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Abstract The use of microbial phosphotriesterases
in the degradation of organophosphorus compounds
employed as pesticides, plasticizers and petroleum
additives is a sustainable alternative for bioremedia-
tion of water and soils, decontamination of particular
foods and as poisoning antidote. Whole cells of six
wild type microorganisms—Streptomyces phaeochro-
mogenes, Streptomyces setonii, Nocardia corynebac-
terioides, Nocardia asteroides and two Arthrobacter
oxydans—selected in our lab as phosphotriesterase
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sources, were further tested as biocatalysts in the
hydrolysis of paraoxon, methyl paraoxon, methyl
parathion, coroxon, coumaphos, dichlorvos and chlor-
pyrifos, highlighting 98% conversion of chlorpyrifos
into its hydrolysis products using whole cells of S.
phaeochromogenes at pH 8 and 40 °C. Immobilized
whole cells and enzyme extracts were also assessed,
observing as a general trend, that there is no significant
variation in hydrolytic activity between them. These
results suggest that according to the circumstances,
immobilized whole cells (avoiding cellular disruption
and centrifugation) or enzyme extracts (which can be
handled more easily) could be used.

Keywords Phosphotriesterases - Organophosphorus
compounds - Biodegradation - Pesticides - Bacteria -
Bioremediation

Introduction

Organophosphorus compounds (OPs) have been syn-
thetized as chemical warfare agents during World War
IT and then began to be used as pesticides, plasticizers
and petroleum additives (Singh 2009). Their excessive
use in agriculture and homes produces environmental
pollution as well as high toxicity in mammals (Kim
et al. 2014). OPs prevent the hydrolysis of the
neurotransmitter acetylcholine to choline by acting
as irreversible inhibitors of acetylcholinesterase.
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Consequently, acetylcholine is accumulated in the
body causing an overstimulation of nerve impulses,
convulsions, respiratory failures and eventually death
(Theriot and Grunden 2011). Therefore, the identifi-
cation of microorganisms capable of degrading OPs is
relevant for applications such as environmental mon-
itoring and remediation. Furthermore, purified micro-
bial OP hydrolases might be used as antidote against
OPs poisoning by using liposomes and other biocom-
patible polymer-based carriers to deliver these
enzymes (Iyer and Iken 2015; Liu et al. 2015). For
this reason, a variety of organophosphate degrading
bacteria has been isolated and studied such as
Brevundimonas diminuta, Flavobacterium sp., Al-
teromonas sp., Bacillus stearothemophilus, Nocardia
sp., Escherichia coli, Arthrobacter, Corynebacterium
glutamicum and Burkholderia sp. (Manco et al. 2018).

Within the group of OP hydrolases, phosphotri-
esterases (PTEs, E.C. 3.1.8.1) constitute a group of
enzymes that catalyze the stereoselective hydrolysis of
a large number of phosphotriesters (Elias et al. 2008).
They exert their activity by cleavage of the P-O, P-N
or P-S bond, differing in their substrate specificity and
molecular mass (Sogorb et al. 2004). As a conse-
quence, a large number of OP structures such as
paraoxon, chlorpyrifos, parathion, methyl parathion,
coumaphos, monocrotophos and fenamiphos can be
hydrolyzed by these enzymes, being it the first and
main step in this detoxification process. Then, OPs
hydrolysis products can be used as carbon and/or
phosphorus source by a wide variety of soil and water
bacteria (Iyer et al. 2013; Kumar et al. 2018).

A cost-effective alternative to the large-scale
application of isolated organophosphorus hydrolases,
consists in the use of microorganisms as either
growing or resting whole cells (Singh 2009; de
Carvalho 2017). In particular for microbial bioreme-
diation purposes different parameters play important
role, but among them pH and temperature are specially
relevant (Niti et al. 2013). Singh et al. have reported
effects of soil pH and temperature on chlorpyrifos and
fenamiphos degradation observing an increase in
activity at higher pHs and in the temperature range
from 15 to 35 °C (Singh et al. 2003a, b).

In our laboratory we have previously evaluated and
optimized the hydrolysis conditions (pH and temper-
ature) of methyl paraoxon employing as biocatalysts
six new sources of bacterial PTEs: Streptomyces
phaeochromogenes, Streptomyces setonii, Nocardia
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corynebacterioides, Nocardia asteroides and two
Arthrobacter oxydans (Santillan et al. 2016). In the
present work these microorganisms were assessed in
the hydrolysis of different OPs such as paraoxon,
methyl parathion, coroxon, coumaphos, dichlorvos
and chlorpyrifos (Fig. 1). PTE activity was studied
employing whole cells and enzyme extracts, free as
well as immobilized in calcium alginate beads.

