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Abstract
Organophosphate pesticides are of great interest for research because they are cur-
rently	the	most	commonly	used	pesticides.	In	this	study,	a	bacterial	strain	capable	of	
completely degrading methyl parathion (MP) was isolated from agricultural soils in 
central	Mexico.	This	strain	was	designated	strain	S5-	2	and	was	identified	as	Burkholderia 
cenocepacia.	To	increase	degradation	yields,	cells	were	immobilized	on	three	different	
supports:	powdered	zeolite	and	Opuntia sp. and Agave sp. fibers. The results indicated 
a significant increase in MP hydrolysis and p-	nitrophenol	(PNP)	degradation	with	im-
mobilized	cells	 compared	 to	 free	cell	 cultures.	Furthermore,	 immobilized	cells	were	
capable of withstanding and degrading higher concentrations of PNP compared to cell 
suspension	cultures.	The	cell	viability	in	the	free	cell	cultures,	as	well	as	PNP	degrada-
tion,	was	affected	at	concentrations	greater	than	25	mg/L.	In	contrast,	cells	immobi-
lized	on	Opuntia sp. and Agave sp. fibers completely degraded PNP at concentrations 
of	 100	mg/L.	 To	 verify	 that	MP	 solution	 toxicity	was	 decreased	 by	B. cenocepacia 
strain	S5-	2	via	pesticide	degradation,	we	measured	the	acetylcholinesterase	activity,	
both before and after treatment with bacteria. The results demonstrate that the activ-
ity of acetylcholinesterase was unaffected after MP degradation by bacteria.
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1  | INTRODUCTION

Organophosphate pesticides (OPs) are a group of compounds derived 
from phosphoric acid that are widely used in agriculture as insecticides 
(Ortiz-	Hernández	 &	 Sánchez-	Salinas,	 2010).	 OPs	 irreversibly	 inhibit	
the	enzyme	acetylcholinesterase,	causing	damage	to	the	nervous	sys-
tem,	respiratory	paralysis,	and	death	(Sogorb	&	Vilanova,	2002).	Due	
to	its	low	specificity,	a	wide	range	of	organisms	are	affected	by	these	
pesticides	(Ali	et	al.,	2011).	Furthermore,	because	of	its	high	solubility	

in	lipids,	OPs	accumulate	in	the	food	chain,	thereby	increasing	the	risk	
of	toxicity	in	humans	(Wang	et	al.,	2008).

The accumulation of these pesticides worsens environmental 
problems	associated	with	organophosphate	pesticides,	such	as	when	
they reach their expiration date and are used under unfavorable con-
ditions	 and	 with	 inefficient	 regulation.	 To	 overcome	 this	 problem,	
physical and chemical techniques have been developed to degrade 
pesticides	 partially	 or	 completely	 (Basel	 Convention,	 2014).	 Due	 to	
their	high	cost	and	the	waste	generated	after	the	process,	however,	
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these	methods	remain	inefficient.	For	this	reason,	the	use	of	microor-
ganisms isolated from contaminated sites that can degrade the OPs 
has	 gained	 greater	 acceptance,	 particularly	 due	 to	 microorganisms’	
ability	 to	 perform	 complete	mineralization	 of	 the	 pesticide	without	
causing environmental damage.

Methyl	 parathion	 (O,O-	dimethyl-	O-	4-	p-	nitrophenyl	 phospho-
rothioate)	 is	 an	 OP.	 In	 Mexico,	 MP	 is	 one	 of	 the	 most	 commonly	
used pesticides and has been used extensively for insect control 
with	 crops,	 including	 avocados,	 rice,	 onions,	 peaches,	 spinach,	 and	
strawberries.	Although	the	use	of	MP	is	 legal,	 its	trade	has	recently	
been	 restricted	 (Torres,	Ramos,	Avila,	&	Ortiz,	2012),	 and	 it	 can	be	
found	in	soil	and	water,	as	well	as	in	waste.	It	is	considered	extremely	
dangerous	 and	 is	 included	 in	 the	 Ia	 Category	 of	 the	World	Health	
Organization	(WHO,	2009).	This	pesticide	poorly	inhibits	acetylcho-
linesterase	 activity;	 however,	 it	 is	 metabolically	 activated	 by	 cyto-
chrome P450 to produce oxons that are very potent inhibitors of this 
enzyme	(Sultatos,	2006).	 Initially,	 interaction	between	the	pesticide	
and	enzyme	is	reversible,	but	over	time,	a	process	called	“aging”	oc-
curs,	which	results	in	the	formation	of	a	covalent	bond	that	is	much	
more stable. This process results from the elimination of one of the 
alkyl	side	chains	of	the	phosphate	group,	leaving	the	hydroxyl	group,	
which	avoids	regeneration	of	the	active	site	of	the	enzyme	(Wilson,	
Colman,	&	Sutton,	2001).

