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Abstract: Despite the well-described abundance of phenol-degrading bacteria, knowledge con-
cerning their degradation abilities under suboptimal conditions is still very limited and needs
to be expanded. Therefore, this work aimed to study the growth and degradation potential of
Stenotrophomonas maltophilia KB2 and Pseudomonas moorei KB4 strains toward phenol under subopti-
mal temperatures, pH, and salinity in connection with the activity of catechol dioxygenases, fatty acid
profiling, and membrane permeability. The methodology used included: batch culture of bacteria
in minimal medium supplemented with phenol (300 mg/L), isolating and measuring the activity
of catechol 1,2- and 2,3-dioxygenases, calculating kinetic parameters, chromatographic analysis of
fatty acid methyl esters (FAMEs) and determining the membrane permeability. It was established
that the time of phenol utilisation by both strains under high temperatures (39 and 40 ◦C) proceeded
10 h; however, at the lowest temperature (10 ◦C), it was extended to 72 h. P. moorei KB4 was more
sensitive to pH (6.5 and 8.5) than S. maltophilia KB2 and degraded phenol 5–6 h longer. Salinity also
influenced the time of phenol removal. S. maltophilia KB2 degraded phenol in the presence of 2.5%
NaCl within 28 h, while P. moorei KB4 during 72 h. The ability of bacteria to degrade phenol in subop-
timal conditions was coupled with a relatively high activity of catechol 1,2- and/or 2,3-dioxygenases.
FAME profiling and membrane permeability measurements indicated crucial alterations in bacterial
membrane properties during phenol degradation leading predominantly to an increase in fatty acid
saturation and membrane permeability. The obtained results offer hope for the potential use of both
strains in environmental microbiology and biotechnology applications.

Keywords: phenol degradation; suboptimal temperatures; suboptimal pH; suboptimal salinity;
catechol dioxygenases activity; fatty acid profiling; membrane permeability

1. Introduction

Phenol and its derivatives are the most common organic compounds occurring in
nature. They may come from natural sources or be the product of human activity. Natu-
ral phenolic compounds are formed during plant vegetation, soil microbial activity, soil
leachates, decomposition of dead animals and plants, and residues from forest fires [1].
However, coal mining, coke oven plants, refining and processing petroleum, or natural gas
are the leading industries in discharging phenolic compounds into various ecosystems [2].
These toxicants are also released into the environment while producing phenolic resins for
the construction, automotive and appliance industries, disinfectants, and medicines [3].
Likewise, the effluents of the textile, leather, pulp and paper, paint, and wood process-
ing industries are loaded with high phenol concentrations [4]. According to the report
“Global Phenol Market—Industry Trends and Forecast to 2029” by Data Bridge Market
Research, the global phenol market was valued at 22.97 billion USD in 2021 and is expected
to reach 30.72 billion USD by 2029 [5]. These values correspond to the phenol production of
11.37 million metric tons in 2021 and an estimated 14.07 million metric tons by 2029 [6]. It
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is worth pointing out that COVID-19 harmed the phenol market. A decline in the demand
for phenol was witnessed owing to the limited production and shutdown of industries,
such as household products and other chemicals. However, the nylon market is expected
to grow in demand after the post-COVID-19 situation [5].

The extensive use of phenol in many sectors of the economy and its release into various
ecosystems, such as soil, water, sewage, and leachate, has raised global concern about their
adverse effects on living organisms, including microorganisms. Phenol and other related
compounds may damage DNA and protein systems in the cells, inhibit the synthesis
of ATP by generating reactive oxygen species, cause serious oxidative damage to the
lipids, enhance membrane permeability to protons, alter the transmembrane pH gradients,
and even cause cell death [7–9]. Due to these adverse effects of phenolic compounds on
organisms, their effective removal from contaminated sites is a mandatory task.

Several processes have been proposed for treating phenol-contaminated environments.
Among them, microbial degradation is the most promising, eco-friendly, economically
cheap, and practically feasible compared to the current conventional physicochemical
methods [10–12]. The particular focus on the microbial degradation of phenol in recent
years has resulted in the isolation, culture, adaptation, and enrichment of many microorgan-
isms that can grow on this compound as a sole carbon and energy source. Among bacteria,
the following new strains: Pseudomonas fredriksbergsis [13], Bacillus sp. IARI-J-20 [14],
Pseudomonas putida P53 and Arthrobacter scleromae P69 [15], Rhodococcus aetherivorans [16],
Rhodococcus pyridinivorans [17], and Glutamicibacter nicotianae MSSRFPD35 [11] can aerobi-
cally degrade phenol in the concentration range from 225 to 1800 mg/L. Although microbial
degradation of phenol is a widely accepted and used practice among bioremediation ap-
proaches that can lead to the complete mineralisation of phenol to CO2 and H2O, it has
many limitations. The degradative properties of many phenol-degrading bacteria have
been characterised in detail under optimal laboratory conditions; however, knowledge
of their ability to degrade phenol under suboptimal conditions is relatively scarce. After
all, besides chemical stress, bacteria in various ecosystems are systematically exposed to
unfavourable abiotic factors, such as temperature fluctuations, changes in acidity, osmotic
pressure, dissolved oxygen, salinity, and limited availability of nutrients [18,19]. Therefore,
one of the leading trends in soil and wastewater treatment with biological methods should
be the screening of microorganisms capable of effectively eliminating pollutants under
unfavourable and even extreme physicochemical conditions.

Microorganisms can adapt to the presence of toxic organic compounds, including
phenol, by using a whole cascade of adaptive mechanisms. Among them, the essential
bacteria responses are alternations in the composition and fluidity of cell membranes,
including saturation-rigidification, cis/trans isomerisation, formation of a cyclopropane
ring, anteiso/iso branching, synthesis of cardiolipin, production of stress proteins, and
using efflux pump [20–23]. Bacteria also have remarkable adaptive abilities that enable
them to survive harsh and highly variable abiotic parameters, including temperature, pH,
and salinity changes. These adaptation mechanisms include the expression of heat/cold
shock proteins, production of protective compatible solutes, or altered metabolism [24–26].
Generally, the primary strategy employed by bacteria in an acidic environment is to main-
tain a constant cytoplasmic pH value by limiting the influx of protons through highly
impermeable cell membranes, modulating the size of membrane channels, and maintain-
ing the integrity and fluidity of cell membranes by changing fatty acid composition [23].
However, alkali-tolerance and alkaliphily include elevated levels of transporters and en-
zymes that promote proton capture and retention (e.g., the ATP synthase and monovalent
cation/proton antiporters), increased acid production, as well as the changes in the cell
surface layers leading to cytoplasmic proton retention [27]. In turn, microorganisms’ main
adaptive/tolerance mechanisms to stress caused by salinity are accumulating osmolytes,
such as proline and glycine betaine, and potassium cations as the most common inorganic
solutes [28]. Regarding membrane adaptation, Arthrobacter chlorophenolicus adapted to dif-
ferences in phenol concentrations and temperature by altering the anteiso/iso ratio of fatty
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acids in the cell membrane [29]. By comparison, high temperature, pH fluctuations, and
salinity caused the increase in cyclopropane fatty acid percentages in Pseudomonas putida
KB3, leading to a decrease in membrane permeability [30]. Interestingly, Rhodococcus opacus
PWD4, responded to NaCl by increasing the ratio between mycolic acids and membrane
phospholipid fatty acids, while under NaCl and 4-chlorophenol treatment, the average
chain length and the unsaturation index decreased [31].