Materials and methods
Chemicals

Paraoxon, methyl parathion, coumaphos, dichlorvos
and chlorpyrifos were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Methyl paraoxon and coroxon
were synthesized by oxidative desulfuration from
methyl parathion and coumaphos, respectively (Bie-
lawski and Casida 1988).

Analytical and HPLC grade solvents were from
Biopack, Sintorgan or J.T. Baker. Culture media
reagents were obtained from Merck or Biopack.

Microorganisms

All microorganisms were cultured at optimized con-
ditions according to CECT. B. diminuta CIP 7129
(Bd), A. oxydans ATCC 14358 (C55) and A. oxydans
ATCC 14359 (C64) were cultured in nutrient agar
medium II (1 g meat extract, 5 g peptone, 2 g yeast
extract, 5 g NaCl, 1 L H,O). Streptomyces phaeochro-
mogenes CCRC 10811 (C13) and S. setonii ATCC
39116 were grown in Streptomyces medium (4 g
glucose, 10 g malt extract, 4 g yeast extract, 2 g
CaCOs, 1 L H,0). N. asteroides ATCC 19296 (C49)
was cultured in Bennett’s medium (4 g glucose, 10 g
malt extract, 4 g yeast extract, 1 L H,O), whereas N.
corynebacterioides ATCC 14898 (C39) in Nutrient
agar I with 1% maltose (5 g meat extract, 10 g
peptone, 10 g NaCl, 10 g maltose, 1 L H,0). All
cultures were conducted for 72 h.
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Fig. 1 a General hydrolysis reaction of organophosphorus compounds. b Organophosphorus compounds used as substrates in this

work
Biocatalysts
Whole cells

Bacteria strains were grown as previously mentioned
(in “Microorganisms” section) and optical density
was measured at 600 nm. An aliquot containing the
required amount of cells was collected by centrifuga-
tion at 8600 x g for 5 min. The resulting cell pellets
were directly employed as biocatalysts.

Enzyme extract

The membrane fraction from each bacteria was
obtained and studied as biocatalyst. Cellular pellet
containing 1.2 x 10" cells (obtained as in “Whole
cells” section) was resuspended in 10 mL of distilled
water and was disrupted by ultrasonication using the
Vibra-cell disruptor, VCX130 (Sonics, USA), at 50%
amplitude for 5 cycles at 4 °C. After that, this
suspension was centrifuged at 8600 x g for 15 min
and the resulting pellet containing the membrane
fraction was further tested as biocatalyst since PTEs
are usually associated with cellular membrane (Mul-
bry and Karns 1989).
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Immobilization

1.2 x 10'° Cells or enzyme extracts obtained from
the same number of cells were resuspended in a 2%
(w/v) sodium alginate solution. These suspensions
were then added dropwise to a well-stirred, 100 mM
CaCl, solution. The obtained calcium-alginate gel
beads were kept in the same CaCl, solution with gentle
stirring for 1 h to allow them to harden and finally
were washed with physiological solution (NaCl,q
0.9%).

Activity assays

The pellets containing 2 x 10° whole cells, obtained
as mentioned in the “Microorganisms” and “Whole
cells” sections, were added to the reaction mix
consisting of 2 mM OPs in 1 mL of Tris—HCI buffer
50 mM pH 8. Enzymatic hydrolysis was assayed in
standard conditions (pH 8 and 30 °C) and optimized
conditions for each biocatalyst: S. phaeochromogenes
at pH 840 °C; S. setonii, N. asteroides and A. oxydans
C64 at pH 8-50 °C; B. diminuta, N. corynebacteri-
oides and A. oxydans C55 at pH 8-60 °C (Santillan
et al. 2016) using paraoxon, methyl parathion,
coumaphos, coroxon, dichlorvos and chlorpyrifos as
substrates. The same reaction mix without cells was
used as chemical control, whereas this reaction mix
but using B. diminuta cells as biocatalyst was used as
positive control. The determination of the initial
reaction rates (Vy) was carried out by analyzing
50 pL samples taken at 0, 15, 30, 45, 60, 90, 120 and
150 min.

