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Abstract Decachlorobiphenyl (DCB) is one of the 209
polychlorinated biphenyls congeners characterized by
its high toxicity and chemical stability. It is produced
by industrial activities. A possible strategy to eliminate
DCB is by bacterial degradation. The main objective of
this study was to define the optimal conditions for
biodegradation and bioaccumulation of DCB by Pseu-
domonas extremaustralis ADA-5 isolated from a worm
intestine. Bacterial growth kinetics were determined in
minimal medium with added biphenyl and DCB. By GC
coupled to mass spectrometry, we found that the strain
had the ability to degrade 9.75% of available DCB,
using it as a carbon source and was able to accumulate

Miguel Angel Gémez Lopez and Adalberto Zenteno-Rojas con-
tributed equally to this work.

M. A. G. Lépez - A. Zenteno-Rojas - C. I. Rincon-Molina -

V. M. Ruiz-Valdiviezo - F. A. Rincon-Molina -

R. Rincon-Rosales (D<)

Laboratorio de Ecologia Genomica, Tecnoldgico Nacional de
México, Instituto Tecnologico de Tuxtla Gutiérrez, Carretera
Panamericana Km. 1080, C.P, 29050 Tuxtla Gutiérrez, Chiapas,
México

e-mail: reriro61 @hotmail.com

E. Martinez-Romero - M. A. Vences-Guzman

Centro de Ciencias Genomicas, Universidad Nacional Autbnoma
de México, Av. Universidad s/n, Col. Chamilpa, C.P,

62210 Cuernavaca, Morelos, México

L. A. Manzano-Gomez
Departamento de Investigacion y Desarrollo, 3R Biotec SA de
CV, C.P. 29000 Tuxtla Gutiérrez, Chiapas, México

19.98% of this pollutant in biomass. Membrane lipids
may be altered by DCB. Phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), and cardiolipin (CL)
were identified by thin-layer chromatography as the
membrane lipids of the cell. At 250 mg L™ of DCB in
the culture medium, membranes showed a 30% de-
crease in the PE concentration, an 18% increase in the
PG, and a 12% increase in CL. ADA-5 was able to
catabolize DCB and may be used for bioremediation
of highly chlorinated toxic compounds in soil.

Keywords Bioaccumulation - Decachlorobiphenyl -
Pseudomonas extremaustralis - Phospholipids

1 Introduction

Persistent organic pollutants (POPs) have increased sig-
nificantly in recent times, causing irreversible damage in
the composition, structure, and functionality of ecosys-
tems as well as in terrestrial biomes. POPs are a group of
toxic synthetic compounds, highly dangerous to human
health and to the environment. Among the main pollut-
ants released, as products of human and industrial ac-
tivity, polychlorinated biphenyls (PCBs) stand out for
their high toxicity (She et al., 2007). PCBs are POPs that
comprise various congeners that vary in the amount and
position of the chlorine atoms that are attached to biphe-
nyl rings (Polak et al., 2016). Many PCB congeners are
found in soil, water, and sediments, even though their
use in recent times has been restricted.
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Decachlorobiphenyl (DCB) is a highly chlorinated
PCB, characterized by its lipophilicity, stability, and
biomagnification (Han et al., 2009). Due to its high
chemical stability, the biodegradation process of DCB
is slow (Costabeber et al., 2006). For this reason, differ-
ent physical and chemical methods have been proposed,
for its rapid elimination (Huang et al., 2014; Zhao et al.,
2012). Its incineration has been approved and it is used
as the standard method for the removal of DCB in soil
and sediment (Hatamian-Zarmi et al., 2009). Neverthe-
less, the contaminants released by this procedure gener-
ate other environmental problems (Tharakan et al.,
2006). Bioremediation technologies have gained rele-
vance in recent years as an efficient alternative for the
degradation of recalcitrant toxic compounds. Bioreme-
diation is a biological process that uses microorganisms
to remove contaminants or hazardous organic com-
pounds from the environment (Vidali, 2001). Bioreme-
diation of biphenyl in soil, sediments, and water has
been reported (Anyasi & Atagana, 2011; Bedard et al.,
1987). Pseudomonas bacteria have the capacity to tol-
erate and remove PCBs in arochlor mixtures (Mathews
& Sithebe, 2018). Pseudomonas fluorescens strain F113
has been studied for degradation of PCBs. It grows with
biphenyl as its only carbon source and has the capacity
to degrade PCB congeners including the commercial
mixture Delor 103 (Villacieros et al., 2005). It has been
reported that biphenyl increases the aerobic degradation
capacity of PCBs in P. pseudoalcaligenes KF707
(Sandri et al., 2017). Recently, we reported that the
Pseudomonas extremaustralis ADA-5 isolated from
the digestive tract of the earthworm Eisenia fetida
showed a high potential for the removal of DCB
(219.7 mg L") at an initial concentration of 1500 mg
L' (Zenteno-Rojas et al., 2019). ADA-5 is genetically
similar to several Pseudomonas species that have bio-
chemical and genetic potential for the biodegradation of
organochlorine compounds, such as polychlorinated bi-
phenyls (Chakraborty & Das, 2016). Due to its lipophi-
licity, DCB may cause damage to bacterial membranes
and compromise cell survival (Murinova & Dercova,
2014). In fact, solvents affect cell membranes and bio-
chemical processes of adaptation directly related to the
maintenance of the membrane fluidity and the stability.
Flexibility is a characteristic of membrane structure and
could be regulated by change of the fatty acid profile
that form membrane lipids (Denich et al., 2003). A
Pseudomonas sp. strain resistant to tributyltin (TBT)
was isolated from an environment contaminated by car
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filter (Bernat et al., 2014) and evaluated for its adapta-
tion to TBT and for its degradation capacity. The com-
position of membrane lipids and cellular proteins was
also analyzed in the presence of TBT and variations in
the composition and concentration of phospholipids
were found in the presence of toxic contaminants
(Bernat et al., 2013). The main objective of this research
was to evaluate the biodegradation and bioaccumulation
of decachlorobiphenyl by native strain
P. extremaustralis ADA-5 and to determine the effects
of DCB on its membrane lipid composition.

