbon sources through
dioxygenase and phenyl genes which makes it a suitable candidate for
bioremediation processes [15]. Micrococcus is recognised as having the
potential for enhanced bioremediation in marine environments [16].
Biosurfactants favour the hydrocarbon biodegradation by miscibility
effect on hydrophobic compounds which makes them available to
hydrocarbonoclastic microorganisms [17]. The Micrococcus hydrocar-
bon degrading activity has been widely demonstrated and applied in
different biotechnological contexts, not only as cells in suspension, in
biofilm or embedded in enrichment media with hydrocarbons [15,
18-20] but also with its extracellular organic matter for enhance ex situ
biodegradation of soils contaminated with oils [21]. Immobilised
Micrococcus has been evaluated for the biodegradation of the pyrethroid
pesticide cypermethrin [22]. Encapsulated Micrococcus in electrospun
fibers and alginate beads have been assessed to absorb large amounts of
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copper [23], as have models of porous composite nonwovens with
hydrogel microparticles with encapsulated Micrococcus that influence
in the copper bioremediation process [24]. Although it has been
demonstrated its potential for biodegradation on and in different ma-
terial and vehicle configurations as described above, and found to be a
strong biofilm producer, which makes it a good candidate for crude oil
biodegradation [20], in these situations, it is unclear or unstudied how
environmental stressors and biofilm formation are related. The response
of the indigenous microbiota in marine oil spill is modulated by local
environmental factors, hence it is crucial to assess the microorganisms
under these conditions [3,25]. According to the latter, in the case of
marine hydrocarbonoclastic Microccoccus biofilms, the process of
tolerance needs to be understood for their potential application in oil
spills. In this regard, to the best of our knowledge, there are no specific
assessment protocols established with this species as a field guide to
evaluate certain environmental stressors affecting hydrocarbonoclastic
biofilms that could adhere to the materials that support or transport
them to be applied in a marine oil spill bioremediation process, which is
paramount to preparing a ready-to-use bioremediation product. In this
work, a basic strategy is proposed by optimising the high-throughput
microtiter plate method as a rapid technique for the study and evalua-
tion of responses to environmental stressors in biofilms of a marine
hydrocarbonoclastic actinobacterium such as Micrococcus through the
quantification of uspA gene expression (as a biomarker) under stressful
conditions including pH, salinity, temperature, and hydrocarbon con-
centration, and by characterising the biofilm architecture by scanning
electron microscopy (SEM) and atomic force microscopy AFM-PSD
analysis.

2. Materials and methods
2.1. Sampling site

During August 2012, an oil spill from a mooring system was regis-
tered in Salina Cruz, Oaxaca, México (Lat 16.166389, —95.218858). At
least eight beaches in the municipalities of Tehuantepec and Salina Cruz
were impacted by the spill. The event had an influence on sea turtle
arrivals as well. These beaches had oil layers covering the supratidal
zone. Following the spill, early response decisions were made based on a
situational analysis and to establish monitoring and sampling activities
in accordance with guidelines issued by USEPA 2006 [26] and NOAA
2006 [27]. Identifying and validating the source, defining the spill
zones, and selecting and implementing appropriate response measures
were all part of the early stages of the leak. This followed the selection of
water and sand samples from the affected zones. The most effective
approach was a combination of strategies, utilising basic random and
judgmental sampling and adhering to the characteristics and procedures
of sampling as outlined in USEPA 1994 [28], USEPA 2001 [29], and
USEPA 2002 [30]. Four sand samples (100-300 g) were taken along the
line of the oil spill from a section of approximately 2 km of Salinas del
Marqués, one of these nine beaches. Four water samples (1 L) were
collected 10 m offshore from the intertidal zone of the same section
beach. Samples were collected in sterilised amber glass bottles. They
were immediately transported to the laboratory at 4 °C for analysis.

2.2. Isolation and screening of the hydrocarbonoclastic bacteria

Serial dilutions were carried out with 5 mL of seawater or 5 g of
crude oil-impregnated sand in 100 ml of phosphate buffer (pH 7.4). For
selective enrichment, one millilitre of dilution was transferred to 250 ml
Erlenmeyer flasks containing 100 ml of Bushnell Haas mineral salts
medium (BHM) for the isolation of crude oil-degrading bacteria. BHM
medium contains (g/L)) KHoPOy, 1; KoHPO4, 0.2; MgS04.7H20, 0.2;
CaCly, 0.02; NH4NOg3, 1 [31,32] amended with 1 % (wt/vol) of sterilised
Maya crude oil (22° API) as a carbon source for the hydrocarbonoclastic
bacteria growth. The flasks were incubated for 8-10 days at 27 °C (the
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same as the temperature of the sampling site) on a rotary shaker at 180
rpm. Five millilitre aliquots were then transferred to fresh BHM me-
dium. After two further subcultures, the inoculum was removed from the
flask, and colonies with distinct phenotypes were purified on BHM agar.
To eliminate autotrophic and agar-using bacteria, phenotypically
distinct colonies taken from the plates were plated on fresh BHM me-
dium with and without crude oil. After repeating the process, isolates
showing growth only on crude oil were retained for further analysis. The
growth rates of the isolates were assessed on a routine basis by
measuring the optical density at 620 nm in a UV-visible
spectrophotometer.

2.3. Molecular identification

Several hydrocarbonoclastic bacteria were isolated from the oil spill;
by comparisons of the significance (by one-way ANOVA) of differences
between cultures (p < 0.001), Micrococcus showed the best hydro-
carbonoclastic activity. Molecular identification of Micrococcus strains
2A1 and 2Sc was conducted by the 16S rRNA gene phylogenetic
approach. DNA was extracted with an Ultraclean Microbial-DNA
extraction kit (Qiagen). PCR amplifications of the 16S rRNA gene
were performed with universal bacterial primers described by Relman
[33]: NVZ-1. GCGGATCCGCGGCCGCTGCAGAGTTTGATCCTGGCTCAG
and NVZ-2. GGCTCGAGCGGCCGCCCGGGTTACCTTGTTACGACTT-3.
The PCR products were sequenced with an ABI PRISM 310 Genetic
Analyzer (Perkin-Elmer Applied Biosystems). The 16S rRNA gene
sequence was compared to the GenBank nucleotide databases (NCBI)
using BlastN and BlastX algorithms [34]. The nucleotide sequence was
aligned in ClustalX [35]. The phylogenetic analyses were conducted
using MEGA X [36]. Genetic distances were calculated by the Kimura
two-parameter procedure [37]. The phylogenetic tree was constructed
by the neighbour-joining method [38] and assessed with 1000 bootstrap
replications [39]. The minimum value of the nucleotide similarity per-
centage to define the species at the taxonomic level was 97.5 % [40].