Biocatalysed organophosphorus compounds
degradation

The reactions were performed in 6 mL reaction
mixtures containing a solution 0.15 mM OPs in
50 mM Tris-HCl pH 8 buffer, and the free or
immobilized biocatalysts from S. phaeochromogenes,
S. setonii, N. asteroides, A. oxydans C55 and A.
oxydans C64 (depending on the OP under study) using
standard and optimized conditions (as detailed in
“Activity assays” section. Santillan et al. 2016) for 21
days. Moreover, a chemical control was assayed in the
same conditions but without biocatalyst.
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Samples analysis methods
Methyl paraoxon, paraoxon and methyl parathion

The production of p-nitrophenol (PNF) was quantified
by measuring absorbance at 405 nm in 96 wells plate
using a Cytation 5 (BioTek Instruments, Inc., USA).
The calibration curve was constructed using standard
solutions of PNF (0, 0.01, 0.025, 0.05, 0.075 and
0.1 mM).

Coroxon and coumaphos

Chlorferon (CF), the fluorescent product of coroxon
and coumaphos enzymatic hydrolysis (Ae;, = 355 nm,
Aex = 460 nm), was detected employing a Cytation 5
(BioTek Instruments, Inc., USA). Chlorferon quan-
tification was carried out employing the corresponding
calibration curve (0, 0.01, 0.025, 0.05, 0.075 and
0.1 mM).

Dichlorvos and chlorpyrifos

Hydrolysis of dichlorvos and chlorpyrifos was deter-
mined by substrate consumption using a HPLC
(Gilson, USA) with UV detection, and a C;g Column
(Grace Apollo 5 pm, 150 x 4,6 mm, HiChrom, Eng-
land). Dichlorvos analytical conditions were: mobile
phase acetonitrile:water 48:52 for 16 min, flow
0.9 mL min~"', 280 nm; while for chlorpyrifos ana-
Iytical conditions were acetonitrile:1% aqueous phos-
phoric acid 80:20 as mobile phase for 16 min, flow
0.9 mL min~", 235 nm. The quantification was per-
formed employing a calibration curve with dichlorvos
and chlorpyrifos standards (0.01 to 0.1 mM).

Statistical analysis

Statistical significance was evaluated using Prism 5
statistical software (Graph Pad, Inc., USA). All
experiments were performed in triplicate. Results
were expressed as mean values £ SD. For multiple
comparisons between experimental groups two-way
ANOVA [followed by mean 95% confidence interval
(CI) comparison test] were performed. Significant
levels were defined as p < 0.05.
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Results and discussion

PTE activity against different organophosphorus
compounds by microbial whole cells

Previously in our laboratory, six wild-type bacteria
were selected and studied as whole cell biocatalysts
for the hydrolysis of methyl paraoxon, chosen as
model substrate, and using B. diminuta as the
reference biocatalyst. The hydrolytic activity was
determined spectrophotometrically under standard
conditions (30 °C, pH 8) and the initial rates of
hydrolysis (Vg), measured during the first 2.5 h of
reaction, were used to compare activity. Subse-
quently, different pH and temperature conditions
were evaluated, selecting an optimized condition for
each biocatalyst. S. sefonii was the microorganism
that exhibited the greatest degrading capacity in the
treatment of the model substrate, displaying 33
times more activity than B. diminuta and a 30-fold
increase in activity under optimized conditions with
respect to standard conditions (Fig. 2a) (Santillan
et al. 2016).

In the present work, the microorganisms previously
studied were used as biocatalysts for the degradation
of different OPs: paraoxon, methyl parathion, cor-
oxon, coumaphos, dichlorvos and chlorpyrifos. In
order to select an optimal biocatalyst for the biodegra-
dation of each substrate, degradation data over time
were determined at both standard and optimized
conditions (Fig. S1). Figure 2 shows the correspond-
ing V, values for these compounds. In general, when
methyl parathion was assessed as substrate, a marked
decrease in hydrolysis was observed compared to that
obtained for the corresponding oxygenated analogue
(methyl paraoxon). The only structural difference
between these substrates is the replacement of the
phosphoryl oxygen of the methyl paraoxon by sulfur
in methyl parathion. The lower electronegativity of the
sulfur causes a decrease in the electrophilic nature of
the phosphor atom and consequently a decrease in its
reactivity towards hydrolysis (Hong and Raushel
1996). However, it is worth highlighting that A. oxy-
dans C64 strain at optimized conditions catalyzed
hydrolysis of methyl parathion more efficiently (2-fold
higher Vo) than hydrolysis of methyl paraoxon.
Furthermore, this biocatalyst was 10 times more

active in methyl parathion hydrolysis than the control
strain B. diminuta under the same conditions (Fig. 2b).