2 Materials and Methods
2.1 Chemical Reagents

Decachlorobiphenyl (DCB) (98% purity) and biphenyl
(99% purity) were purchased from Sigma-Aldrich®
(USA). Pentane was chromatographic grade (Sigma-
Aldrich®) and organic reagents were of analytical grade
(Thermo Fischer Scientific®, USA). For the analysis of
ADA-5 membrane lipid composition, sodium acetate-
1-'*C (99% purity) obtained of Amersham Biosci-
ences® (USA). Chloroform (98% purity) and high-
performance TLC plates were provided by Merck®
(USA) were used.

2.2 Bacterium Strain

Strain ADA-5 was previously isolated from the di-
gestive tract of E. fetida cultivated in a
vermicomposting system contaminated with a high
concentration of DCB (Zenteno-Rojas et al., 2019).
ADA-5 was identified as Pseudomonas
extremaustralis according to the sequence analysis
of the 16S rRNA gene. The sequence was deposited
in GenBank with accession number KY110419.1.
This strain was initially reactivated by aseptic cul-
tures in Brain Heart Infusion (BHI) medium
(Bioxon®, USA). Then it was adapted to a minimal
medium AOB [2.0 g L' (NH4),SO4, 1.0 g L'
K,HPO,, 0.3 g L' NaCl, 0.3 g L' MgS0,.7H0,
and 0.03 g L' FeS0,.7H,0] with glucose (3.0 g
L") and yeast extract (1.0 g LY.
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2.3 Master Cell Bank (MCB)

A pure strain of P. extremaustralis ADA-5 grown in
a minimum medium with DCB was used to elabo-
rate a master cell bank, according to the methodol-
ogy recommended by Del Puerto et al. (2009).
When the bacterial culture was in the middle of the
logarithmic phase, aliquots of 10 mL were collected
and then centrifuged at 10,000g for 5 min at 25 °C.
The biomass pellet was placed in microtubes that
contained a mixture of minimal medium-glycerol
7:3 (v/v) and then cryopreserved at —20 °C.

2.4 Optimization of a Culture Medium to Increase
Pseudomonas extremaustralis ADA-5 Growth
and Exopolysaccharides

Box-Behnken experimental design was performed to
evaluate cell growth of P. extremaustralis ADA-S.
Three factors at three levels (+1, 0, —1) were eval-
uated: X, = yeast extract (0, 1, and 2 g L_l); X, =
ammonium sulfate (0, 1, and 2 g LY; and X; =
biphenyl (0, 250, and 500 mg L™"). The combination
of the levels of each factor allowed an evaluation of
a total of 15 treatments (Table 1). Bottles with 100
mL of AOB medium were inoculated with ADA-5
(10% v/v), maintained at 37 °C, and shaking at
120 rpm for 72 h. Biomass (CFU mL™") and
exopolysaccharides (mg L") were determined. To
measure biomass, 5 mL aliquots of bacterial suspen-
sion were taken for each treatment and inoculated in
Petri dishes with AOB medium for the quantifica-
tion of CFU (cell mL™") using a colony counter. To
quantify exopolysaccharides produced by the bacte-
ria, the methodology of Geel-Schutten et al. (1998)
was implemented. One milliliter of the culture me-
dium of each treatment was centrifuged at 11,000g
for 5 min. The supernatant was collected in a 50-mL
tube and was mixed with ice cold ethanol at a 2:1
(v/v) ratio overnight at 4 °C. Then the precipitates
were separated by centrifugation (2000g for 15 min)
and these were resuspended in 1 mL of
demineralized water. Polysaccharides obtained were
brought to constant weight in test tubes, incubated at
55 °C for 4 days. The results were reported in g L™’
of exopolysaccharides. With Box-Behnken experi-
mental design, we obtained the optimization values
of principal effects, double factor, and quadratic
factor of the independent variables. A second order