The first report of a microorganism capable of degrading an 
organophosphorus	 compound	 dates	 from	 1973,	 when	 the	 strain	
Flavobacterium sp. was isolated from a rice field in the Philippines 
(Sethunathan	&	Yoshida,	1973).	This	bacterium	was	subsequently	
reclassified as Sphingobium fuliginis	by	Kawahara,	Tanaka,	Yoon,	and	
Yokota	(2010).	Although	the	hydrolytic	activity	of	these	bacteria	on	
MP	is	high,	their	ability	to	degrade	the	PNP	generated	after	MP	hy-
drolysis	is	limited	(Adhya,	Barik,	&	Sethunathan,	1981).	PNP	is	less	
toxic	 to	 animals	 than	MP;	 however,	 it	 is	 resistant	 to	 degradation	
and is toxic to many microorganisms. There are multiple reports 
of	microorganisms	 that	 can	 hydrolyze	MP;	 however,	 PNP	 gener-
ated during the hydrolysis of MP may be a limiting factor in the 
development of biotechnological tools for pesticide degradation. 
Therefore,	a	bacterium	that	can	hydrolyze	MP	and	simultaneously	
degrade PNP is a valuable tool for the biological treatment of MP 
waste and/or for the remediation of sites contaminated with this 
pesticide.

Cell	 immobilization	was	previously	used	to	make	pesticide	bio-
degradation	 processes	 more	 efficient	 (Kadakol,	 Kamanavalli,	 &	
Shouche,	 2011;	 Yañez-	Ocampo,	 Sanchez-	Salinas,	 Jimenez-	Tobon,	
Penninckx,	 &	 Ortiz-	Hernández,	 2009;	 Yáñez-	Ocampo,	 Sánchez-	
Salinas,	 &	 Ortiz-	Hernández,	 2011).	 This	 provides	 multiple	 advan-
tages over conventional biological systems that use free cells. These 
benefits	include	high	cell	concentrations,	reuse	of	cells,	the	elimina-
tion	of	“cell	wash”	problems	at	a	high	dilution	rate,	high	productivity	
yields	(Cassidy,	Lee,	&	Trevors,	1996;	Chung,	Tseng,	&	Juang,	2003),	
and the ability to maintain catalytic activity for long time periods 
(Martín	et	al.,	2000).

In	this	study,	a	bacterial	strain	that	can	completely	degrade	MP	was	
isolated	from	agricultural	soils.	The	cells	were	immobilized	on	Opuntia 

sp.,	Agave,	and	zeolite.	These	three	supports	are	waste	materials	that	
are abundant in the region and can be used for biotechnological pur-
poses.	The	results	obtained	using	cells	in	suspension	and	immobilized	
in three different supports are reported. We also conducted different 
analyses to test the toxicity of the resulting solutions after treatment 
with the isolated bacteria.