2.4. Crude oil biodegradation assays

The biodegradation assays were performed with the hydro-
carbonoclastic bacteria Micrococcus strain 2A1 and 2Sc in BHM with
artificial seawater prepared following the standard ASTM D1141 [41]
(30 g/L salinity adjusted with a YSI-Multiparameter) with 1 %, 5 %, and
15 % (wt/vol) of Istmo crude oil (32° API), under sterile conditions. The
microbial growth was measured by spectrophotometry at 620 nm every
12 h up to 150 h for both strains. The respective sample collection was
conducted for the Total Petroleum Hydrocarbons (TPH) determination.
No microorganisms were added to the control assays with 1 %, 5 %, and
15 % (wt/vol) of sterilised crude oil. Data were expressed as mean +
standard deviation (SD) of the triplicate experimental data. A lighter
crude oil was chosen to ease handling, to be able to perform biofilm
microtiter plate tests (which is experimentally difficult with heavy,
viscous crude oils). Thus, there are the same experimental conditions in
the biodegradation assessment.

2.5. Determination of hydrocarbons

The hydrocarbon extraction and concentration were conducted
following the EPA 3510 method [42]. The analytical method to deter-
mine the extent of TPH was followed according to ISO 16,703:2004 [43]
by gas chromatography/flame ionization detection (GC/FID). To
determine the concentration of TPH in the samples, the chromatograms
were integrated considering the area under the curve of the resolved
peaks and compared against a sample of the original crude oil. The
following conditions were considered: equipment detection limit 0.02
mg / L, limit of quantification of the method: 0.05 mg / L, recovery rate:
[91 %, 95 %] + 1.5 %, matrix effect: [—9 %, —3 %] +0.5 %, R2: [0.992,
0.998]. The equipment was an Agilent 7890 Series Gas Chromatograph
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with FID configurated as follows: 1) Split/splitless inlet; 2) Agilent Focus
Liner, tapered, deactivated with glass wool; 3) Agilent 7890 Guard Chip;
4) Single detector 7890 flow path; 5) Agilent DB-5ht column, 5m x 0.32
mm, 0.1 pm film; 6) Flame ionization detector; 7) Agilent 7693 auto-
mated Liquid sampler (ALS) with 10 pL syringe. The instrument condi-
tions were as follows: Inlet: Splitless at 350 °C; Injection volume: 0.5 uL;
Constant column flow 10 mL/min helium; Column temperature pro-
gram: 40 °C for 0.5 min, 250 °C/min to 350 °C and 350 °C for 1.3 min;
Intuvo flow path: Guard chip, track oven mode; Bus: default (350 °C);
Detector Flame Ionization at 350 °C. An internal standard as a mixture of
several hydrocarbons was used for the determinations of percentage of
recovery rate and matrix effect. For calibration curve was used an alkane
analytical standard, Cjg - C4o (all even), 50 mg/1 each. As an internal
standard for recovery rate and matrix effects determinations was used a
mix of deuterated Heptane (d-16), Octane (d-18), Dodecane (d-26),
Pentadecane(d-32) and Eicosane (d-42) at 10 ng/ml from
Sigma-Aldrich. The determination of hydrocarbons (even numbered)
was conducted according to ISO 16,703:2004 [43]. The standard
mixture of alkanes was used to optimise the chromatographic method, to
identify alkanic components in petroleum, and to quantify alkanes
during biodegradation assays. The percentage of biodegradation was
calculated as follows:
TPA i — TPAx

%BD:T x 100

(TPA i 4 TPAis) — (TPAx + TPAis)

%BD = -
TPA i

x 100

TPAi = Initial Total Peak Area.
TPAx = Total Peak Area at time x.
TPAis = Total Peak Area of the internal standard mixture.

It means, a fixed concentration of the mixture of deuterated internal
standards, which generates a constant total integration area (is), is
added to the initial oil sample (i) and to the final sample at a given
biodegradation time (x) to establish whether there are any effects that
could interfere with and alter the results of the integration of the total
area of the peaks obtained in the chromatograms.

2.6. Assessment of biofilm formation

The evaluation of the biofilms was made by microtiter plate assay
[44] in 96-well polystyrene plates. After confirmation of hydro-
carbonoclastic activity, Micrococcus strains were first subcultured on
Luria Broth (LB) and incubated at 30 °C overnight whilst being shaken at
150 rpm to reach an exponential growth phase inoculum of 1.5 x 10°
UFC/mL. In sterile conditions inside a biosafety hood, BHM aliquots of
200 pL were dispensed into the 96 wells of sterile polystyrene micro-
plates, followed by the addition of the bacterial culture. Microplates
were sealed with a sterile film and incubated at 30° and 50 °C for 24 h.
The pH values tested were 5, 6, 7, 8, and 9 adjusted during BHM prep-
aration. The concentrations of crude oil employed were 1 %, 5 %, 15 %,
25 %, and 35 % (wt/vol). The BHM salinity was set with artificial sea
water, prepared following the ASTM D1141 standard [41], adjusting the
salinity with a YSI-Multiparameter, with the following concentrations:
30, 50, 60, 70 and 80 g/L. Control wells had bacteria with BHM medium
(pH 7) with the corresponding salinity, lacking hydrocarbons. The
negative controls were wells with BHM and no bacteria. From pre-
liminary tests on microtiter plates with the Micrococcus strains and with
each of the stressors, it was observed that what most influenced the
response in the biofilm was temperature > salinity > hydrocarbon
concentration. It was therefore decided to set the conditions in the
controls with the aim of obtaining a homogeneous response to biofilm
growth that could be measured and compared with the rest of the mi-
crotiter experiments, and that would serve as a control to observe what
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happened to the biofilm under different concentrations of hydrocarbons
and the rest of the stressors. All experiments were carried out in tripli-
cate. After incubation, the microtiter plates were washed twice with PBS
(phosphate buffer saline) then stained with crystal violet (CV) 1 % with
150 pL of dye per well and incubated at room temperature for 10 min.
CV was removed with 200 pL of alcohol-acetone (4:1) for 5 min. The
microplates were read at 590 nm with a Synergy2-BioTek lector.

2.7. Statistical analyses

To assess for significant differences during the microbial growth
between isolated hydrocarbonoclastic strains, including Micrococcus,
under different hydrocarbon concentrations, data were analysed by
means of a one-way ANOVA, and, if significant differences were found (p
< 0.05), a Tukey test for multiple comparisons was applied. The effect of
the temperature, salinity, hydrocarbon concentration, pH, and strain on
the recorded absorbance of the biofilms was analysed by means of a five-
way ANOVA, if significant differences were found (p < 0.05), a Tukey
test for multiple comparisons was applied considering the log (optical
density) as the response variable (biofilm growth). Statistical analyses
were performed with the R-program v. 4.0.4 [45]. A significant level of p
< 0.05 was used for all statistical tests.