polynomial model was adjusted to the response data
obtained from the design. The polynomial equation

proposed for the two responses (Y1 and Y2) was:
Yi=by+ b X+ b X, + b3X35+ b11X12

+ by X? + b33 X3% 4+ bioX 1 Xy + b3 X 1 X
+ b3 Xo X3 + b123 X1 X2 X5 (1)

where Yi (i = 1 to 2) are the predicted response for
increasing biomass (BIOM) and exopolyssacharides
(EPS), respectively. by = constant, b; = yeast ex-
tract, b, = ammonium sulfate, and b5 = biphenyl; b1,
b2, and b3 = linear coefficients; by, byy, and b33 =
quadratic coefficients; b5, by3, b3, and b3 = cross
product coefficients.

2.5 Evaluation of the Ability of Pseudomonas
extremaustralis ADA-5 to Grow on DCB

From the optimization test results, the treatment that
allowed the best growth and a greater production of
cell biomass was selected to further evaluate the
ability of the strain to grow in the presence of
DCB contaminant. For this purpose, the bacterial
strain was taken from a preculture of the minimal
AOB medium [2.0 g L' (NH4),SO4, 1.0 g L'
K,HPO,, 0.3 g L' NaCl, 0.3 g L' MgS0,.7H,0,
0.03 g L' FeSO,4.7H,0] enriched with glucose
(B3.0¢g L") and yeast extract (1.0 g L") as carbon
sources amended with 250 mg L' of biphenyl.
Subsequently, the strain was cultivated in the AOB
medium but using biphenyl (250 mg L") as sole
carbon source (formulation 1). Then, the strain was
adapted to the AOB medium containing both biphe-
nyl (250 mg L ') and DCB (250 mg LY (formula-
tion 2). The two formulations were compared with a
control medium AOB without any carbon source.
The strain was kept in a 250-mL flask containing
25 mL of culture medium during 336 h of growth
kinetics. Growth was determined by colony-forming
unit (CFU) quantification every 12 h. The experi-
ments were carried out in triplicate.

2.6 Evaluation of the Capacity for Biodegradation
and Bioaccumulation of DCB by P. extremaustralis
ADA-5

The capacity of P. extremaustralis ADA-5 to biode-
grade and bioaccumulate DCB was evaluated in
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flasks containing 25 mL of the AOB medium with
250 mg L' of DCB as the unique carbon source
[2.0 g L' (NH4),SO,, 1.0 g L' K,HPO,4, 0.3 g L7!
NaCl, 0.3 g L' MgS0,.7H,0, 0.03 g L'
FeS0,.7H,0, and 250 mg L' DCB] (formulation
3) compared to a control without carbon source. The
strain was inoculated in each of the formulations at a
proportion of 10% (v/v) and incubated at 30 °C with
constant shaking at 150 rpm during 336 h. Growth
was determined by CFUs every 12 h and all exper-
iments were performed in triplicate. The extraction
and quantification of DCB was carried out at the
initial time (7, = 0 h) and at the final time (77 = 336
h), both in the culture medium (CM) and in the
cellular biomass (CB). A total of 5 ml of liquid
medium was obtained and pentane was added in a
1:1 proportion (v/v). The mixture was vigorously
stirred for 20 min and then treated for 30 min in
an ultrasonic device. The supernatant obtained in the
organic part was divided and concentrated in a 1 mL
solution. A total of 20 mL of the culture at the 7%
was centrifuged at 4000 rpm for 5 min to form a CB
pellet (Valenzuela-Encinas et al., 2008). The con-
centration of DCB in both CM and CB samples and
the products of the removal process were determined
according to the method reported by Villalobos-
Maldonado et al. (2015).