The physicochemical properties of wastewater can vary greatly depending on its origin.
In a temperate climate, sewage from urban agglomerations is usually characterised by a
pH close to neutral or slightly alkaline [32], and most sewage treatment plants’ operating
temperature is 10–20 ◦C, not exceeding 30 ◦C [33–35]. Mining and many sectors of the
chemical, food, and pharmaceutical industries have released wastewater characterised
by high salinity to various ecosystems in recent years and raised global concern about its
negative impact on living organisms. The salt content ranges from 2% to 20%, although
oil and gas production can generate wastes with a salt content of up to 40% [36,37]. The
presented exemplary physicochemical properties of wastewater assume non-optimal values
for the biodegradation processes of aromatic compounds.

Due to the still scarce information on phenol degradation by bacteria in suboptimal
culture conditions and defence mechanisms regarding changes in membrane properties,
including fatty acid composition and membrane permeability, it was worth investigat-
ing these issues to gain new knowledge about the responses of bacteria metabolism to
stress-related conditions. Accordingly, the main goals of this work included: (1) study-
ing and comparing the degradative potential of Stenotrophomonas maltophilia KB2 and
Pseudomonas moorei KB4 strains toward phenol degradation in suboptimal temperature, pH,
and salinity; (2) calculating the main kinetic parameters of phenol utilisation; (3) measuring
the activity of catechol 1,2- and 2,3-dioxygenase; (4) evaluating the changes in fatty acid
profiles and membrane permeability, and (5) establishing statistical dependencies between
measured parameters. Both strains of bacteria were isolated from activated sludge from
two separate municipal wastewater treatment plants in Upper Silesia, Poland. S. maltophilia
KB2 comes from the sewage treatment plant in Bytom, while P. moorei KB4 derives from
the sewage treatment plant in Katowice. These strains are potential candidates for bioaug-
mentation of environments contaminated with harmful aromatic compounds. S. maltophilia
KB2 can degrade phenol and its methylated derivatives, benzoate and its hydroxylated
derivatives [38], and it cometabolises monochloro- and mononitrophenols [39,40]. In turn,
P. moorei KB4 is capable of cometabolising paracetamol and diclofenac in the presence of
glucose [41,42].

2. Materials and Methods
2.1. Bacterial Strains and Experimental Conditions

This study was conducted using two bacterial strains: Stenotrophomonas maltophilia
KB2 (VTT E-113197) and Pseudomonas moorei KB4 derived from the VTT Culture Collection
in Finland and the Microbial Culture Collection in the Institute of Biology, Biotechnology
and Environmental Protection, the University of Silesia, Poland, respectively. To date,
all experiments using these strains have been conducted under optimal physicochemical
conditions (temperature 30 ◦C and pH 7.2).

To investigate how the suboptimal circumstances, including temperature, pH, and
salinity affect the phenol degradation by the tested strains, the following culture conditions
were experimentally established: the lowest temperature was 10 ◦C, and the highest
temperatures were 39 ◦C for S. maltophilia KB2 and 40 ◦C for P. moorei KB4; the extreme
pH were 6.5 and 8.5, and the suboptimal concentrations of NaCl were 1.0 and 2.5% for
P. moorei KB4 and 2.5 and 5% for S. maltophilia KB2. On the basis of previous studies,
it was suspected that these conditions would either partially inhibit or slow down the
metabolism of the bacteria [30]. A detailed diagram showing the culture conditions of both
strains illustrates Figure 1. The growth of bacteria in 250 mL of mineral salt medium [43]
enriched with phenol (300 mg/L) under shaking conditions (130 rpm) was measured as
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the culture optical density (OD600). The initial OD600 of all cultures was 0.12 ± 0.02. When
floc formation occurred in a part of P. moorei KB4 cultures, the samples were carefully
pipetted immediately before measuring OD600. The bacterial cells were harvested from the
exponential growth phase for appropriate analysis, determined individually for each strain
and specific culture conditions.
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Figure 1. Conditions of bacteria cultures in optimal and suboptimal temperatures, pH, and salinity.
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2.2. The Phenol Concentration Determination

The phenol concentration in the bacteria cultures was determined using a colorimetric
assay with diazoate p-nitroaniline [44]. Prior to analysis, bacterial cultures were centrifuged
(12,000 rpm, 5 min). Next, to 0.5 mL of obtained supernatant the following reagents were
added: diazoate p-nitroaniline (0.5 mL), 10% Na2CO3 (0.25 mL), 10% NaOH (0.5 mL) and
deionized water (1.25 mL). The blank sample contained 0.5 mL of distilled water instead of
the supernatant. The absorbances measured at λ = 550 nm were used to calculate phenol
concentration. The calibration curve for phenol concentrations in the range of 0 to 94 mg/L
was described by the equation y = 0.691x (R2 = 0.997).

2.3. The Catechol Dioxygenase Activity Determination

During the degradation studies, the activities of catechol 1,2-dioxygenase (EC 1.13. 11.1)
(1,2-D) and catechol 2,3-dioxygenase (EC 1.13.11.2) (2,3-D) were measured. The crude
extract preparation and measurements of enzyme activities were performed according to
Wojcieszyńska et al. [39]. Briefly, in the preliminary stage of isolation of the enzyme fraction,
the bacterial cultures were harvested by centrifugation (5000 rpm, 20 min, 4 ◦C), the pellet
was washed with 50 mM phosphate buffer, pH 7.0, centrifuged again, and resuspended
with the same buffer. This step permitted the removal of residual phenol. Cell extract was
sonicated (6 times for 15 s, with 30 s breaks with a frequency of 20 kHz) of the whole-cell
suspension and centrifuged (10,000 rpm, 4 ◦C, 30 min). The obtained supernatant was used
as a crude extract for further enzyme assays. One unit of the specific enzyme activity was
calculated as the amount of enzyme required to generate one µmol of product per minute.
Finally, the activity of catechol 1,2-D and 2,3-D was expressed as mU/mL.

2.4. Determining the Whole-Cell Derived Fatty Acid Composition

Fatty acid methyl esters (FAMEs) analysis was used to study and compare the com-
position of whole-cell-derived fatty acids of the tested strains cultured in optimal and
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suboptimal conditions. Fatty acids were directly extracted from phenol-degrading bacteria
in the late exponential phase of growth according to the protocol of Sasser [45]. Briefly,
the sample processing included five steps: harvesting bacterial biomass by centrifugation
(5000 rpm, 20 min, 4 ◦C), saponification (5 g sodium hydroxide, 150 mL methanol, and
150 mL distilled water), methylation (325 mL 6N hydrochloric acid and 275 mL methyl
alcohol), extraction (200 mL hexane and 200 mL methyl tert-butyl ether) and a base wash
(0.8 g sodium hydroxide in 900 mL distilled water).

The isolated FAMEs were separated with a gas chromatograph (Hewlett-Packard 6890)
equipped with an HP-Ultra 2 capillary column (25 m, 0.22 mm ID). Hydrogen was used as
a carrier gas with a flow velocity of 0.54 mL/min; inlet pressure was 10.7 psi (71.33 kPa),
and the injection volume of the sample was 2 µL. The initial oven temperature was 170 ◦C
and ramped (5 ◦C/min) to 260 ◦C. FAMEs were detected by a flame ionisation detector
(FID) and identified using the MIDI Microbial Identification System software (Sherlock
TSBA 6.1 method and TSBA6 library; MIDI Inc., Newark, DE, USA).