2.8. Characterization of biofilm architecture by microscopy

2.8.1. Scanning electron microscopy (SEM)

Micrococcus biofilms developed on round polystyrene sheets after 24
h incubation in serologic bottles with BHM and Istmo crude oil (1 %) in
artificial sea water (30 g/L) at 30 °C were analysed using a Scanning
Electron Microscopy (SEM) Dual Beam Nova-2000 Nanolab Model 200
(Thermofisher) equipped with a field emission gun. The images were
acquired in the secondary electron (SE) mode with the microscope
operating at 15 kV and a working distance (WD) of ~ 5 mm. After the
incubation time, in sterile conditions inside a biosafety hood, the poly-
styrene surfaces with the biofilms were picked up with tweezers and
mounted on a microscope specimen holder. The samples were dried at
room temperature during approximately 30 min prior to microscopic
examination to remove moisture from the sample and to avoid
contamination of the microscope column. Due to the characteristics of
the microscope, no pre-treatment or pre-coating of the biological sam-
ples was necessary for observation. It was decided to use the biofilms
developed under the described environmental conditions because they
were suitable for obtaining biofilms of just the right thickness for
microscopic observation, neither too thick nor too thin.

2.8.2. Atomic force microscopy (AFM)

To determine the topographical characteristics and the evolution of
biofilm roughness, Micrococcus 2A1 and 2Sc hydrocarbonoclasts were
cultured under sterile conditions on round polystyrene plates in BHM
and Istmo crude oil (1 %) in artificial seawater (30 g/L) at 30 °C. These
environmental conditions were sufficient to obtain biofilms of the cor-
rect thickness for manipulation and microscopic observation. Biofilm
growth was observed after 8, 16, 24, 32, 40, 48, 60 and 72 h of exposure.
All morphological measurements were performed in air at room tem-
perature (20 °C) without any drying process using a MultiMode 4 AFM
with a NanoScope V controller (Bruker), with RTESP silicon nitride tips
with a nominal spring constant of 40 Nm™ and drive amplitude of 0.2, in
tapping mode over a maximum scanning area of 12.5 ym x 12.5 um. A
small area was defined to measure the nanoroughness factors [46].
Image processing was carried out in Nanoscope Analysis software
(Bruker) to ensure that there were topographical differences in the two
Micrococcus biofilms. Before conducting the roughness analyses, the
images were flattened using the PlaneFit tool in the XY axes up to the
second order [47]. Roughness was obtained by measuring five hori-
zontal lines, each 12.5 um in length with a spacing of approximately 2.2
um. This data processing method was previously shown to provide a
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more accurate description of surface properties and characteristics when
studied by AFM [48]. Mean roughness (Ra), root mean square roughness
(Rq/RMS) and mean height roughness (Rz) were chosen as the three
roughness parameters. Ra is the mean deviation of the height values
from the mean line/plane. Similarly, Rq is the root mean square devi-
ation from the mean/plane, i.e. the standard deviation from the mean.
The mean roughness (Ra) is the arithmetic mean of the absolute values
of the heights in each zone or profile of the surface Z (x). It is mathe-
matically described as follows:

L
1
R, = i /|Z(x)\dx (€]
o

where Z (x) is the function that details the area or profile of the surface
being studied in terms of height (Z) and position (x) of the sample over
the evaluation length, L [49].

@

The roughness of the mean height (Rz) was measured based on the
methodology of Hamza et al. [50]. In addition, Power Spectral Density
(PSD) has been used to study complex morphometric features such as
biofilms. PSD provides topographical information on the vertical and
lateral distribution as a function of surface spatial frequencies and can
estimate the Rq parameter more accurately from the calculation of the
integral of the PSD curve [48] without being limited by the scan size and
resolution of the AFM. Mathematically, PSD is represented as:

2

N N
PSDy (£ £) = L72| Y N Z,ype 406 00) (ALY ®)
m=1 n=1

Statistical analysis was conducted by a paired student t-test to eval-
uate differences in biofilm growth between strains 2Sc and 2A1. The
differences in the strain biofilm thickness (Rz) were evaluated by one-
variable ANOVA [51,52].

2.9. Real time-PCR procedures

2.9.1. Primer designing

UspA protein from Micrococcus is related to its stress state [53]. It is a
primary regulator of bacterial survival processes in M. luteus. Usp genes
are widely conserved across diverse bacterial species [54]. The uspA gene
sequence of Universal Stress Protein A was obtained from GeneBank at the
National Center for Biotechnology Information (NCBI) (www.ncbi.nlm.
nih.gov) from the M. luteus strain SB1254 chromosome complete
genome (GenBank CP026366.1) and was analysed by the BLAST program
[34]. The highly conserved regions in the gene were considered for the
design of PCR primers and for non-redundant proteins. The primers were
designed with the Primer3 tool [55]; uspA-Forward: GAGCAGGCGACC-
CATGAAG; uspA-Reverse: CGTCACCGCCTACTCGATC (Tm: 60 °C). After
the PCR’s assays, the amplicon (259 bp) was sequenced and compared
against the public database by the BLAST program, to ensure that the
correct target was being amplified. Additionally, primers were probed
with ¢cDNA from the strain collected and the reference M. luteus ATCC
4698.

2.9.2. RNA extraction and RT-PCR

To remove any residual dye and previous step products from the
biofilm, in sterile conditions inside a biosafety hood 200 pL of sterile
buffer solution (3 g NagHPOy; 2 g KH3POy4; 5 g NaCl; 0.25 g MgSO4 7H20
per litre diluted in free RNAse water; pH 6.5) were added to each well.
The biomass was then placed in an Eppendorf tube and washed once
more with buffer solution. Subsequently, the pellet was washed and
preserved in RNAprotect bacteria reagent (Qiagen). Total RNA was
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isolated using TRIzol reagent (Invitrogen) and stabilised and purified
through RNeasy Protect Kit (Qiagen). The extracted RNA was treated
with RNase-free DNase (Qiagen). The mRNA was isolated and enriched
using the MicrobExpress system (Ambion) to remove large rRNA. The
reverse transcription reactions were conducted with OneStep RT-PCR kit
(Qiagen) for gene-specific primers. The RT-PCR analyses were per-
formed in triplicate with Power SYBR Green PCR Master Mix (Applied
Biosystems) in a 7500 Fast Real-Time PCR System (Applied Biosystems).
The detection limits of the assays were determined from a dilution series
of RT-PCR products purified with the QIAquick PCR purification kit
(Qiagen). Melting curve probes were developed to check the specificity
of the amplicon. The RT-PCR runs were conducted with the following
procedure: 2 min at 50 °C; a denaturation step of 10 min at 95 °C; 40
cycles of denaturation for 30 s at 95 °C; an annealing step for 1 min at 60
°C; an elongation step for 30 s at 72 °C and a final elongation for 5 min at
70 °C. The housekeeping gene 16S rRNA was used for normalization
(primers 16S-F: CGAGCGTTGTCCGGAATTA; 16S-R: TCCACCGCTA-
CACCAGGAAT) under the same experimental conditions. Each run
included a negative control and a cDNA reaction without reverse tran-
scriptase to rule out DNA contamination. The relative gene expression of
the Micrococcus biofilm under the assessed stressors (temperature,
salinity, and hydrocarbon concentration) was conducted in triplicate
and compared to the respective controls, including the internal biolog-
ical controls performed with M. luteus ATCC 4698. Data were analysed
by student t-test (p < 0.05).