2.7 Analysis of the Membrane Lipid Profiles
of P. extremaustralis ADA-5 Grown in DCB

ADA-5 lipid composition was determined after labeling
with [1-"*C] acetate. One milliliter of culture of the strain
adapted in AOB minimal medium [2.0 g L' (NH,),SO4,
1.0 g L™" K,HPO,, 0.3 g L' NaCl, 0.3 g L™
MgS0,.7H,0, 0.03 g L™ FeSO,.7H,0 with 3.0 g L™
glucose and 1.0 g L™ yeast extract] (treatment A) or AOB
minimal medium with DCB as carbon source [2.0 g L™
(NH4),SO4, 1.0 g L' K,HPO,, 0.3 g L' NaCl, 03 g L™
MgS0,.7H,0, 0.03 g L' FeS0,.7H,0, and 250 mg L™!
of DCB] (treatment B) was used. Later, 0.5 pCi ['*C]
acetate (60 mCi mmol ') was added to each culture.
Cultures were incubated for 24 h and 72 h. Cells were
obtained by centrifugation, washed with water (Green &
Joseph, 2012), and resuspended in 100 pl of water. Lipids
were extracted according to the methodology reported by
Bligh and Dyer (1959). The chloroform phase was used
for lipid analysis on thin-layer chromatography (TLC)
plates (high-performance TLC aluminum sheets, silica
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gel 60; Merck®). After two-dimensional separation using
the solvent systems described by De Rudder et al. (1997),
individual lipids were quantified using a Phosphorimager
(Storm 820; Molecular Dynamics). This assay was per-
formed in triplicate.

2.8 Statistical Analysis

In this study, Box-Behnken fractional factorial design was
applied using the response surface methodology for the
optimization of growth and production of bacterial bio-
mass. Data obtained were analyzed by ANOVA with a
significance level of « = 0.05 and the results obtained were
analyzed for each variable and a regression equation was
constructed to study the relationship between the variables
evaluated. #-Student’s test (P < 0.05) was used to analyze
the results of biodegradation and bioaccumulation tests
with Statgraphics Centurion XV Plus for Windows.

3 Results
3.1 Optimization of the Culture Medium

The results of the Box-Behnken design for evaluating
the adaptation to the culture medium of
P. extremaustralis ADA-5 are presented in Table 1.
ANOVA (Table 2) showed that yeast extract (P <
0.0035) and yeast extract plus biphenyl (P < 0.0146)
had significant effects on biomass production. The com-
ponents that showed significant effects on the produc-
tion of exopolysaccharides (Table 3) were yeast extract
(P < 0.0008), the interaction of yeast extract and ammo-
nium sulfate (P < 0.0046), and the quadratic compo-
nents of ammonium sulfate, under the hypothesis that
the variables examined induced cell growth and adapt-
ability of P. extremaustralis to PCBs. The following
equation with R = 0.90 and P < 0.05 for biomass
production was obtained by regression analysis.

Yeiom = 6.17 x 10° +2.23 x 107 X, + 5.24
x 10° X, + 13674.6 X5—1.39 x 10° X,>
+2.76
x 10° X1X,—44650.0 X 1 X3—3.29

x 10° X,2-1214.29 X,X3 + 38.86 X3°. (2)
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The effects of X, X5, and X3 variables and their
combined effects on the Ygionm response were modeled
with a polynomial equation (Eq. 2). A positive value
represents an effect that favors optimization, while a
negative value indicates an antagonistic effect. The
values of X7, X, and X5 were substituted in the equation
to obtain the theoretical values and biomass, finding that
the predicted values and the observed values were in
agreement. Treatments 6 and 11 showed the highest
production of biomass (Table 1). The growth of the
strain in treatment 6 (without biphenyl) was optimal
with a high cell growth of 2.22 x 10® CFU mL ™" of
medium during the 72 h. Cell growth obtained in treat-
ment 11 was 6.0 x 10 CFU mL ™' where 250 mg L™ of
biphenyl was added to the minimal medium as sole
carbon source. The methodology of response surface
(Fig. 1a) revealed highest biomass production with the
highest concentration of yeast extract (2 g L™'); howev-
er, yeast extract and biphenyl interaction also showed
high biomass production. In this experiment, treatment
11 had the highest production of exopolysaccharides
(EPS). The response surface plot (Fig. 1b) revealed that
the highest exopolysaccharides production
corresponded to high levels of yeast extract and

biphenyls. The equation was obtained by a regression
analysis with R = 0.95 and P< 0.05 for the production of
exopolysaccharides.

Yeps = 432.51 + 129.42 X,-358.49 X,
+0.27 X3-64.08 X% + 136.66 X1 X,
+0.016 X1X5 + 85.19 X,?

+0.33 X,.X;5 (0.00094 X3X,X57) (3)

In this case, Xj, X1 X5, and X,, are significant model
terms. The theoretical and observed values (3) for Ygpg
were shown to be in agreement. In both experiments
(Ygiom and Ygps), yeast extract and biphenyl signifi-
cantly influenced the growth of P. extremaustralis. Ac-
cording to the results obtained, Box-Behnken design is
an efficient tool to design parameters that promote the
production ADA-5 strain biomass and
exopolysaccharides.