Before the final analysis of the results, all isolated fatty acids were divided into two
groups: saturated (SAT) and unsaturated (UNSAT) fatty acids. The ratio of SAT to UNSAT
fatty acids was calculated for each culture. For statistical data exploration, saturated fatty
acids were further divided into straight-chain (St), branched (Br), hydroxy acids (Hy), and
cyclopropane (Cy) fatty acids.

The mean fatty acid chain length (Mean FA) was expressed by the following equation,
according to Yang et al. [20]:

Mean FA = ∑(%FA × C)/100 (1)

where: % FA is the percentage of fatty acid, and C is the number of carbon atoms. To
prevent the alterations caused by fatty acids occasionally detected, the analysis of FAMEs
included only fatty acids with a content of at least 1%.

2.5. Measuring the Membrane Permeability

The membrane permeability (MP) of the bacteria was measured using a water solution
of crystal violet (0.1 mg/mL) according to the protocol by Halder et al. [46]. Bacterial cells
from the late exponential growth phase were centrifuged (5000 rpm, 20 min, 4 ◦C) and
washed with the mineral salt medium. Bacterial biomass was resuspended in the same
medium to fit the optical density of approximately 1.0. Next, 0.95 mL of the obtained cell
suspension was mixed with 50 µL of crystal violet. The samples were incubated at 30 ◦C
for 10 min and centrifuged (13,000 rpm, 15 min). The MP was calculated according to the
equation and expressed as the percentage of crystal violet uptake:

MP =
Aviolet − Asample

Aviolet
× 100% (2)

where: Asample—the optical density of the supernatant measured at a wavelength of 590 nm.
Aviolet—the optical density of the crystal violet solution considered as 100% (0.95 mL of
mineral salts medium and 50 µL of crystal violet at a concentration of 0.1 mg/mL).

2.6. Data Analysis

The degradation rate constant (k) of phenol was determined using the algorithm,

Ct

C0
= e−kt (3)

where: C0 was the substrate concentration at time 0, and Ct was the substrate concentration
at time t.

The calculations of phenol decomposition parameters omitted the results obtained
from the period when the bacterial culture was in the adaptation phase. In the remaining
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scope, the degradation curve was characterised by an exponential decay described by
first-order kinetics.

The average degradation rate (V) of phenol was calculated by dividing the net amount
of the degraded compound between t and 0. The theoretical disappearance time (DT50)
was calculated from the linear equation obtained from the regression between the phenol
concentration and time.

The results were evaluated by analysis of variance, and statistical analyses were per-
formed on three replicates of data obtained from each treatment. The statistical significance
(p < 0.05) of differences was treated by one-way ANOVA, considering the effect of treatment,
and assessed by post-hoc comparison of means using the lowest significant differences
(LSD test).

FAME profiles were subjected to principal component analysis (PCA). Moreover,
cluster analysis was applied to evaluate how closely associated different culture conditions
were over the whole set of data. PCA analysis and Pearson’s r correlation coefficient
(p < 0.05) were calculated to determine the linear dependence of all variable values.

All statistical studies were conducted using MS Office 2019 (Microsoft Inc., Redmond, WA, USA)
and the STATISTICA 13.1 software package (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results
3.1. Phenol Degradation and the Growth of S. maltophilia KB2 and P. moorei KB4 under Optimal
and Suboptimal Culture Conditions

The preliminary studies indicated the suboptimal growth conditions for phenol degra-
dation (300 mg/L) by tested bacterial strains. The main difference between both bacterial
strains was the sensitivity to salinity. S. maltophilia KB2 grew and degraded phenol in
the presence of 5.0% NaCl, while P. moorei KB4 showed this ability in the culture with
2.5% NaCl. The highest temperature tested for S. maltophilia KB2 was 39 ◦C; however, for
P. moorei KB4 it was 40 ◦C. The other boundary pH conditions were the same for both
bacterial strains (6.5 and 8.5).

In the optimal conditions, the time of phenol degradation by both bacteria (Figures 2A–C and 3A–C)
and the kinetic parameters of phenol removal (Table 1) were comparable. The time of
phenol utilisation by both strains at the optimal and suboptimal temperatures was also
similar (10 h), but it was extended to 72 h at 10 ◦C (Figures 2A and 3A). Interestingly,
the salinity strongly influenced the time of phenol removal. S. maltophilia KB2 degraded
phenol within 28 h in the presence of 2.5% NaCl (Figure 2C), while P. moorei KB4—during
72 h (Figure 3C), which was reflected in the evident differences in the kinetic parame-
ters of the phenol degradation rate. The disappearance rate (V) of phenol calculated for
S. maltophilia KB2 was three times higher, and the disappearance time of 50% of phe-
nol (DT50) was five times longer than for P. moorei KB4 (Table 1). Even at 5% salinity,
S. maltophilia KB2 degraded phenol faster (10.07 ± 0.23 mg/L h) than P. moorei KB4
(3.97 ± 0.16 mg/L h) in the presence of 2.5% NaCl. P. moorei KB4 was also more sensi-
tive to the pH of the medium (Figures 2B and 3B). When the pH of the culture was 6.5, it degraded
phenol significantly slower (36.16 ± 2.81 mg/L h) than S. maltophilia KB2 (62.33 ± 0.83 mg/L h).
It is worth mentioning that when phenol was added to P. moorei KB4 culture, flocs of
clumped bacteria appeared after 3 h of incubation under pH 8.5, temperature 10 ◦C, and salinity
(1% and 2.5% NaCl). These flocks disappeared when the phenol was lost in the bacterial culture.
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Table 1. The degradation rate constant (k), disappearance time of 50% of phenol (DT50), and disap-
pearance rate (V) of phenol in batch cultures of S. maltophilia KB2 and P. moorei KB4 under different
culture conditions.

Experiment k, /h DT50, h V, mg/L·h
S. maltophilia KB2

P(opt) 0.448 ± 0.009 a 1.55 ± 0.03 ab 51.23 ± 0.98 b

P(T10) 0.167 ± 0.024 b 4.21 ± 0.65 d 9.17 ± 0.33 a

P(T39) 0.352 ± 0.095 a 2.09 ± 0.66 a 39.39 ± 2.70 c

P(pH6.5) 1.036 ± 0.104 c 0.67 ± 0.06 c 62.33 ± 0.83 d

P(pH8.5) 0.658 ± 0.053 d 1.06 ± 0.09 bc 48.99 ± 1.20 e

P(S2.5) 0.108 ± 0.002 b 6.42 ± 0.10 e 12.48 ± 0.12 f

P(S5.0) 0.076 ± 0.004 b 9.17 ± 0.52 f 10.07 ± 0.23 a

P. moorei KB4

P(opt) 0.323 ± 0.041 a 2.17 ± 0.26 a 46.03 ± 8.22 a

P(T10) 0.137 ± 0.011 b 5.09 ± 0.38 b 8.94 ± 0.51 c

P(T40) 0.307 ± 0.081 a 2.39 ± 0.74 a 35.53 ± 2.19 b

P(pH6.5) 0.190 ± 0.020 bc 3.67 ± 0.38 c 36.16 ± 2.81 b

P(pH8.5) 0.254 ± 0.040 ac 2.78 ± 0.48 a 34.97 ± 4.21 b

P(S1.0) 0.154 ± 0.018 b 4.51 ± 0.49 b 15.16 ± 0.13 d

P(S2.5) 0.021 ± 0.003 d 33.42 ± 0.96 d 3.97 ± 0.16 e

Notes: Abbreviations: P—phenol (300 mg/L); opt—optimal conditions, T—temperature, pH—pH values;
S—salinity. The means with different letters are significantly different (p < 0.05, LSD test) considering the
treatment effect of each bacterial strain.