3. Results and discussion
3.1. Molecular identification of strains

The GenBank accession numbers of the Micrococcus strains are
KM232741 and KM232742. The results of phylogenetic analyses and
estimates of evolutionary divergence between the sequences (similarity
matrix) identified the bacteria to species level (Fig. 1).

3.2. Crude oil biodegradation assays

Hydrocarbonoclastic bacteria were isolated from a mooring system
oil spill in Salina Cruz, Oaxaca., Mexico. Campylobacter, Alcaligenes,
Chromobacterium, Enterobacteria, Pseudomonas, Vibrio, Veillonella, Fla-
vobacterium, and Micrococcus were found. Micrococcus showed the best
hydrocarbonoclastic activity on Maya heavy crude oil (22° API). To
confirm the hydrocarbonoclastic activity, the crude oil was tested as a
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sole carbon and energy source at 1 %, 5 %, and 15 % concentrations
(Fig. 2). Both strains showed high removal activity by means of TPH; for
M. luteus 2A1 isolated from seawater, at 24 h the removed TPH level was
96.76 %, 95.98 %, 90.43 %, respectively, at 48 h 98.79 %, 98.21 % and
92.81 %, respectively, and at 144 h 99.90 %, 99.11 %, and 96.30 %
respectively. The strain M. yunnanensis 2Sc isolated from oily sand,
resulted in a removed TPH level at 24 h of 96.72 %, 95.70 % and 90.70
%, respectively, and at 48 h these were 97.77 %, 96.58 % and 92.22 %
respectively for the 1 %, 5 % and 15 % hydrocarbon concentrations. By
144 h the oil degradation was recorded to be 99.84 %, 99.80 % and
96.12 %, respectively. For both strains, 15 % concentration crude oil
displayed 99 % biodegradation by 230 h. Significant difference (p <
0.05) was detected in hydrocarbon removal assays with 1 % and 5 %
concentration for both strains, though M. luteus biodegraded the hy-
drocarbons faster than M. yunnanensis. During the growth period in the
15 % concentration crude oil, both strains behaved in a similar manner;
there was no significant difference. Micrococcus belongs to Actino-
bacteria phylum, which is widely dispersed throughout marine envi-
ronments, appearing in marine sediments, water column, marine snow,
ocean-bottom sediments, and even marine vertebrates and in-
vertebrates. These free-living, Gram-positive bacteria have a wide
repertoire of biotechnological applications. They produce more than
half of the known bioactive compounds derived from microbial sources
[56], have a potential role in bioremediation of toxic organic pollutants
and a tolerance to metals [18-24]. Despite its small genome, this acti-
nobacterium can adapt to strict ecological niches and is widely used in
the pharmaceutical industry to test and screen compounds for antibac-
terial activity because of the reduced set of penicillin-binding proteins
and the absence of a wbIC gene. Furthermore, it can synthetize
long-chain (Cy1-Cs4) aliphatic hydrocarbons and has been applied in ore
dressing and bioremediation applications, since it is able to concentrate
heavy metals from low-grade ores [57]. The marine Micrococcus strains
in this work displayed a faster hydrocarbon biodegradation process, as
well as much higher TPH removal rates with a heavy crude oil (96-99
%), occurring in just 6 days compared to the reported 15 days with crude
oil removal values of 90-93.7 % with the same species [58].

3.3. Biofilm architecture by SEM and AFM

The Micrococcus biofilms developed on polystyrene surfaces in marine
medium with crude oil were observed by SEM (Fig. 3). The cells of both
strains were unfixed and displayed the typical morphology of Micrococcus
consistent with previous studies [59]; the images were obtained without

52 [_MK31861 5 Micrococcus antarcticus P2-E8

7 |_Fy423763 Micrococcus terreus VM1

NR 044365 Micrococcus endophyticus YIM 56238

42 INR 116578 Micrococcus yunnanensis YIM 65004

54 INZ JACJIKO10 Micrococcus yunnanensis DSM 21948
NR 075062 Micrococcus luteus NCTC 2665

NR 037113 Micrococcus luteus DSM 20030 ATCC 4698

KU925164 Micrococcus yunnanensis AUE2

89 J|KY419163 Micrococcus yunnanensis V8Pb

NR 114673 Micrococcus luteus ATCC 4698

* {l KM232741 Strain 2A1

KM232742 Strain 28c

0.10

CP006577 Archaeoglobus fulgidus DSM 8774

Fig. 1. Phylogenetic tree showing the evolutionary relationships of Micrococcus taxa. In bold letter the Micrococcus strains 2A1 and 2Sc with their respective

GenBank numbers.
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using conventional sample preparation methods. Despite being the same
genus and sharing some morphological features, the different cell surface
characteristics of each species became apparent. In the case of the M. luteus
2A1 strain, thin pili can be seen around the surface of the cell; pili are
involved in adherence to surfaces, virulence, communication with other
cells, as well as being implicated in the uptake of external DNA into the cell.
Pili biogenesis has been documented in Micrococcus under certain nutri-
tional conditions, such as starvation, as a general response to stress that
leads to a competence state during growth [60]. The AFM results in tapping
mode are shown in Fig. 4. Although the RTESP probe is stiff, it does not
appear to cause any damage to the biofilm. This is due to the combination
of the tapping mode and the low drive amplitude, which significantly re-
duces the shear force of the tip on the biofilms [61,62]. These probes have
been widely used to study biofilms of different species without causing any
apparent damage [63,64]. At 8 h the 2A1 biofilm showed higher surface
colonization with respect to strain 2Sc. In both strains, the architecture of a
mature biofilm was observed after 24 h. The presence of EPS is evident for
both strains over time. However, in strain 2A1, the EPS formation starts as
early as 8 h, while in strain 2Sc the EPS are not yet visible [65]. In general,
roughness is quantified using linear roughness parameters (Rq, Ra, Rz,
etc.) and area/surface roughness parameters (Sa, Sq, Sz, etc.). However,
these treatments oversimplify the roughness value by reducing a large
number of surface features to a single value [48,66]. The roughness pa-
rameters of the Micrococcus strains were obtained by averaging five sec-
tions homogeneously distributed over the entire micrograph (see Fig. 5).
This method provides a more accurate roughness value, as shown in a
previous study [48]. In both cases, the surface roughness of the biofilm is