Table 1 Treatments obtained from Box-Behnken design for the optimization of the culture medium used in the determination of biomass

and exopolysaccharides

Treatments Yeast
extract

-1
(gL )

(NH4):S04

(gL (mgL™)

Biphenyl

Biomass Exopolysaccharides(mg
(CFUmL™) Lh

2
&

X
0
250
500
500
250

250
0

0

250
250
500
250
250
500

O 0 9 & L A W N =

— e
W N = O

—_
~
_O = = NN = O =N =N OO =

(e L N S B R L =)

15

2.22 % 108 (£1.97 x10%?
1.00 x 10° (3.35 x 109
1.84 x 10% (+1.83 x 107)
2.54 x10° (+2.48 x 10°
240 x 108 (+4.31 x 10°%)
5.85 x 10% (+3.83 x 10°%)
2.76 x 10% (+1.81 x 107)
6.87 x 107 (£2.25 x 10%)
2.78 x 10% (+1.20 x 107)
276 x 10® (+3.25 x 107)
3.10 x 10° (24.80 x 10°%)
2.74 % 10% (+6.82 x 10°)
2.72 x 10° (£1.63 x 107)
1.77 x 10% (+8.43 x 10%)
2.14 x 10® (#6.57 x 10°

536.66 (+30.55)
220.00 (£36.05)
230.00 (+34.64)
506.66 (+40.41)
420.00 (£26.45)
433.33 (428.86)
413.33 (240.41)
173.33 (£11.54)
446.66 (+50.33)
466.66 (+11.54)
793.33 (+20.81)
653.33 (£28.86)
543.33 (£15.27)
440.00 (+43.58)
406.66 (£30.55)

#Mean value of three replicates. The values in parenthesis are standard deviation
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Table 2 ANOVA results of the Box-Behnken experimental design to improve biomass production of the strain P. extremaustralis ADA-5

Source df Sum of squares Mean square F-value Pr>F
X, 1 1.00389 x 10'° 1.00389 x 10'° 26.95 0.0035?
X, 1 7.05753 x 102 7.05753 x 10" 0.19 0.6815
X3 1 5.69819 x 1013 5.69819 x 1013 1.53 0.2711
X X 1 6.01447 x 10'? 6.01447 x 10'? 0.16 0.7044
X X 1 3.06178 x 10" 3.06178 x 10" 0.82 0.4062
X X; 1 498406 x 10 4.98406 x 10 13.38 0.0146
X X, 1 334079 x 103 3.34079 x 103 0.90 0.3871
X X; 1 1.98489 x 10! 1.98489 x 10! 0.01 0.9446
X3 X3 1 1.81838 x 103 1.81838 x 103 0.49 0.5159
Pure error 5 1.86242 x 10 3.72485 x 103
1

Corrected total 4 1.86371 x10"°

#Significant at 5% level
R* =0.90, adj-R> = 0.72

3.2 Bacterium Strain Adaptation

The adaptive capacity of P. extremaustralis ADA-5 was
evaluated using the optimal culture medium (formula-
tion 1), amended with biphenyl as the sole carbon
source (Fig. 2). In this condition, bacterial growth
exceeded 9.0 x 10" CFU mL™" of culture during 336
h, showing a stationary phase between 48 and 72 h and a
max = 0.0079 h'!, as well as a doubling time (¢3) =
87.74 h. The adaptation of this strain to formulation 2,
where biphenyl and DCB were the carbon source,
showed a diauxic behavior, due to the sequential

assimilation of the carbon source used by the strain. In
the first stage, bacterial growth exceeded 8.0 x 10’ CFU
mL ! between 24 and 48 h, while in the second stage,
growth increased to 1.1 x 108 CFU mL ™" at 168 h with
max = 0.016 h " and a 74 = 43.32 h (2.2).

3.3 Quantification of Biodegradation
and Bioaccumulation of DCB

Biodegradation and bioaccumulation of DCB was ana-
lyzed by means of culture formulation 3 (Fig. 3), using
the conditions of the optimized AOB medium modified

Table 3 ANOVA results of the Box-Behnken experimental design to improve exopolysaccarides production of the strain

P. extremaustralis ADA-5

Source df Sum of squares Mean square F-value Pr>F
X 1 161497 161497. 51.09 0.0008 *
Xz 1 6046.11 6046.11 1.91 0.2252
X3 1 8383.04 8383.04 2.65 0.1644
X1 X 1 12660.3 12660.3 4.00 0.1018
X1 Xz 1 74712.0 74712.0 23.63 0.0046
X1 X3 1 69.3889 69.3889 0.02 0.8880
XX 1 22375.0 22375.0 7.08 0.0449
X2 X3 1 15301.2 15301.2 4.84 0.0791
X3 X 1 10719.6 10719.6 3.39 0.1249
Pure error 5 15806.1 3161.23

Corrected total 14 360989.