The essential changes in the bacteria growth during phenol degradation were also
noticed under optimal and suboptimal conditions. The growth curves of both strains had a
similar course at the suboptimal temperatures; however, bacteria reached a log phase only
at 10 ◦C. At 39 and 40 ◦C, this phase did not appear (Figures 2D and 3D). At pH 6.5, the
lag phases of S. maltophilia KB2 (Figure 2E) and P. moorei KB4 (Figure 3E) lasted 3 and 6 h,
followed by the growth up to OD600 = 0.5 ± 0.03 and 0.049 ± 0.01, respectively. After 28 h
of exposure to 2.5% NaCl, the OD600 of S. maltophilia KB2 cells increased from an initial
0.12 ± 0.02 to 0.49 ± 0.01 (Figure 2F), whereas the growth of P. moorei KB4 was negligible
(Figure 3F). The increase in the OD600 of P. moorei KB4 cells to a similar value of 0.45 was
only achieved after 72 h of incubation.

3.2. The Activity of Catechol 1,2- and 2,3-dioxygenase in Bacterial Cells under Different
Temperatures, pH, and Salinity

Simultaneously with phenol degradation studies, the activity of 1,2-D and 2,3-D in
bacterial cells was measured. It was found that phenol induced only catechol 2,3-D in
S. maltophilia KB2; however, in P. moorei KB4 exposed to different culture conditions, 1,2-D
and 2,3-D were active (Table 2). The highest activities of these enzymes were calculated for
both strains cultured at 30 ◦C and pH 7.2, confirming that these conditions were optimal
for phenol degradation. The exposure of S. maltophilia KB2 to all suboptimal conditions
caused a significant decrease in catechol 2,3-D activity. The lowest activity of this enzyme
(85 ± 50 mU/mL) in bacteria cells was determined at 10 ◦C. Similarly, the suboptimal
conditions caused the decrease in catechol 1,2-D activity in P. moorei KB4 except for pH 8.5
and 2.5% salinity when this enzyme was inactive. Surprisingly, under the above conditions,
catechol 2,3-D in these bacteria exhibited a very high activity level (189.2 ± 33.2 and
171.2 ± 62.2 mU/mL, respectively) (Table 2).
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Table 2. The activity of catechol 2,3-D in S. maltophilia KB2, and catechol 1,2-D and catechol 2,3-D in
P. moorei KB4 during degradation of phenol under different culture conditions.

Experiment Experiment

S. maltophilia KB2 P. moorei KB4

2,3-D 1,2-D 2,3-D
mU/mL mU/mL

P(opt) 769 ± 73 a P(opt) 77.42 ± 1.10 a 0.0 ± 0.0 b

P(T10) 85 ± 50 b P(T10) 6.38 ± 1.00 b 0.0 ± 0.0 b

P(T39) 282 ± 38 c P(T40) 4.40 ± 0.30 c 0.0 ± 0.0 b

P(pH6.5) 229 ± 29 c P(pH6.5) 53.90 ± 1.60 e 0.0 ± 0.0 b

P(pH8.5) 552 ± 61 e P(pH8.5) 0.00 ± 0.00 d 189.2 ± 33.2 a

P(S2.5) 330 ± 30 c P(S1.0) 29.04 ± 1.00 f 0.0 ± 0.0 b

P(S5.0) 290 ± 69 c P(S2.5) 0.00 ± 0.00 d 171.2 ± 62.2 a

Notes: Abbreviations: P—phenol (300 mg/L); opt—optimal conditions, T—temperature, pH—pH value;
S—salinity. The means with different letters are significantly different (p < 0.05, LSD test) considering the
treatment effect of each bacterial strain.

3.3. Changes in FAME Profiles of Bacteria under Various Growth Conditions

The detailed analysis of FAME profiles of S. maltophilia KB2 and P. moorei KB4 under
different culture conditions indicated that suboptimal high and low temperatures and
salinity had the most significant impact on their fatty acid composition. It was established
that all tested conditions significantly affected the FAME profiling of S. maltophilia KB2
than P. moorei KB4. The exposure of these cells to 10 ◦C caused an increase in the content
of 12:0, 12:0 3OH and unsaturated 16:1ω7c and 18:1ω7c fatty acids. In turn, the presence
of 2.5% NaCl increased the abundance of cyclopropane 19:0 cyω8c and 17:0 cy fatty acids
(Figure 4A,B). FAME profiles of the cells growing at the highest temperature (40 ◦C), salinity
(5%) and both pH (6.5 and 8.5) were similar and were characterised by lower participation
of unsaturated and hydroxylated fatty acids compared to the profiles of the cells cultured
in the optimal conditions. The ratio of SAT/UNSAT showed a decrease in the value of this
parameter calculated for the cells exposed to the lowest temperature resulting from the
decline in the 16:1 ω7c and 18:1 ω7c fatty acids percentages (Table 3). The most significant
increase by 4.7-fold in this parameter value was recorded for bacteria exposed to 2.5% NaCl
compared to its value for the cells cultured in the optimal conditions. These alternations
were also reflected in the mean chain fatty acid length (Table 3). The exposure of bacteria
to the high temperature (39 ◦C) and salinity (2.5%) increased this parameter value from
15.70 ± 0.02 to 16.03 ± 0.02 and 15.99 ± 0.03, respectively.

Comparing, the principal component analysis (PCA) showed that salinity (1 and
2.5%) and high pH (8.5) caused the significant changes in the fatty acid composition of
P. moorei KB4 manifested in the increase in the participation of 12:0, 14:0 and 17:0 cy. The
low temperature (10 ◦C) increased the contents of hydroxylated 10:0 3OH, 12:0 2OH,
12:0 3OH fatty acid, while the high temperature (40 ◦C) increased 18:0 fatty acid abundance
(Figure 4C,D). Obviously, the changes found affected the ratio of SAT/ UNSAT. It was
the highest (4.79 ± 0.02, 3.66 ± 0.02, and 3.77 ± 0.00) for the cells cultured under 1.0 and
2.5% salinity and pH 8.5, respectively (Table 3). The mean fatty acid chain length analysis
indicated a significant increase in this parameter from 15.59 ± 0.12 for the cells cultured
in optimal conditions to 16.02 ± 0.06 for the cells exposed to 40 ◦C and its decrease to
15.05 ± 0.06 for the cells exposed to 1.0% NaCl (Table 3).
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Table 3. Mean fatty acid chain length (Mean FA) and the ratio of saturated to unsaturated fatty acids
(SAT/UNSAT) for S. maltophilia KB2 and P. moorei KB4 grown on phenol under various culture conditions.