clearly modified (Fig. 5). As for the surface roughness determinations, at
0 h the topographical features were homogeneous, both in Ra and Rq the
difference was less than 6 nm, bacterial growth was homogeneous and
abundant, and it was in initial phase. The accumulation of cells was
observed in the central zone of the biofilms and is corroborated by the
lateral and vertical topographic evolution, which contributes to the in-
crease in surface roughness. In some areas, small protuberances corre-
sponding to typical Micrococcus individual cells were observed. At 32 h, the
roughness as measured by Ra and Rq showed a decrease. For both strains,
2A1 and 2Sc, three characteristic successive phases of biofilm formation on
the surfaces were detected by AFM: initial, growth period, and maturation
[67]. The EPS is somewhat important, allowing the adherence of the cells
in pores or grains on the surface, as already determined with other
biofilm-forming bacterial cells [68,69]. AFM corroborates the topo-
graphical evolution of the biofilms laterally and vertically, which con-
tributes to an increase in surface roughness [46,68]. The small protrusions
observed corresponding to single cells and morphological characteristics
of Micrococcus were confirmed. For the specific case of the surface
roughness of strain 2A1 at 32 h, Rq showed a drastic decrease, being less
than strain 2Sc due to the complexity of the biofilm, especially the
appearance of the EPS and contribution of the porosity and topography of
the substrate. This phenomenon may be due to the adsorption of proteins
and the response or interaction of the cells on the surface [69-71]. The
increase in roughness, with regards to Ra and Rq, contrasts to other ex-
periments with hydrocarbonoclastic bacteria where the thickness of the
biofilm during the first 7 days of growth measured between 50 and 200 nm
[40]. Roughness in height (Rz) showed the highest values for both strains.
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Fig. 3. SEM micrographs of the hydrocarbonoclastic biofilms (at 24 h/30 °C). A) and B) Micrococcus luteus 2A1 (GenBank: KM232741); C) and D) Micrococcus

yunnanensis 2Sc (GenBank: KM232742).

Rz value is more sensitive to the presence of high peaks and deep valleys
compared to Ra; however, Rz is underutilised in the AFM study of biofilm
roughness [72]. In strain 2A1, Rz has a similar trend in behaviour to Rq,
corroborating the drastic decrease in roughness at 32 h, because it easily
estimates more pronounced irregularities, as described in other works [72,
73]. For strain 2Sc, a characteristic behaviour is displayed with respect to
the other two parameters, showing a conditioning stage in the first 24 h,
followed by maturation of the biofilm [67]. Biofilm formation on surfaces
is a dynamic and complex process. As in other fields, the topographic
evolution of biofilms is described by traditional roughness parameters [67,
68,741, which can qualitatively and quantitatively mask the real roughness
distribution [75], which is related to the maturation phases of biofilms.
PSD allows to describe this process considering the lateral and vertical
characteristics of the surface, complementing the traditional roughness
parameters. In this study, PSD curves of both strains showed flat regions at
low frequencies and a slope associated with medium frequencies (Fig. 6)
[76], and characteristic of surfaces with complex roughness [77] such as
biofilms. Strain 2A1 shows a rapid increase in PSD after the first 8 h of
biofilm growth, which is associated with increased roughness [78] due to
the presence of EPS (48). At 32 h, the PSD confirms the decrease in
roughness, corresponding to the decrease in power density values at the
low and medium frequency limits [78], and then a steady increase up to 72
h. In contrast to Ra and Rq, the PSD shows small changes in roughness with
minimal variations in power density at all frequencies [78]. In 2Sc, at 8 h,
the PSD curve showed an elongated flat region at low frequencies, which is
associated with longer lengths or at micrometre scales [79], as it is possible
to observe individual cocci with sizes close to 1 ym and without the
presence of EPS [60]. The roughness of 2Sc tends to decrease in the first few
hours and then increases significantly. As seen in Ra and Rq of 2Sc, the
roughness increases dramatically at 32 h, mimicking homogeneous growth
over the entire surface; however, this increase is due to the appearance of a
large protrusion in a region of the biofilm and not over the entire surface.
The PSD contrasts these features by increasing power values in the low
frequency range associated with micrometre lengths, i.e., the protrusion

and minimal variation at intermediate frequencies associated with nano-
metre features [79]. Prior literature’s surface analyses are limited to the
organisation or colonisation of biofilms by hydrocarbonoclastic bacteria
[80,81], only in some cases go further by measuring mechanical param-
eters [82]. AFM analysis highlighted significant species-specific visual
differences and mechanisms of Micrococcus biofilm formation over the
time. However, the ANOVA analysis (p < 0.05) to determine the biofilm
topographical distinctions in M. yunnanensis and M. luteus showed that
there are no significant differences between both strains, regarding
roughness parameters, with p = values 0.85, 0.77 and 0.75 for Ra, Rq, and
Rz, respectively. This highlights the ability of both strains to form mature
biofilms under marine conditions with 1 % concentration crude oil at 30
°C. Notwithstanding the foregoing, AFM analyses highlighted differences
in the surface roughness in both Micrococcus biofilms over the time; these
cell aggregates are related to the ability to immobilise compounds by
biosorption and to interact with surfaces and other microbial metabolic
products [7]. AFM techniques enables one to relate the morphology and
roughness values to environmental responses of the biofilm to the sur-
rounding medium. This allows a more complete insight into what happens
to a biofilm during its development under certain conditions. Further AFM
studies are required that consider the combination of the rest of the vari-
ables to establish the morphological difference at the surface level in each
Micrococcus species. There is a methodological restriction of obtaining
biofilms in the microtiter system and the ability to adapt it to the features of
the AFM equipment. Experimental trials to overcome this problem are
ongoing. Nonetheless, the application of AFM is a powerful tool for the
characterization of biofilms, as it allows a fine and detailed description of
the physical and mechanical characteristics at the cellular level, the results
of which can be associated with the state of maturation of hydrocarbon
degrading biofilms from oil spills.