# Significant at 5% level
R* =0.95, adj-R> = 0.87
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Fig. 1 Response surface plots a
showing the effect of the
interaction between yeast extract
and biphenyl on the a biomass
and b exopolysaccharides
production

(x107)

Biomass
(CFUmL")

Exopolysaccharides
(mgL")

with 250 mg L' DCB as sole carbon source. Bacterial
growth was greater than 2.0 x 10® CFU mL ™" of medi-
um during the 72 h of experimentation, where the fiax
and the 14 in the stationary phase were 0.0371 h™' and
18.68 h, respectively. Both the adaptability and the
bacterial growth obtained with formulation 3 were
greater than those obtained with formulations 1 and 2.
With formulation 3, strain ADA-5 was shown to be fully
adapted to DCB.

In this study, residual DCB was quantified. In Fig. 4,
GC-MS chromatograms show DCB with a retention
time of 14.23 min. The identification was carried out
in the culture medium (CM) (Fig. 4a) and in the cellular

A B
(x 107)

I 00 | 2200
0 I 0.4 |300.0
J— | 0.8 |380.0
08 12 16 7“ 0 Biphenyl 1.2 | 460.0
Yeast extract (mgL) 1.6 |540.0
€19 20 | 6200
[ 2.4 | 700.0
2.8 | 780.0
3.2 | 860.0
3.6 | 940.0
N 4.0 |1020.0
I 44 |1100.0

Biphenyl

Yeast extract (mg L)

(gL

biomass (CB) (Fig. 4b) where the highest abundance of
the contaminant is shown. DCB quantification was per-
formed using a standard reagent with concentrations
determined in standard curves. The results showed that
the concentration of the remaining contaminant in broth
was 23.33 mg L', which represents 89.77% removal by
strain ADA-5, while 182.66 mg L™ bioaccumulated in
the bacterial biomass represents 80.02 % of the total
DCB used in formulation 3. As a result of DCB balance,
22.26 mg L' of the contaminant biodegraded by the
strain was quantified, representing 9.75% biodegrada-
tion of DCB in the system evaluated (Table 4). Also, the
presence of 1,3 bis-(1,1 dimethyl ethyl) benzene and

12

Fig. 2 Kinetics of
P. extremaustralis ADA-5 in two 11 4
different formulations. Formula- 10 4
tion 1: culture medium amended 09 4
with 250 mg L™" of biphenyl, and ‘
formulation 2: AOB culture me- = 081
dium amended 250 mg L™" of % 0.7 4
biphenyl and 250 mg L' of DCB = 064
§ 051 |
© 04|
03
0.2
0.1

—a&A— Formulation 1
—<— Formulation 2

---0--- Control

T T T T T T T T T

1
120 144 168 192 216 240 264 288 312 336

Time (h)
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Fig. 3 Cell growth of 24
P. extremaustralis ADA-5 in
AOB culture medium amended
with 250 mg L' DCB (formula-
tion 3) and in a control medium
without carbon source

22

CFU mL! (x 108)

0.2

0.0

"020-0--0--0-0-00-0.-- 00— O-ern-Omrnv

—0O— Formulation 3

---O--- Control

0 24

benzoates, which can be products of DCB biodegrada-
tion, was detected by gas chromatography (Table ESM
1_ supplementary data).

3.4 Membrane Lipid Profiles of P. extremaustralis
ADA-5 During the Biodegradation
and Bioaccumulation of DCB

The identification and quantification of the membrane
lipids of P. extremaustralis ADA-5 was carried out at 24
and 72 h during the biodegradation and bioaccumulation

48 72 96 120 144 168 192 216 240 264 288 312 336
Time (h)

of DCB under the conditions given in formulation 3,
comparing it with the lipid structure when the strain was
grown in AOB medium without the contaminants
(Table 5). When the strain was grown in the AOB medium
without DCB (treatment A), a greater abundance of phos-
phatidylethanolamine (PE), phosphatidylglycerol (PG),
and cardiolipin (CL) was found. In this condition, strain
ADA-5 showed a 5% and 10% increase in the abundance
of PE and CL, respectively, and a 15% decrease in PG at
the evaluation times (24 h and 72 h). In AOB medium in
the presence of DCB (250 mg L™' of DCB), there was a
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Fig. 4 Chromatograms of decachlorobiphenyl (DCB) detected in culture medium (CM) and in the cell biomass (CB)
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Table 4 Bioaccumulation and biodegradation of decachlorobiphenyl by P. extremaustralis ADA-5

Sample Initial Final DCB DCB DCB DCB
concentration concentration biodegradation removed biodegradation bioaccumulated
of DCB of DCB (mgL™") or reduced (%) (%)

(mgL™ (mgL™) (%)

Culture 250.00 23.33+0.2° 2226 +0.2 1023+09  9.75+0.1 19.98 £ 1.6

media

(C™M)

Biomass ND 182.66 + 3.2 ND 89.77+14 ND 80.02 + 1.1

(CB)

#Mean values of three replicates. Mean difference significance was determined with the z-Student’s test (P < 0.05)

ND not determined
>Extraction efficiency: 91.3%

20% decrease in PE and 20% increase in CL and no
change in the abundance of PG (38%). ADA-5 membrane
lipids at 72 h under treatment B culture conditions had a
lipid composition of 30% PE, 38% PG, and 32% CL
(Table 5).