Experiment Mean FA SAT/UNSAT Experiment Mean FA SAT/UNSAT

S. maltophilia KB2 P. moorei KB4

P(opt) 15.70 ± 0.02 a 1.05 ± 0.04 a P(opt) 15.59 ± 0.12 a 1.98 ± 0.16 a

P(T10) 15.81 ± 0.04 ac 0.77 ± 0.06 b P(T10) 15.43 ± 0.07 b 1.08 ± 0.06 b

P(T39) 16.03 ± 0.02 b 1.53 ± 0.01 a P(T40) 16.02 ± 0.06 c 1.55 ± 0.01 c

P(pH6.5) 15.94 ± 0.04 bc 1.35 ± 0.20 a P(pH6.5) 15.81 ± 0.06 d 1.78 ± 0.30 ac

P(pH8.5) 15.86 ± 0.05 b 1.37 ± 0.00 a P(pH8.5) 15.78 ± 0.03 d 3.77 ± 0.00 d

P(S2.5) 15.99 ± 0.03 b 5.01 ± 0.03 c P(S1.0) 15.05 ± 0.06 e 4.79 ± 0.02 e

P(S5.0) 15.81 ± 0.02 a 2.23 ± 0.00 d P(S2.5) 15.59 ± 0.11 a 3.66 ± 0.02 d

Notes: Abbreviations: P—phenol (300 mg/L); opt—optimal conditions, T—temperature, pH—pH; value;
S—salinity. The means with different letters are significantly different (p < 0.05, LSD test) considering the
treatment effect of each bacterial strain.

3.4. Membrane Permeability of Bacteria under Various Culture Conditions

The bacterial membrane permeability (MP) was measured parallel with the FAME
analysis. It is worth emphasising that the MP of the S. maltophilia KB2 under optimal condi-
tions was almost twice as higher as the MP of P. moorei KB4 (Table 4). Under suboptimal
conditions, the MP of S. maltophilia KB2 increased significantly during culture with phenol
under high and low temperatures (10 and 39 ◦C) and high pH (8.5). The permeability
values under these conditions varied between 57.10 ± 2.09–60.95 ± 3.22% compared to
52.66 ± 2,33% under optimal conditions (Table 4). Contrary, the cells exposed to low pH
(6.5) decreased membrane permeability by 8.87%. It was also established that membranes
of P. moorei KB4 were more permeable under all suboptimal conditions than their perme-
ability under optimal conditions. The greatest increase in MP of these bacteria by 61.54 and
65.09% concerning the corresponding values under optimal conditions occurred in the cells
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exposed to 2.5 and 5% salinity. In comparison, the lowest increase of 14.2% was evidenced
in the cells incubated at pH 6.5.

Table 4. Membrane permeability (MP) of S. maltophilia KB2 and P. moorei KB4 grown on phenol under
various culture conditions.

Experiment MP, % Experiment MP, %

S. maltophilia KB2 P. moorei KB4

P(opt) 52.66 ± 2.33 a P(opt) 28.40 ± 1.62 a

P(T10) 57.10 ± 2.09 c P(T10) 55.03 ± 3.01 c

P(T39) 60.95 ± 3.22 c P(T40) 68.64 ± 2.22 d

P(pH6.5) 43.79 ± 2.95 b P(pH6.5) 42.60 ± 3.29 b

P(pH8.5) 60.95 ± 1.67 c P(pH8.5) 53.85 ± 4.94 c

P(S2.5) 53.85 ± 5.02 ab P(S1.0) 89.94 ± 3.14 e

P(S5.0) 49.41 ± 4.60 ab P(S2.5) 93.49 ± 5.38 e

Notes: Abbreviations: P—phenol (300 mg/L); opt—optimal conditions, T—temperature, pH—pH value;
S—salinity. The means with different letters are significantly different (p < 0.05, LSD test) considering the
treatment effect of each bacterial strain.

3.5. Statistical Data Exploration

The cluster and PCA analyses with Pearson’s correlation coefficient resulted in a very
different picture of the results for each strain. The diagram projection for S. maltophilia KB2
revealed that the most differentiating variable was catechol 2,3-D activity (Figure 5A). By
contrast, other analyses formed two thematically similar clusters. The first cluster included
unsaturated and straight-chain fatty acids contribution as well as membrane permeability,
while the second contained SAT/UNSAT ratio, branched fatty acid participation, and DT50.
The results from PCA, including all performed analyses, explained 63.64% variability of
the data (Figure 5B). The coordination biplot for S. maltophilia KB2 distinguished P(S2.5)
among all tested parameters and P(opt) along the PC1 axis. In general, the effect of
suboptimal culture conditions on the examined variables can be ordered: P(S2.5), P(S5.0),
P(T39), P(pH6.5), P(pH8.5), and P(T10). The Pearson correlation coefficient showed a
strong negative correlation (p < 0.01) for DT50 with V (r = 0.874), whereas a strong positive
correlation (p < 0.01) was validated for SAT/UNSAT ratio with Cy (r = 0.979) (Table 5).
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Table 5. Pearson’s correlation matrix for phenol degradation kinetic parameters, catechol 2,3-
dioxygenase activity, membrane permeability, and FAME indexes for S. maltophilia KB2 under
suboptimal growth conditions.

DT50 V 2,3-D Mean FA SAT/
UNSAT St Hy Br Cy UNSAT MP

DT50 1.000 −0.874 * −0.302 −0.046 0.551 0.338 −0.158 −0.076 0.566 −0.554 −0.164
V −0.874 * 1.000 0.425 −0.001 −0.449 0.014 0.130 −0.137 −0.477 0.320 −0.160

2,3-D −0.302 0.425 1.000 −0.528 −0.056 0.125 0.680 −0.662 −0.209 0.020 0.156
Mean FA −0.046 −0.001 −0.528 1.000 0.466 0.441 −0.870 * 0.196 0.526 −0.501 0.157

SAT/UNSAT 0.551 −0.449 -0.056 0.466 1.000 0.548 −0.311 −0.026 0.979 ** −0.938 ** −0.093
St 0.338 0.014 0.125 0.441 0.548 1.000 −0.488 −0.616 0.505 −0.795 −0.067
Hy −0.158 0.130 0.680 −0.870 * −0.311 −0.488 1.000 -0.084 −0.429 0.438 −0.106
Br −0.076 −0.137 −0.662 0.196 −0.026 −0.616 -0.084 1.000 0.078 0.245 −0.382
Cy 0.566 −0.477 −0.209 0.526 0.979 ** 0.505 −0.429 0.078 1.000 −0.919 ** −0.136

UNSAT −0.554 0.320 0.020 −0.501 −0.938 ** −0.795 * 0.438 0.245 −0.919 ** 1.000 0.150
MP −0.164 −0.160 0.156 0.157 −0.093 −0.067 −0.106 −0.382 −0.136 0.150 1.000

Notes: DT50—disappearance time of 50% of phenol, V—phenol degradation rate, 2,3-D—catechol 2,3-dioxygenase,
Mean FA—mean fatty acid chain length, SAT/UNSAT—saturated/unsaturated ratio, St—straight-chain,
Hy—hydroxylated, Br—branched, Cy—cyclopropane, UNSAT—unsaturated fatty acids, MP—membrane perme-
ability; * level of significance p < 0.05; ** level of significance p < 0.01.