When paraoxon was employed as substrate
(Fig. 2c) most of the microorganisms showed a
decrease in the activity with respect to that obtained
for methyl paraoxon, except for N. asteroides that
exhibited a similar reaction rate under optimized
conditions. Moreover, N. asteroides in those reaction
conditions showed the largest activity, exceeding 148
times the V value obtained under standard conditions.
These variations could be correlated with the report of
Dornaski (1989) who studied the relationship between
the structure of the substrate and the activity of PTE
from B. diminuta. The substitution of ethoxy for
methoxy groups in the substrate produced an increase
in Km without no significant change in Vmax.
However, when these groups were changed to the
propyl and butyl groups, the Vmax and km values
decreased substantially, suggesting that the active site
that binds alkyl portion of the substrate would be
hydrophobic (Donarski et al. 1989).

When structural diverse OPs such as coroxon and
coumaphos were assessed, N. asteroides was the strain
that most efficiently catalyzed the degradation of
coroxon, while S. phaeochromogenes was the best
biocatalyst for the hydrolysis of coumaphos (Fig. 2d,
e). This last biocatalyst was 3 times more active under
optimized conditions and also twice as active as the
control strain. When comparing the hydrolysis of
coroxon and coumaphos, as expected and in agree-
ment with the report of Horne (2002) who evaluated
the hydrolytic activity of Pseudomonas monteilli C11
for these two OPs, the oxon was faster degraded
(Horne et al. 2002). In addition, these bulkier OPs
were hydrolysed less efficiently than methyl paraoxon,
paraoxon and methyl parathion.

For dichlorvos, most of the assayed biocatalysts
showed higher hydrolytic activities than for the other
oxon derivatives. This result could be attributed to the
fact that, structurally, this OP is the smallest tested
substrate. Furthermore, the leaving group of dichlor-
vos  (dichlorovinyl alcohol) tautomerizes to
dichloroacetaldehyde and, being highly volatile, it
does not accumulate in the reaction medium, shifting
the equilibrium and thus favoring hydrolysis. In
particular, A. oxydans C55 exhibited the highest
hydrolysis rates, up to 100 and 2.5 times higher than
B. diminuta under standard and optimized reaction
conditions, respectively (Fig. 2f).
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«Fig. 2 Comparison of initial reaction rates (V) obtained for
organophosphorus compounds degradation at standard (30 °C,
pH 8) and optimized conditions (S. phaeochromogenes (C13):
pH 8 and 40 °C; S. setonii (C35), N. asteroides (C49) and
A. oxydans (C64): pH 8 and 50 °C; B. diminuta (Bd), N.
corynebacterioides (C39) and A. oxydans (C55): pH 8 and
60 °C) by microbial whole cells. The results are expressed as
mean £ SD, two-way ANOVA followed by Bonferroni post
hoc test. Statistical analyses were performed comparing the
reaction conditions with each other for each strain
(***P < 0.001, **P < 0.01, *P < 0.05). PTE activities among
biocatalysts for each substrate were compared (***P < 0.001)

Chlorpyrifos is a one of the most widely used OPs
because of its low cost and easy access. When its
degradation was analysed, four out of the six wild type
microorganisms studied in this work: S. phaeochro-
mogenes, A. oxydans C55, S. setonii and N. corynebac-
terioides showed high activity, being 3.5, 3, 2.5 and 2
times more active than B. diminuta at standard
conditions (Fig. 2g). These results are particularly
interesting considering that chlorpyrifos is a thiophos-
photriester derivative and, as previously mentioned,
these compounds are less susceptible to hydrolysis. It
is remarkable the fact that for this substrate, in contrast
to most of the obtained results, higher hydrolysis rates
were observed at standard conditions rather than at
optimized ones. This shows that although the selection
of general reaction conditions may be usually useful,
in this particular case, optimization for each substrate
would be more appropriate.

The results obtained in this work allowed the
selection of novel bacterial species capable of degrad-
ing efficiently each of the OPs tested (Table 1).
Although, the use of Streptomyces chattanoogensis
and Streptomyces olivochromogenes has been
reported in chlorpyrifos degradation in minimal media
at similar rates to those obtained in this work for S.
phaeochromogenes, the fact that this the last biocat-
alyst does not require nutrients to carry out the
hydrolysis of the OPs, confers it an advantage over
biodegradation using growing cells.