3.4. Assessment of biofilms formation under stressors

The growth of M. luteus biofilms was observed in hydrocarbon
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. 2A1

Fig. 4. AFM images. M. luteus 2A1 and M. yunnanensis 2Sc biofilms incubated under marine conditions at 30 °C, pH 7. Strain 2A1: A) polystyrene surface B) biofilm at
8h; C) at 16 h; D) at 24 h; E) at 32; F) at 40 h; G) at 48 h; H) at 60 h e I) at 72 h. Strain 2Sc: A) polystyrene surface; B) biofilm at 8 h; C) at 16 h; D) at 24 h; E) at 32; F)

at 40 h; G) at 48 h; H) at 60 h e I) at 72 h.

concentrations from 1 % to 35 % at 30 °C. Said growth, however, was
lower at 50 °C in all hydrocarbon concentrations for salinity ranging
from 30 to 80 g/L resulting in weak biofilms (Fig. 7), contrary to the
findings with M. yunnanensis (Fig. 8). M. yunnanensis biofilm growth was
not affected by hydrocarbon concentrations from 1 % to 35 % at 30 °C.
The biofilm growth doubled under 35 % HC, salinity from 30 to 80 g/L,
and 30 °C, when compared to M. luteus under the same conditions.
M. yunnanensis biofilms at the higher temperature of 50 °C displayed less
growth in 1 % concentration hydrocarbons, but not in the concentra-
tions from 5 % to 35 % at 50 °C. At this temperature, the difference in
biofilm growth compared to M. luteus is noticeable; M. yunnanensis 2Sc
biofilms were more robust than M. luteus 2A1. Regarding the statistical
analysis of biofilm formation, a model including the strain as a factor,
where the pH variable had no significant effect on the response variable
under the conditions assessed was analysed. The variables did have a
substantial effect on both Micrococcus strains. Significant effects of the
variables: temperature, salinity, and hydrocarbon concentration were

found, as well as the interaction between them and the interaction with
each hydrocarbonoclastic strain. The analyses showed that the effect of
the three variables depends on the strain. What most influences the
response is the strain and then, in descending order, temperature >
salinity > hydrocarbon concentration. Based on this finding, a statistical
analysis was then performed for each strain separately. Important point
of emphasis is that the microtiter plate is a highly adaptable and easy-to-
operate biofilm reactor that provides good repeatability and reproduc-
ibility for high-throughput screening evaluation methods, when used
properly in conjunction with statistical analysis and experimental design
[83]. Studies with microtiter plates and Micrococcus species have been
conducted with antibiotics and other substances on their biofilms
[84-86] and to evaluate them with other species [87], but not in a
hydrocarbon-containing environment as has been done with other
bacteria [11,88-90]. Forming biofilms on hydrophobic surfaces is
essential for oil spill bioremediation process in marine environment
since this is how the microorganisms adhere to oil droplets in natural
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Fig. 6. PSD,p, curves of the biofilms. Obtained by AFM image processing of M. luteus 2A1 and M. yunnanensis 2Sc.

settings [91]. The marine oil-degrading bacteria for oil spill bioreme-
diation can stabilise oil droplets in oil-in-water emulsions due to inter-
action with surfactant decorated oil water interface [92]. It is essential
to comprehend how Micrococcus interacts with stressors and the surfaces
on which it forms a biofilm in order to develop a potential model for use
in bioremediation applications in the future.

3.4.1. Effects of variables on M. luteus 2A1 biofilm and M. yunnanensis
2Sc biofilm
In the case of M. luteus 2A1, the significant effects (p < 0.01) had the