Similarly to the S. maltophilia KB2 strain, the cluster analysis for P. moorei KB4 separated
2,3-D activity as the most differentiating parameter (Figure 6A). It is worth underlying
that according to the generated dendrogram, catechol 1,2-D, membrane permeability, and
straight-chain fatty acid abundance were also discriminating factors for this strain. PCA
projection and phenol degradation under different physicochemical conditions explained
72.84% variability of the data. The PCA cluster analysis revealed that pH 8.5 and salinity
significantly influenced the obtained data (Figure 6B). Moreover, the Pearson’s correlation
matrix indicated a strong correlation for FAME data, especially for SAT/UNSAT ratio with
Cy (r = 0.951) and UNSAT fatty acids with Cy (r = −0.940). Conversely to S. maltophilia KB2,
no correlation was observed between variables DT50 and V for P. moorei KB4 (Table 6).
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Table 6. Pearson’s correlation matrix for phenol degradation kinetic parameters, catechol 2,3-
dioxygenase activity, membrane permeability, and FAME indexes for P. moorei KB4 under suboptimal
growth conditions.

DT50 V 1,2-D 2,3-D Mean
FA

SAT/
UNSAT St Hy Br Cy UNSAT MP

DT50 1.000 −0.664 −0.500 0.705 −0.091 0.323 0.495 −0.576 −0.296 0.454 −0.355 0.617
V −0.664 1.000 0.540 −0.328 0.545 −0.305 −0.153 0.336 0.264 −0.372 0.162 −0.757

1,2-D −0.500 0.540 1.000 −0.756 * −0.072 −0.502 −0.371 0.649 −0.319 −0.625 0.450 −0.712
2,3-D 0.705 −0.328 −0.756 * 1.000 0.142 0.511 0.466 −0.557 0.412 0.630 −0.576 0.392
Mean

FA −0.091 0.545 −0.072 0.142 1.000 −0.522 −0.239 0.104 −0.033 −0.367 0.380 −0.375

SAT/
UNSAT 0.323 −0.305 −0.502 0.511 −0.522 1.000 0.823 −0.777 * 0.504 0.951 ** −0.975 ** 0.626

St 0.495 −0.153 −0.371 0.466 −0.239 0.823 * 1.000 −0.910 ** 0.105 0.785 * −0.875 ** 0.645
Hy −0.576 0.336 0.649 −0.557 0.104 −0.777 * −0.910 ** 1.000 −0.077 −0.837 * 0.794 * −0.826 *
Br −0.296 0.264 −0.319 0.412 −0.033 0.504 0.105 −0.077 1.000 0.472 −0.518 −0.164
Cy 0.454 −0.372 −0.625 0.630 −0.367 0.951 ** 0.785 * −0.837 * 0.472 1.000 −0.940 ** 0.674

UNSAT −0.355 0.162 0.450 −0.576 0.380 −0.975 ** −0.875 ** 0.794 * −0.518 −0.940 ** 1.000 −0.529
MP 0.617 −0.757 * −0.712 0.392 −0.375 0.626 0.645 −0.826 * −0.164 0.674 −0.529 1.000

DT50—disappearance time of 50% of phenol, V—phenol degradation rate, 2,3-D—catechol 2,3-dioxygenase,
Mean FA—mean fatty acid chain length, SAT/UNSAT—saturated/unsaturated ratio, St—straight-chain,
Hy—hydroxylated, Br—branched, Cy—cyclopropane, UNSAT—unsaturated fatty acids, MP—membrane perme-
ability; * level of significance p < 0.05; ** level of significance p < 0.01.

4. Discussion
4.1. The Potential of S. maltophilia KB2 and P. moorei KB4 Towards Phenol Degradation under
Suboptimal Conditions

Due to the wide prevalence of phenols in various ecosystems and their acute or chronic
toxicity to living organisms, even at low concentrations, there is an urgent need to effec-
tively remove them from contaminated soil, water, and bottom sediments. To reduce the
still existing environmental problems concerning phenol pollution worldwide, new and in-
novative strategies are constantly developed and tested under laboratory conditions before
their application in practice on a technical scale. Among these strategies, bioaugmentation
using the natural ability of microorganisms (bacteria or fungi) to decompose phenolic
compounds is widely and successfully applied in the recultivation of phenol-contaminated
soil and wastewater [10,47,48]. However, not all microorganisms that can degrade phenol
and its derivatives in the established optimal laboratory conditions can be introduced into
contaminated sites to enhance the degradation potential of the indigenous microbiome.
Many of them are sensitive to changes in temperature, pH, salinity, or the presence of
heavy metals, usually weakening or even inhibiting their growth and degradation abilities.
Therefore, selecting appropriate strains is not easy and requires careful characterisation
of their ability to tolerate the conditions in the target environment, which are crucial to
their survival and expression of degradative genes [49]. Therefore, this study investigated
how the variable temperature, pH, and salinity affect the degradation of phenol by two
bacterial strains S. maltophilia KB2 and P. moorei KB4, with the prospect of using them
in the future for bioaugmentation of phenol-contaminated sites in periodically changing
environmental conditions.

Although S. maltophilia KB2 and P. moorei KB4 degraded phenol at a concentration
of 300 mg/L under optimal conditions (30 ◦C, pH 7.2) at a similar time and rate; signifi-
cant differences in their degradative abilities were found under suboptimal circumstances.
P. moorei KB4 was more sensitive to changes in pH and salinity than S. maltophilia KB2,
resulting in a much longer time of phenol utilisation. An interesting observation was also
made for this strain at different salinity and pH regarding the change of phenol degrada-
tion pathway from ortho-cleavage to the meta-cleavage path. Under 1% salinity, bacteria
produced catechol 1,2-D, whereas, under 2.5% salinity and pH 8.5, only catechol 2.3-D
was active. One possible interpretation of this phenomenon is that both enzymes need
specific catalytic groups in the ionised or non-ionised state to interact with the substrate
without changing its active conformation and enzyme stability. Literature data indicate
that the ortho- and meta-pathway induction by the same bacteria depends not only on the
culture conditions but also on the concentration of the aromatic substrate. For example,
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Pseudomonas putida ATCC 49451 activated only the ortho-cleavage pathway at a low initial
benzoate concentration (up to 200 mg/L), whereas both ortho- and meta-cleavage pathways
were induced at higher concentrations (≥300 mg/L) [50]. This exceptional phenomenon
was also confirmed by Hupert-Kocurek et al. [51]. They discerned that Planococcus sp. de-
graded phenol at 94 and 188 mg/L using catechol 1,2-D, while in the higher concentrations
of 282 and 376 mg/L, only 2,3-D was induced. In other studies, Silva et al. [52] reported a
much higher activity of catechol 2,3-D than 1,2-D in Gordonia polyisoprenivorans growing
at pH 4.0–9.0 and temperature 5–50 ◦C. Catechol 1,2-D activity under pH below 5.5 and
9.0 was 50% lower than 2,3-D activity. In this study, the phenol degradation rate and the
activities of both dioxygenases were also strongly temperature dependent. At extreme
temperatures, phenol metabolism was slowed down, and the activity of dioxygenases
significantly decreased. It is worth emphasising that the temperature of 4 and 40 ◦C did not
completely inhibit the activity of 1,2-D in P. moorei KB4 cells, which may suggest that the
lack of activity of this enzyme at extreme pH or salinity could be the result of disturbances
in the ionisation of catalytic groups. Recently, Mei et al. [53] characterised a pH-tolerant
Cobetia sp. SASS1 strain is capable of utilising phenol (900 mg/L) over a wide pH range
(3.0–9.0) and salinity (0 to 4%) via the ortho-cleavage pathway. It was primarily an effective
phenol degrader under salinity conditions, allowing phenol degradation in 35 h in 1% NaCl
to proceed. Similarly, a halophilic strain JS3 degraded phenol (800 mg/L) when pH, tem-
perature, and salinity ranged from 4.0 to 9.0, 30 to 40 ◦C, and 0 to 7%, respectively [54]. In
view of these studies, S. maltophilia KB2 has an equally good phenol degradation potential
compared to these halophilic strains as it degraded 300 mg/L phenol in 28 h in the presence
of 2.5% NaCl. Both S. maltophilia KB2 and P. moorei KB4 strains can also degrade phenol
over a wide temperature range, making them potentially useful for treating phenol under
temperate climate conditions with large annual and daily temperature fluctuations. In the
previous studies by Żur et al. [55], laccase activity in P. moorei KB4 strain was reported,
enhancing its degradation potential towards aromatic compounds.