Organophosphorus compounds biodegradation
using different biocatalyst forms

Enzyme extract vs. whole cells

With a view to developing a biocatalyst suitable to a
bioreactor, the bacteria that exhibited the highest PTE
activity for each OP were further studied. Since PTE
often is a cell membrane protein, OPs must diffuse
through the outer membrane to interact with the
enzyme, what represents a disadvantage with respect
to extracellular enzymes. In order to overcome this
limitation, the expression of the protein on bacteria
surfaces has been developed (Ghanem and Raushel
2005; Kapoor and Rajagopal 2011; Yuan et al. 2011).
As an alternative, we propose in this work the use of
enzyme extracts generated by sonication and centrifu-
gation of the selected bacteria. This procedure
produces pellets containing the PTE associated to the
membrane debris. This enzyme extract exposes the
enzyme to the reaction medium, and in addition,
would help to preserve the natural environment of the
protein, keeping its folding and activity. OPs
biodegradation was carried out for 21 days under
standard and optimized conditions since after this
period of time no significant differences in the
hydrolysis profile were observed (Fig. S2). Solutions
composed of 0.15 mM OPs were used considering that
in general this is the concentration of the commercial
formulations used in agriculture as pesticides (Alvarez
et al. 2013).

In most cases, enzyme extracts showed higher PTE
activities than the corresponding whole cells. S. setonii
enzyme extract produced 21% more degradation of
methyl paraoxon than whole cells under standard
conditions, whereas under optimized conditions no
significant differences were observed (Fig. 3a).
Methyl parathion was completely hydrolyzed under
optimized conditions by A. oxydans C64 enzyme
extract, while only 15% degradation was observed
with whole cells (Fig. 3b). Additionally, the hydro-
Iytic efficiency reached by these microorganisms at
both standard and optimized conditions could be
exploited by combining them to decontaminate envi-
ronments treated with methyl parathion, since methyl
paraoxon is always present in these environments, as a
product of photolytic oxidation of methyl parathion
(Jaga and Dharmani 2006).
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«Fig. 3 Percentage of organophosphorus compounds biodegra-
dation employing free or immobilized whole cells and enzyme
extracts at standard (30 °C, pH 8) and optimized conditions (S.
setonii, N. asteroides and A. oxydans C64: pH 8 and 50 °C; S.
phaeochromogenes: pH 8 and 40 °C and A. oxydans C55: pH 8
and 60 °C) at 21 days of reaction. The reaction mixture without
biocatalyst was used as chemical degradation control. The
results are expressed as mean £+ SD, two-way ANOVA
followed by Bonferroni post hoc test: ***P < 0.001,
**P < 0.01 and *P < 0.05 significances when comparing the
reaction condition for each kind of biocatalyst, ##p < 0.001 and
#p < 0.01 significance when whole cells and enzymatic
extracts were compared. TP <0.001 and TP < 0.01
significance when free and immobilized biocatalysts were
compared

When the hydrolysis of paraoxon was studied using
the enzyme extract of N. asteroides as biocatalyst,
80% hydrolysis was reached, representing an increase
of 15% compared to the conversion obtained with
whole cells under optimized conditions (Fig. 3c).
Furthermore, degradation reached using N. asteroides
whole cells at standard conditions are similar or even
higher (1.5 mg L' d~") than those reported employ-
ing Stenotrophomonas maltophilia, Aeromonas
hydrophilia and Exiguobacterium indicum, which
degraded 1.4 mg L' d™' and 046 mg L™" d™' of
paraoxon at pH 7, 30 °C (Iyer and Iken 2013).

Following the same trend, coroxon degradation
studies showed the best results using the enzyme
extract from N. asteroides under optimized conditions
(82%) (Fig. 3d). In contrast, when the degradation of

Table 1 Initial reaction rates (V) calculated for the degrada-
tion of different organophosphate compounds employing the
microorganisms that exhibited the highest activity for each
substrate at standard (30 °C: pH 8) and optimized conditions

0.15 mM coumaphos was studied, no production of
chlorferon was observed (data not shown), probably
due to its low solubility in comparison to other OPs.
However, similar to the methyl parathion—methyl
paraoxon pair, coumaphos can be oxidized by photol-
ysis, resulting in coroxon, so the use of N. asteroides
could be an alternative for the remediation of both
contaminants.

On the other hand, the treatment of dichlorvos with
A. oxydans C55 whole cells under optimized condi-
tions produced 70% hydrolysis, which represents 17%
more degradation respect to the enzyme extract
(Fig. 3e). According to this result, S. phaeochromo-
genes whole cells were the best biocatalyst for
chlorpyrifos biodegradation (98%) at optimized con-
ditions (pH 8, 40 °C) (Fig. 3f). This result is better
than that reported by Vidya Lakshmi et al., who
employed microbial consortia that allowed 46-72%
degradation of 50 mg L™" chlorpyrifos as the sole
carbon source in aqueous medium at 37 °C after 20
days. (Vidya Lakshmi et al. 2008).