following order: salinity > temperature > hydrocarbon concentration; as
well as the interaction of salinity with temperature. When a multiple
linear regression model was built, including the independent variables as
continuous (hydrocarbon concentration, temperature, and salinity), the
significant effects (p < 0.01) had the following order: temperature >
salinity > hydrocarbon concentration. The effect of temperature was
negative on the biofilm development (Fig. 9). The behaviour of
M. yunnanensis biofilm showed significant effects as follows: temperature
> salinity > hydrocarbon concentration; the main interaction was salinity
with temperature. The temperature and salinity had a negative effect on
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the response variable. When a multiple linear regression model was built,
the significant effects (p < 0.01) were followed the order temperature >
hydrocarbon concentration > salinity. The interaction between the tem-
perature and salinity had a negative effect on the M. yunnanensis biofilm
growth (Fig. 9). The strain M. luteus 2A1 biofilms grew more than the
controls and were thicker at 30 °C, high salinity, and high hydrocarbon
concentrations, according to the results. Temperature was a sensitive
factor for strain 2A1, as evidenced by the first biofilm it formed at 50 °C.
Treatments with hydrocarbon concentrations of 15 %, 25 %, and 35 %
showed higher biomass than the corresponding controls. Under nearly all
salinity and hydrocarbon concentration treatments at 30 °C, biofilms for
strain 2Sc remained thicker. At 30 °C, the maximum biofilm growths
occurred at 15 %, 25 %, and 35 % hydrocarbons and at salinities of 30, 50,
and 60 g/L, just like in the controls. Whereas at 50 °C, the 2SC biofilms
were much more robust at 15 %, 25 %, and 35 % hydrocarbons and higher
salinities of 70 and 80 g/L. The degree of biofilm formation exhibited by
controls of M. luteus strain 2A1 is congruent with that documented by
Malic et al. [87] for a M. luteus species assessed using a microtiter plate in
tryptone soy broth (TSB) and brain heart infusion broth (BHI) media at 37
°C for 24 h, with optical density (OD) values ranging from 0.15 to 0.20 at
595 nm. As well as for Micrococcus from rhizosphere soil, which was
grown in a microtiter plate with nutrient broth for 4 days at 37 °C,
resulting in a biofilm with an OD of 2.05 [93]. However, the results of
microtiter tests using the halophiles Halomonas and Kushneria, supple-
mented with 60 g/L NaCl, at 37 °C for 24 h revealed 2.5 and 0.5 OD,
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respectively [94]; these recorded behaviours are similar to those observed
in 2A1 and 2Sc. Additionally, marine Micrococcus biofilm in microtiter
plate had 0.511 (OD) incubated at 37 °C for 24 h, it was isolated from
hydrocarbon contaminated site in the northwest coast of Borneo, Brunei,
Southeast Asia [20], this behaviour also observed in Micrococcus 2A1 and
2Sc strains. As well as the hydrocarbonoclastic bacteria Exiguobacterium,
isolated from sea sediment microcosms and immobilised for the removal
of crude oil from marine environments, which produced a biofilm with
2.0 (OD) in microtiter plate at 30 °C for 3-7 days [11]. The aforemen-
tioned findings also give insight into the biofilm development in control
strain 2Sc under the environmental conditions assayed; behaviour
changes substantially for both Micrococcus 2A1 and 2Sc in the treatments
when temperature, salinity, and crude oil concentration are increased.
Microtiter plate tests were carried out with hydrocarbonoclastic
biofilm-forming bacteria such as Pseudomonas, Bacillus, and Rhodococcus;
the incubation time of 14 days in certain alkanes and diesel gave optical
densities at 590 nm of 0.2-0.8 at alkane concentrations of 1-2 %. The OD
of the biofilms was 0.5-0.2 at the same incubation time for alkane and
diesel concentrations of 3-4 % [88]. These results contrast with the
findings of Micrococcus 2A1 and 2Sc to form biofilms at very high crude
oil concentrations, up to 35 % in a shorter time. On the other hand, mi-
crotiter plate assays have been used to enumerate, screen, and charac-
terise hydrocarbonoclastic bacteria from hydrocarbon-contaminated
soils, sands, and culture enrichments and to evaluate their potential use in
the bioremediation of oil-contaminated sites [89,90,95,96], but not for
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the case of marine biofilms of Micrococcus with prospective use in marine
oil spills. The results were compared with previous studies of Micrococcus
biofilms isolated from other locations and for other biotechnological
purposes, as no studies were found evaluating marine biofilms of
hydrocarbonoclastic Micrococcus under the environmental conditions
tested here. According to the findings, hydrocarbon concentration was
not a limiting factor for 2Sc biofilm growth as it was for 2A1. The greatest
influence was temperature and salinity for both strains, although the ef-
fect of temperature was more pronounced for M. luteus. Despite being the
same genus, M. yunnanensis has a wider range of optimum growth tem-
peratures, from 4 to 45 °C [97]. Regarding the temperature, it changes
drastically the biofilm morphology, thickness, and cell density. This re-
flects the temperature-dependent regulation of EPS production, and
consequently, its formation seems to be a three-dimensional mesh pre-
pared for unstable environmental conditions as is the case observed with
Micrococcus 2A1 [12]. Temperature affects the synthesis of extracellular
EPS, which is known to enhance bacterial cell adhesion; molecular
changes in EPS as a function of temperature have been recorded in lipids,
lipid-like molecules, organic acids, nucleosides, nucleotides, organo-
heterocyclic compounds, benzenoids, phenylpropanoids and polyketides,
polysaccharides, phenols, binding proteins, and carboxylic acids [98].
Additionally, temperature is also known to stress mesophilic bacteria that
are found in cold water; depending on the physiology of each bacterial
species, a decrease in biofilm biomass has also been observed with
increasing ambient temperature [99]. Overall, the hydrocarbon
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concentration was not limiting due to the high metabolic capacity of
Micrococcus to degrade complex organic compounds such as petroleum
hydrocarbons [56-58]. In addition, biofilm formation with crude oil has
shown a large number of microorganisms near the oil-water interface and
a higher biomass compared to the biofilm produced with a different
carbon source, such as glucose [100], this is observed with the biofilms
produced in the crude oil-free controls. Furthermore, it has been observed
that biofilms undergo temperature-induced adaptations that are inde-
pendent of the nutrient source and that facilitate the differential adher-
ence of biofilms to different surfaces [99]. Overall, the growth of 2A1 and
2Sc biofilms was significantly higher than that of non-hydrocarbon con-
trols at high salinity and crude oil concentrations; biofilms formed with
crude oil as the sole carbon source are thicker and have more biomass
than biofilms formed with glucose alone [100]. Additionally, at higher
salinities, Micrococcus 2Sc was found to form slightly more robust biofilms
than 2A1; biofilm formation was variable for the strains, depending on the
type of surface and salt concentration [94], also, high concentrations of
salt induce to form more compact biofilms by reducing the charge of EPS
through double layer compression [101]. A difference was observed be-
tween the 2A1 and 2Sc biofilms and the control biofilms; the former were
more robust than those of the controls (without hydrocarbon), despite
containing the same salinities and being incubated at the same time and
temperatures, but not the carbon source; as the amount of salt stress
increased, the complex medium promoted greater biomass formation and,
consequently, higher production of EPS [94]. Micrococcus has an
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Fig. 9. Response surface for evaluating the assessed factors, salinity and crude oil concentration, and their interactions under two temperatures in biofilms
development (response variable). The plots are shown for each strain: M. luteus strain 2A1 and M. yunnanensis strain 2Sc.

extraordinary ability to produce EPS in a short period of time that can
cause biofouling problems in a variety of environments [102] and the
marine bacterial EPS influence the fate and ultimate degradation of hy-
drocarbon pollutants in the ocean, particularly during oil spills [103].
With regard to pH in this study, the lowest pH evaluated was 5 and the
highest was 9 for Micrococcus biofilms; nevertheless, no significant effect
was found for either strain. Micrococcus, as an actinobacterium, is a
promising candidate for bioaugmentation treatments of marine oil spills
because of its ability to metabolise environmental contaminants for
growth, its tolerance to high concentrations of contaminants and survival
in various environmental circumstances, making it an economical and
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ecotoxicologically safe biotechnological method for the removal or
transformation of environmental contaminants [4,16]. In aquatic envi-
ronments, natural oil-degrading species, such as Micrococcus, that are
capable of biofilm formation degrade oil much faster and more efficiently
than planktonic cells on their own. There is a notable increase in degra-
dation for each naturally occurring oil-degrading strain, with varied de-
grees of biofilm-forming capacity. Following an oil spill, naturally
occurring oil-degrading microorganisms can congregate near the
oil-water interface, which significantly lessens the in situ bioremediation’s
bioavailability restriction [100].
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3.5. Transcriptional induction of uspA gene under stress conditions