Within phenol degradation, an interesting reaction of P. moorei KB4 at 10 ◦C, pH 8.5,
1%, and 2.5% NaCl was the autoaggregation of cells observed macroscopically in the form
of quite large clumps. They started to appear at the 3rd hour of incubation and disappeared
with phenol depletion from the culture. The ability of this strain to self-aggregate during
cell immobilisation on bacterial cellulose was also observed by Żur et al. [42]. This phe-
nomenon also appeared in other Pseudomonas species as a response to chemical stress [56] or
predation [57]. For example, Pseudomonas putida CP1 cells clumped during the degradation
of 2- and 3-chlorophenol at concentrations above 100 mg/L and 4-chlorophenol above
200 mg/L. On the other hand, even in the presence of 800 mg/L phenol, they did not
show autoaggregation properties in the culture medium under optimal growth condi-
tions (shaking—150 rpm, temperature—30 ◦C, and pH 7.0) [58]. Similarly, in this study,
Pseudomonas moorei KB4 did not form clumps under optimal conditions. Autoaggregation
is also a survival strategy under intense grazing pressure. When Pseudomonas sp. MWH1
was cultured in the presence of the bacterivorous flagellate Ochromonas; the formation of
clumps conferred protection against flagellate grazing, whereas bacteria cultured without
predation grew as planktonic cells. According to Trunk et al. [59], forming multicellular
clumps is a widespread phenomenon that protects bacteria from environmental stress and
allows them to counterbalance growing problems. Autoaggregation is generally mediated
by self-recognising surface structures, such as proteins and exopolysaccharides, collectively
described as autoagglutinins.

4.2. The Effect of Different Temperatures, pH, and Salinity on the Membranes of S. maltophilia KB2
and P. moorei KB4 during Phenol Degradation

Due to the differences in the phenol utilisation between S. maltophilia KB2 and P. moorei
KB4 under optimal and suboptimal growth conditions, accompanying changes in fatty acid
composition and membrane permeability appeared to be worth investigating. Available
literature data indicated a crucial influence of phenol on cytoplasmatic membranes and its
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transmembrane transport mechanism. It is postulated that the biological activity of phenols
relates to specific lipid-phenols interactions and changes in membrane properties. Phenols
can alter membrane permeability for ions by causing local changes in lipid packing that
subsequently reduce the energy barrier for ion-induced pores. Interestingly, the ability of
different phenolic compounds to alter membrane permeability does not correlate with the
lipophilicity of these compounds, as indicated by their log P values [60]. The previous
studies using S. maltophilia KB2 demonstrated the increase in the content of straight-chain
and cyclopropane fatty acids with a simultaneous decrease in unsaturated fatty acid per-
centages as the bacteria responded to the phenol exposure (300 mg/L) under optimal
conditions [40]. Herein, this trend was followed for the cells exposed to salinity. It is worth
pointing out that higher salt concentrations than 1% cause cell plasmolysis and dehydra-
tion [61]; therefore, both bacterial strains must counteract these processes. Detailed cluster
analysis and Pearson’s correlation assigned to S. maltophilia KB2 indicated the increase of
the SAT/UNSAT ratio under salinity due to the increase in the abundance of cyclopropane
fatty acids. A similar relation was recorded for P. moorei KB4; however, the cluster analysis
revealed a stronger correlation between salinity and membrane permeability, suggesting
the predominance of the destructive processes in the cells over defence mechanisms. The
role of cyclopropane fatty acids in adapting bacterial cells to toxic organic compounds has
been discussed in the literature for several decades; however, their dual mechanism of
action has been proposed by Poger and Mark [62] in the last decade. Firstly, they stabilise
membranes against adverse conditions through induction of a greater degree of order
than their unsaturated precursors and limit the rotation of the bonds surrounding the
cyclopropane ring. Secondly, they disrupt lipid packing, favour the occurrence of "gauche"
defects in the chains and increase the lateral lipid diffusion, enhancing membrane fluidity.
Here, cyclopropane fatty acids are more likely to increase the membrane order and sealing
to prevent cations from entering the cell interior under salinity conditions. Apart from
salinity, the low temperature was the second factor with the most substantial influence on
the rate of phenol degradation and bacterial growth. In both strains of bacteria, an increased
proportion of unsaturated fatty acids was found, reducing the membranes’ fluidity and,
more precisely, lowering lipids’ melting point. Conversely, increasing the membrane’s
fluidity ensures good mobility at low temperatures [63,64]. Another essential modification
in fatty acid profiling of P. moorei KB4 exposed to low temperature was increased hydroxy
fatty acid percentages. This phenomenon is known from the literature [65,66]; however,
the interpretation of obtained results is confused. It may be suggested that increasing the
membrane polarity supports the uptake of phenol as a carbon and energy source inside
the cell, counteracting the slow chemical reaction rates, molecule movements, and limited
enzyme activity at low temperatures.

5. Conclusions

The presented results confirmed the ability of S. maltophilia KB2 and P. moorei KB4
to degrade phenol effectively under suboptimal temperature, pH, and salinity. They also
indicated the accompanying changes in membrane fatty acid composition and permeability.
Despite the considerable diversity of the results, it can be concluded that S. maltophilia KB2
was less sensitive to changes in pH and salinity than P. moorei KB4, resulting in a much
faster time of phenol utilisation, higher dioxygenase activity, a more varied pattern of fatty
acids and a more significant increase in membrane permeability at low temperature and pH
values. The privileged position of S. maltophilia KB2 in phenol degradation in suboptimal
conditions does not diminish the degradation potential of P. moorei KB4 and does not
preclude its use as an inoculant under certain contamination conditions. Undeniably, the
presented findings are valuable as they provide new evidence in adapting bacteria to
stressful conditions at a molecular level. Such expanded knowledge is essential in selecting
appropriate strains for specific biotechnological purposes and further their practical use, for
example, as inoculants in the bioaugmentation of phenol-polluted soil and/or bioreactor
systems in sewage treatment plants to minimise contamination levels.
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Future perspectives include the implementation of a multi-dimensional analysis in two
aspects. The first provides for the bioaugmentation of activated sludge with S. maltophilia
KB2 and P. moorei KB4 and the study of their phenol degradation potential and survival in
sequential batch reactor conditions, reflecting the operation of the sewage treatment plant.
The second line of research assumes an understanding of the molecular mechanisms causing
changes in the activity of catechol 1,2-D and 2,3-D in P. moorei KB4, depending on the growth
conditions. Undoubtedly, continuing research in this field may cover issues related to the
simultaneous treatment of phenolic waste and biohydrogen production. Fusing these
processes requires different conditions, including both aerobic and anaerobic; therefore,
their optimisation is crucial for biodegradation and production efficiency. Combining
environmental cleaning with the production of biofuels complies with the current research
trends. For example, biodegradation of olive oil mill wastewater phenolics and high yield
of biohydrogen production has already been reported by Papazi et al. [67]. However, such
undertaking requires further analysis, mainly to optimise the operating conditions, increase
the efficiency of biohydrogen production and reduce financial outlays.
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system on bacterial cellulose for the paracetamol-degrading Pseudomonas moorei KB4 strain. Int. Biodeterior. Biodegrad. 2020, 149,
104919. [CrossRef]
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55. Żur, J.; Piński, A.; Wojcieszyńska, D.; Smułek, W.; Guzik, U. Diclofenac degradation—Enzymes, genetic background and cellular
alterations triggered in diclofenac-metabolizing strain Pseudomonas moorei KB4. Int. J. Mol. Sci. 2020, 21, 6786. [CrossRef]