Free vs. immobilized biocatalysts

With prospects to develop a bioreactor for the
treatment of water contaminated with organophos-
phorus pesticides, both whole cells and enzyme
extracts were immobilized by entrapment in calcium
alginate beads. In most cases, a decrease in the
hydrolytic activity for the immobilized biocatalysts

(S. phaeochromogenes: pH 8 and 40 °C; S. setonii, N.
asteroides and A. oxydans C64: pH 8 and 50 °C; B. diminuta,
N. corynebacterioides and A. oxydans C55: pH 8 and 60 °C)

Organophosphorus compound Microorganism Vo (umol min™")

Standard condition Optimized condition
Methyl paraoxon S. setonii 0.89 £ 0.04 27.2 £ 0.2%%*
Methyl parathion A. oxydans C64 0.19 £ 0.05 1.82 £ 0.01%**
Paraoxon N. asteroides 0.07 £ 0.01 9.6 £ 0.2%%%*
Coroxon N. asteroides 0.12 £+ 0.01 0.17 £ 0.02%**
Coumaphos S. phaeochromogenes 0.008 £ 0.002 0.024 £ 0.003%*
Dichlorvos A. oxydans C55 1.01 £+ 0.09 6.68 £ 0.12%*%*
Chlorpyrifos S. phaeochromogenes 315+ 26 16.4 £ 4.9%

The comparison of V, between reaction conditions for each substrate was performed and the results were expressed as mean £ SD,
two-way ANOVA followed by Bonferroni post hoc test (***P < 0.001, **P < 0.01, *P < 0.05)
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was observed under both standard and optimized
conditions (Fig. 3), which is an usual consequence of
entrapment immobilization techniques. This lower
activity was related to possible mass transfer issues
since the substrates should pass through the calcium
alginate matrix to access the biocatalyst. Despite this
disadvantage, the immobilization allows greater sta-
bility, easier separation of the biocatalyst from the
reaction media and, as a direct consequence, more
efficient reuse (Polakovic et al. 2017).

On the other hand, when both free and immobilized
catalysts were compared, no relevant variations were
observed in the degradation profile. The exception was
the immobilized S. phaeochromogenes whole cells in
the hydrolysis of chlorpyrifos under optimized condi-
tions, which degraded 75% of the substrate initial
amount, being these results similar to those recently
obtained by our research group with Sphingomonas sp.
(Santillan et al. 2020). This and the report of Garcia-
Mancha et al., regarding the use of an anaerobic
expanded granular sludge bed reactor (EGSB) the
reached higher degradation percentages (96%) at
55 °C that under mesophilic conditions (35 °C),
suggest that immobilized S. phaeochromogenes whole
cells could be applied in a packed bed bioreactor for
the treatment of wastewater (Garcia-Mancha et al.
2017). Furthermore, when the immobilized enzyme
extract from S. phaeochromogenes was used as
biocatalyst, it hydrolyzed 20% of the starting chlor-
pyrifos, whereas the free biocatalyst only showed 4%
degradation, suggesting that the immobilization pro-
cess could enhance enzyme extract stability.

The versatility of the studied biocatalysts offers the
possibility of choosing, depending on the circum-
stances (environmental conditions or type of system:
water or soil), whole cells (avoiding cellular disruption
and centrifugation) or enzyme extracts (which can be
easily handled), free or immobilized.

Conclusions

In this work, with a view to the bioremediation of
water contaminated with OPs, we have studied six
wild type microorganisms in the degradation of
different OPs. Due to the wide use as insecticides of
dichlorvos and chlorpyrifos, the results achieved using
whole cells of A. oxydans and S. phaeochromogenes,
which under optimized conditions reached 70 and

@ Springer

98% degradation respectively, are noteworthy. We
have also studied the corresponding enzyme extracts,
as well as the immobilized form of all the assayed
biocatalysts. The obtained results showed that both,
the immobilized whole cells and enzyme extracts, are
potentially useful biocatalysts to be applied in water
decontamination. In addition, the studied biocatalysts
showed differential activities at different pHs and
temperatures, which also make them attractive for the
bioremediation of soils and for the decontamination of
particular foods (Yu et al. 2006; Akram and Mushtaq
2017).
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