The biofilm growth of both strain and their transcript quantification
under described conditions suggest that stressors induce the expression
of the uspA gene (Fig. 10). Overall, it was observed that uspA expression
doubled at 30 °C in M. luteus 2A1, and in some cases a 2.5-fold increase
was observed with 60 g/L and 70 g/L in 15 %, 25 %, and 35 % crude oil.
This agrees with the findings described in the evaluation by response
surface analyses, where there is a significant effect following the
sequence: temperature > salinity > hydrocarbon concentration. At 50
°C, the uspA transcription had 1.15-1.46-fold increase; in this case, the
biofilms detected were weaker than those found at 30 °C with the
stressors evaluated, which is related to the behaviour in the response
surface for this strain in the assays at 50 °C. In the case of M. yunnanensis
2Sc, the uspA expression performed significantly different at assessed
temperatures. At 30 °C, with hydrocarbon concentrations of 1-15 %, a
1.6-to-1.8-fold increase was observed. For the 25 % and 35 % crude oil
concentrations, a factor of 2-3 increase of gene expression was
measured respectively. This pattern was reflected in the response sur-
face analyses of the strain 2Sc (high temperature of 50 °C, salinity of 70
g/L and 80 g/L and high hydrocarbon concentrations) where the bio-
films were thicker. In particular, the uspA overexpression was remark-
ably a factor of 3 higher at the high salinity and high hydrocarbon
concentrations assessed. The large changes in uspA are related to the
mature growth level of the Micrococcus 2Sc biofilm. These behaviours
align with the previously discussed effects of environmental stressors on
development of 2A1 and 2Sc biofilms. That is, where the biofilms were
more robust, there was a higher expression of uspA in their fold change.
The Usp in bacteria has a role in adaptation to several pressures, e.g.,
oxidative stress, temperature changes, low pH, and contributes to the
adaption to the hostile environments through adhesion and motility
[13]. Likewise, Usp proteins are required for resistance against
DNA-damaging agents [13]; mutation in the uspA gene leads to reduced
stress tolerance [104]. Due to the different physiological and biological
needs of these actinobacteria, M. luteus 2A1 and M. yunnanensis 2Sc
biofilm growth responses depending on environmental conditions. For
instance, biofilm growth was weaker in strain 2A1 at 50 °C; the regis-
tered gene expression suggests that the stressor induces expression when
the cells are in a certain physiological steady state. uspA transcription
and protein production are related to the microbial growth phase. Here,
growth-arrested cells, subject to growth disrupted by stress, are more
focused on maintaining their current state, using the nutritional re-
sources that are available under the specific environmental stressors
[105]. This means that cellular processes like genome duplication and
cell division stop. Furthermore, Usp is a primary regulator of bacterial
survival through the non-replicative persistent (NRP) state in M. luteus
[54]. Stress responses have a relevant importance in bacterial processes
like quorum sensing and biofilm formation, as well as dormancy, which
consist of persistence state in bacteria. In Micrococcus it has been re-
ported that in this dormant state, the UspA protein is highly expressed
and can induce and modulate a viable but nonculturable (VBNC)
response in cells to hostile environmental conditions [53]. According to
the above, strain 2A1 was possibly in a steady state without growth
under temperature, salinity, and hydrocarbon stress while uspA
expression was gradually increasing in number. These physiological and
genetic characteristics must be taken into account when considering the
use of a hydrocarbonoclastic microorganism for the bioremediation of
marine crude oil spills. In live Cell array systems with the enterobacte-
rium E. coli to identify novel modes of toxicities of the oil spill-affected
sediments, the bacteria displayed uspA down-regulated expressions from
2 to 0.25-fold changes [106]. Similarly, another proteobacterium,
Sphingomonas, inoculated in sand contaminated with dibenzo-p-dioxins
and dibenzofurans, saw an uspA down-regulated expression by 1 h after
inoculation [107]. Despite the existence of diverse responses in gene
expression among bacteria belonging to different phyla, Micrococcus
remains a preferred and suitable model for the assessment of
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environmental stress tolerance. Unlike E. coli, the actinobacterium
Micrococcus exposed to stress rapidly shift metabolic processes to enable
short-term survival, leading to a metabolically active lag state with
reduced proliferation [54]. This means that the individual bacteria
mature without doubling their biomass and enzymes. RNA and various
molecules are synthesised. Specifically in M. luteus, protein level reor-
ganization rapidly enhances short-term survival by switching meta-
bolism from energy consumption to increased synthesis of survival
proteins, such as UspA, and molecular species, leading to a potential
lag-phase adaptation to stress, the so-called “short-term tolerance” [54];
These genetic and physiological characteristics make Micrococcus suit-
able as a model for tolerance mechanisms that could be used as an
application model for marine oil spill bioremediation. Notwithstanding
the above, further studies are needed to get the full picture of what
happens to the uspA expression over time for the present Micrococcus
case under the stressor evaluated. On the other hand, usp gene expres-
sion levels are determined by the carbon source as a substrate, in the
case of some actinobacteria such as Mycobacterium, citrate (tricarboxylic
acid) could regulate the usp expression and cause a factor of 10 increase
[108]. For Micrococcus, to the knowledge of the present authors, there
are no specific quantitative data of uspA gene expression using crude oil
as a substrate under stress conditions. Moreover, Usp represent com-
ponents of a reproducible protein signature for the microbial survival
states and mediate general responses to different external stresses [53].
To understand the physiological and metabolic state of microorganisms
with biotechnological potential that are subject to specific environ-
mental conditions, Usp proteins become a suitable biomarker in the
development of such biotechnological approaches. Further molecular
studies need to be performed in order to describe the role of the uspA
gene in the hydrocarbonoclastic Micrococcus cell cycle phases, moni-
toring these molecular regulators of uspA during the crude oil biodeg-
radation process and under physiological stress by other factors.
However, this is the first report that we are aware of regarding the
expression of the uspA gene in marine Micrococcus biofilms and the
assessment of the impact of environmental factors, like hydrocarbon
concentrations, using a microtiter plate approach.

4. Conclusion

M. luteus and M. yunnanensis, showed the highest biodegradation
capacity in heavy crude oil. Scanning electron microscopy and atomic
force microscopy provided insights into the surface features, such as the
roughness and development dynamics of the biofilms formed by both
strains. The response to the environmental were different for each
Micrococcus species. The interaction between the salinity and tempera-
ture remains significant for the two strains. uspA expression was greater
in Micrococcus 2Sc than in 2A1, particularly at higher salinities and at 50
°C temperature, and hydrocarbon concentrations of 25 and 35 %.
Overall, 2Sc biofilms were thicker than 2A1 biofilms under the condi-
tions examined. The uspA expression up-regulated from 1.5 to 2.5-fold in
2A1 biofilms at 30 °C at all salinities with the hydrocarbon concentra-
tions tested; at 50 °C uspA expression up-regulated to 1.3-fold for the
same strain. The uspA gene is a suitable biomarker to assess the physi-
ological state of microorganisms with biotechnological potential, espe-
cially in oil related environments. Future research should further
investigate the relationship between the cell cycle phases and specific
metabolism of Micrococcus, and the expression of the uspA gene under
biodegradation of petroleum hydrocarbons. Furthermore, there should
be an investigation introducing omics platforms to elucidate meta-
transciption levels and expressed protein profiles during the bioprocess.
The survival and degradation capacity of microorganisms introduced to
a site impacted by an oil spill is highly dependent on environmental
conditions. Microorganisms grown in rich media under laboratory
conditions become stressed when exposed to fields where temperature,
salinity, and nutrient concentrations are substantially different. The best
approach to bridging these barriers is the use of autochthonous
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microbiota. Therefore, for a successful in situ bioremediation strategy, it
is crucial to assess the environmental stressors of indigenous
microorganisms.
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