56. Klebensberger, J.; Rui, O.; Fritz, E.; Schink, B.; Philipp, B. Cell aggregation of Pseudomonas aeruginosa strain PAO1 as an energy-
dependent stress response during growth with sodium dodecyl sulfate. Arch. Microbiol. 2006, 185, 417–427. [CrossRef]

57. Hahn, M.W.; Moore, E.R.B.; Höfle, M.G. Role of microcolony formation in the protistan grazing defense of the aquatic bacterium
Pseudomonas sp. Microb. Ecol. 2000, 39, 175–185. [CrossRef]

58. Farrell, A.; Quilty, B. Substrate-dependent autoaggregation of Pseudomonas putida CP1 during the degradation of mono-
chlorophenols and phenol. J. Ind. Microbiol. Biotechnol. 2002, 28, 316–324. [CrossRef] [PubMed]

59. Trunk, T.; Khalil, H.S.; Leo, J.C. Bacterial autoaggregation. AIMS Microbiol. 2018, 1–4, 140–164. [CrossRef] [PubMed]
60. Hossain, S.I.; Saha, S.C.; Deplazes, E. Phenolic compounds alter the ion permeability of phospholipid bilayers via specific lipid

interactions. Phys Chem Chem Phys 2021, 23, 22352–22366. [CrossRef]
61. Sierra, J.D.M.; Oosterkamp, M.J.; Wang, W.; Spanjers, H.; van Lier, J.B. Impact of long-term salinity exposure in anaerobic

membrane bioreactors treating phenolic wastewater: Performance robustness and endured microbial community. Water Res.
2018, 141, 172–184. [CrossRef] [PubMed]

62. Poger, D.; Mark, A.E. A ring to rule them all: The effect of cyclopropane fatty acids on the fluidity of lipid bilayers. J. Phys. Chem.
B 2015, 119, 5487–5495. [CrossRef] [PubMed]

63. He, S.; Ding, L.; Xu, K.; Geng, J.; Ren, H. Effect of low temperature on highly unsaturated fatty acid biosynthesis in activated
sludge. Bioresour. Technol. 2016, 211, 494–501. [CrossRef]

64. Hassan, N.; Anesio, A.M.; Rafiq, M.; Holtvoeth, J.; Bull, I.; Haleem, A.; Shah, A.A.; Hasan, F. temperature driven membrane lipid
adaptation in glacial psychrophilic bacteria. Front. Microbiol. 2020, 11, 824. [CrossRef]

65. Wang, C.; Bendle, J.; Yang, Y.; Yang, H.; Sun, H.; Huang, J.; Xie, S. Impacts of pH and temperature on soil bacterial 3-hydroxy fatty
acids: Development of novel terrestrial proxies. Org. Geochem. 2016, 94, 21–31. [CrossRef]

66. Bale, N.J.; Rijpstra, W.I.C.; Sahonero-Canavesi, D.X.; Oshkin, I.Y.; Belova, S.E.; Dedysh, S.N.; Sinninghe Damsté, J.S. Fatty acid and
hopanoid adaption to cold in the methanotroph Methylovulum psychrotolerans. Front. Microbiol. 2019, 10, 589. [CrossRef]

67. Papazi, A.; Pappas, I.; Kotzabasis, K. Combinational system for biodegradation of olive oil mill wastewater phenolics and high
yield of bio-hydrogen production. J. Biotechnol. 2019, 306, 47–53. [CrossRef]

http://doi.org/10.1007/s11274-016-2160-y
http://doi.org/10.1016/j.chemosphere.2018.04.179
http://doi.org/10.1016/j.ibiod.2020.104919
http://doi.org/10.37190/epe150111
http://doi.org/10.1186/s40064-015-1476-7
http://doi.org/10.30799/jespr.199.20060201
http://doi.org/10.3389/fbioe.2021.696166
http://doi.org/10.3390/w12010140
http://doi.org/10.1016/S0141-0229(02)00016-9
http://doi.org/10.18388/abp.2012_2119
http://doi.org/10.1590/S0100-40422012000800018
http://doi.org/10.3389/fmicb.2019.02034
http://doi.org/10.1016/j.marpolbul.2015.07.021
http://doi.org/10.3390/ijms21186786
http://doi.org/10.1007/s00203-006-0111-y
http://doi.org/10.1007/s002480000026
http://doi.org/10.1038/sj.jim.7000249
http://www.ncbi.nlm.nih.gov/pubmed/12032804
http://doi.org/10.3934/microbiol.2018.1.140
http://www.ncbi.nlm.nih.gov/pubmed/31294207
http://doi.org/10.1039/D1CP03250J
http://doi.org/10.1016/j.watres.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29783170
http://doi.org/10.1021/acs.jpcb.5b00958
http://www.ncbi.nlm.nih.gov/pubmed/25804677
http://doi.org/10.1016/j.biortech.2016.03.069
http://doi.org/10.3389/fmicb.2020.00824
http://doi.org/10.1016/j.orggeochem.2016.01.010
http://doi.org/10.3389/fmicb.2019.00589
http://doi.org/10.1016/j.jbiotec.2019.09.009

	Introduction 
	Materials and Methods 
	Bacterial Strains and Experimental Conditions 
	The Phenol Concentration Determination 
	The Catechol Dioxygenase Activity Determination 
	Determining the Whole-Cell Derived Fatty Acid Composition 
	Measuring the Membrane Permeability 
	Data Analysis 

	Results 
	Phenol Degradation and the Growth of S. maltophilia KB2 and P. moorei KB4 under Optimal and Suboptimal Culture Conditions 
	The Activity of Catechol 1,2- and 2,3-dioxygenase in Bacterial Cells under Different Temperatures, pH, and Salinity 
	Changes in FAME Profiles of Bacteria under Various Growth Conditions 
	Membrane Permeability of Bacteria under Various Culture Conditions 
	Statistical Data Exploration 

	Discussion 
	The Potential of S. maltophilia KB2 and P. moorei KB4 Towards Phenol Degradation under Suboptimal Conditions 
	The Effect of Different Temperatures, pH, and Salinity on the Membranes of S. maltophilia KB2 and P. moorei KB4 during Phenol Degradation 

	Conclusions 
	References