4 Discussion

Research on the use of bacteria for the removal of toxic
organic compounds in the environment has provided
new sustainable alternatives for bioremediation. Marti-
nez-Toledo and Rodriguez-Véazquez (2011) evaluated
different formulations of a culture medium to improve
the phenanthrene degradation process, using Pseudomo-
nas putida strain CB-100. Tandlich et al. (2011) report-
ed that Pseudomonas stutzeri had a high growth rate
when cultivated in crystalline biphenyl at concentrations

of 1.5 g L' They showed that the mechanism of
absorption and assimilation of biphenyl by the bacterial
strain depends on the concentration of the contaminant
in the medium or in the soil.

In a different study, Pseudomonas pseudoalcaligenes
strain KF707 was able to degrade pentafluorobiphenyl.
The strain used this toxic chemical as a carbon source
and showed growth exceeded of 1 x 10’ CFU mL™!
after 72 h of incubation (Hughes & Clark, 2011). In
other experiments, it has been observed that the EPS
may chelate polychlorinated biphenyls due to its phys-
icochemical characteristics (Mishra & Jha, 2013) or be
used for synthesis of nanoparticles in the degradation of
some PCB congeners (Escarcega-Gonzalez et al., 2018).
In some Pseudomonas species, such as P. aeruginosa,
biphenyl is easily assimilated and induces a stimulant
effect for the assimilation of PCB by the production of
dioxygenase enzymes that catabolize the carbon struc-
ture of PCB (biphenyl) and lead to a diauxic growth

Table 5 Membrane lipid composition of P. extremaustralis ADA-5 grown in medium contaminated with DCB

Membrane lipids Lipid content
(%)
Treatment A* Treatment B® Treatment A Treatment B
24 h 72 h
PE 55.0£(1.0)¢ 50.0 £ (1.0) 60.0 £ (2.0) 30.0 £ (2.0)
PG 35.0+(2.0) 38.0 £ (1.0) 20.0 £(1.0) 38.0 £(1.0)
CL 10.0 +(0.3) 12.0 £ (0.5) 20.0 £(1.0) 32.0+(1.0)

PE phosphatidylethanolamine, PG phosphatidylglycerol, CL cardiolipin

? Treatment A: Bacterial strains were cultured in AOB minimal medium (without DCB)

® Treatment B: AOB minimal medium without glucose, without yeast extract and 250 mg L™ of DCB as sole carbon source

¢ Values shown are mean values +standard deviation derived from at least three independent experiments
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(Chakraborty & Das, 2016). This behavior can be at-
tributed to the fact that this bacterium requires biphenyl
as an inducer for the assimilation of the contaminant.
Our results show that P. extremaustralis ADA-5 was
able to use DCB as a carbon source for its growth.
Similar studies have shown the importance of adapting
bacterial strains to culture media enriched with DCB as
a way of increasing their the contaminant assimilation
and elimination capacity (Sanchez-Pérez et al., 2019). It
has also been reported that bacteria isolated from con-
taminated sites, when grown in culture media amended
with PCBs, are efficient in the elimination of these
compounds (Weiland et al., 2017). De Limae Silva
et al. (2018), evaluated the bacterial community present
in methanogenic bioreactors, quantifying 5.26 x 10'* g/
TVS cells which were not affected by the addition of
arochlor 1260 (mixture of highly chlorinated PCBs) and
suggested that this group of bacteria developed mecha-
nisms for the biodegradation of organic compounds.

There are few studies focused on the elimination of
highly chlorinated contaminants such as decachlorobi-
phenyl and BDE-209 (decabromobiphenyl ether) using
strains isolated from contaminated sites (Qiu et al.,
2016); Yu et al., 2020). Qiu et al. (2016) evaluated the
ability of a cold-resistant bacterium Comamonas
testosteroni (phylum: Proteobacteria) to degrade deca-
chlorobiphenyl. This strain could tolerate and degrade
up to 500 ug L' of DCB, and a bacterial growth of 7.0
x 10% cell mL™" was reported. Furthermore, the com-
pounds produced by the possible co-metabolism of the
pollutant DCB are structurally similar to those reported
by Hughes and Clark (2011), where 3-
pentafluorophenyl-cyclohexa-3,5-diene-1,2-diol and 3-
pentafluorophenyl-benzene-1,2-diol were detected in
the supernatants of resting cells cultured with biphenyl
and 2,3.4,5,6-pentafluorobiphenyl.

During the biodegradation of DCB by ADA-5 in the
culture media, there is a phase of assimilation of DCB in
which the contaminant increases in the cellular biomass
produced by the strain. Strain ADA-5 was able to
bioaccumulate high concentrations of DCB. This bio-
logical mechanism has been previously shown in differ-
ent Pseudomonas species isolated from sites contami-
nated with DCB. Sanchez-Pérez et al. (2019) reported
the capacity of different bacterial strains isolated from
rhizosphere soil to remove and bioaccumulate up to
200 mg L' of DCB in modified culture media. In a
previous work, we evaluated the ability of
P. extremaustralis ADA-5 to bioaccumulate DCB. We

@ Springer

found that this bacterial species was able to
bioaccumulate up to 219.7 mg L™ of DCB (Zenteno-
Rojas et al., 2019). Lipid composition can change dur-
ing the assimilation process, both in the bioaccumula-
tion process and in the biodegradation of DCB
(Murinova & Dercova, 2014). Here, our results suggest
that the P. extremaustralis ADA-5 has biological mech-
anisms for the biodegradation and bioaccumulation of
DCB that are important for the elimination of the
contaminant.

The phospholipids of the cytoplasmic membrane of
bacteria help to maintain cell viability and, in the pres-
ence of alterations, cells modify their phospholipid
structure (Dercova et al., 2018). Thus, the effects of
phospholipid composition on membrane fluidity have
been studied. It has been shown that PE is responsible
for providing lateral pressure to the membrane bilayer
and maintaining the position of amino acids (Berg et al.,
2006). Alterations in phospholipids can stabilize the
membrane by reducing its fluidity, as in the response
of P. putida S-12 to toluene, which reduced the concen-
tration of PE and increased the amount of PG and CL
(Weber & de Bont, 1996). The role of PG in the trans-
location of membrane proteins that participate in the
synthesis of CL in bacterial cells contaminated with
COP has been demonstrated (Donato et al., 1997). In
the present work, membrane changes in
P. extremaustralis ADA-5 were observed during the
process of adaptation to biphenyl and DCB (formula-
tions 1 and 2) that induced the assimilation of DCB.
Similar results were obtained by Murinova and Dercova
(2014), who showed an increase in PE and a decrease in
PG in the membrane of bacterial strain exposed to
PCBs. The substantial increase in the content of CL is
a known adaptive mechanism in stressful environments
(Prossnigg et al., 2010), with the enzyme cardiolipin
synthase in the cytoplasmic membrane participating in
the synthesis of CL. The synthase uses two PG mole-
cules (donor and acceptor) for the transfer of phospha-
tidyl groups (Dercova et al., 2018). Recent studies have
reported that bacteria with low levels of cardiolipin
synthase in their cytoplasmic membrane are more af-
fected by organic solvents (Bernal et al., 2007) and the
physical properties of their cytoplasmic membrane are
modified. Riihl et al. (2012) showed that P. putida uses
specific physical properties of glycerophospholipids, to
readjust the membrane barrier to environmental stresses,
suggesting different strategies of the genus Pseudomo-
nas to maintain the barrier function of cell membranes.
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Zoradova et al. (2011) obtained results similar to those
found here with P. extremaustralis ADA-5, showing a
significant decrease in cell biomass and changes in the
fatty acid profile of the membrane lipids of P. stutzeri
caused by the addition of PCBs to cultures. Our results
showed that DCB caused variations in the abundance of
membrane lipids (PE, PG, and CL). The combined
presence of biphenyl and DCB in the bacterial adapta-
tion phase leads to the gradual increase in cellular bio-
mass. This could explain the capacity for biodegradation
and bioaccumulation of DCB by P. extremaustralis
ADA-S.

5 Conclusions

In this study, a Box-Behnken experimental design was
used to evaluate culture media formulations and condi-
tions to improve growth and the production of biomass
and exopolysaccharides by P. extremaustralis ADA-5
in the presence of decachlorobiphenyl (DCB). Growth
kinetics showed the ability of the strain to grow and
biodegrade 9.75% of DCB, by using it as a carbon
source and to bioaccumulate 19.98% of DCB in the
cellular biomass of 250 mg L' Based on this, we infer
that this bacterium has the biochemical machinery to use
these highly chlorinated compounds as a carbon source.
Likewise, it was confirmed that the presence of the
contaminant in the culture medium significantly influ-
ences the composition of the lipids of cell membrane.
Therefore, due to these biological characteristics and its
metabolic capacity, this native strain was found to be a
promising degrader of DCB.
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