2  | MATERIALS AND METHODS

2.1 | Reagents and culture media

Methyl	parathion	(99%	purity)	and	PNP	(99%	purity)	were	purchased	
from Chem Service (http://web1.chemservice.com). MP was prepared 
in	HPLC	grade	methanol	and	added	to	the	culture	media	at	different	
concentrations	as	indicated.	To	prepare	the	preinoculum,	tryptone	soy	
broth	was	used	 (Bioxon	Becton	Dickinson	of	Mexico,	Mexico	State,	
Mexico),	and	for	the	biodegradation	experiments,	a	modified	mineral	
salt	 medium	 (MSM),	 originally	 described	 by	 O’Reilly	 and	 Crawford	
(1989),	was	used	with	the	following	composition:	0.82	g/L	K2HPO4,	
0.19	g/L	 KH2PO4,	 0.20	g/L	 MgSO4·7H2O,	 2.0	g/L	 KNO3,	 0.99	g/L	
(NH4)2SO4,	and	2	ml/L	of	a	 trace	element	solution	with	a	composi-
tion	of	2.8	g/L	H3BO3,	2.55	g/L	MnSO4·H2O,	0.17	g/L	CuSO4·5H2O,	
2.43	g/L	CoCl2·6	H2O,	and	0.25	g/L	ZnSO4·7H2O.	High-	performance	
liquid	 chromatography	 (HPLC)	 grade	methanol	 (Mallinckrodt	 Baker,	
Inc.,	Phillipsburg,	NJ)	was	used	to	inject	samples	into	a	HPLC.	All	other	
chemicals	were	of	reagent	grade	and	were	obtained	from	J.T.	Baker,	
Mexico City.

2.2 | Isolation and selection of the strain

Soil samples were taken from a commercial cornfield in central 
Mexico	 (latitude	 18°	 58′26″	N	 and	 longitude	 99°	 07′05″	W).	 The	
soil was a vertisol type and was collected at 10 cm below the soil 
surface. Sterile Erlenmeyer flasks were used to store and transport 
samples	 at	 4°C	 until	 isolation	 of	 the	 bacteria.	 After	 reaching	 the	
laboratory,	soil	samples	were	enriched	with	MP	by	adding	aliquots	
every	week	for	30	days,	reaching	a	concentration	of	200	mg/L.	The	
enriched	 soil	 samples	 were	 incubated	 in	 the	 dark	 at	 30°C	 (Goda,	
Elsayed,	Khodair,	El-	Sayed,	&	Mohamed,	2010).	Subsequently,	1	g	of	
each sample was collected and inoculated into 50 ml of MSM sup-
plemented	with	MP	(50	mg/L)	and	incubated	for	7	days	at	30°C	at	
140	rpm.	An	 aliquot	 of	 the	 culture	medium	was	 used	 to	 inoculate	
another	 flask	of	 fresh	MSM	with	MP	 (50	mg/L),	 leaving	 it	 to	grow	
for	7	days	under	the	same	conditions.	After	three	subsequent	rep-
etitions,	an	aliquot	of	100	μl was taken and seeded in Petri dishes 
with	tryptone	soy	agar	supplemented	with	50	mg/L	of	the	pesticide.	
These	were	incubated	at	30°C	for	the	necessary	time	until	bacterial	
colonies were visible.

The colonies that showed yellow halos around of them (indicative 
of MP hydrolysis to PNP) were selected. The selected strains were 
cultured	in	MSM	supplemented	with	MP,	and	the	production	of	PNP	
and its subsequent degradation was monitored spectrophotomet-
rically	 at	 410	nm.	Those	 strains	 that	 could	 perform	 both	 processes	
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(MP hydrolysis and PNP degradation) were selected. The strain that 
showed the greatest efficiency degradation of both MP and PNP was 
selected	and	this	colony	was	labeled	as	S5-	2.

2.3 | Characterization of the selected strain

The	 isolate	 was	 identified	 by	 biochemical	 tests	 (Voges–Proskauer,	
methyl	 red,	 motility–indole–ornithine,	 citrate	 Simons,	 catalase,	 and	
Gram	 stain)	 and	16S	 rRNA	gene	 analysis.	Genomic	DNA	extraction	
was	performed	using	a	kit	from	Axygen	and	this	was	used	as	substrate	
for	the	amplification	of	the	16S	rRNA	gene	using	the	universal	oligo-
nucleotides	L1041	5′-	CGGTGTGTACAAGACCC-	3′	and	PROK63FW	
5′-	CAGGCCTAACACATGCAAGTC-	3′	 (Felske,	 Engelen,	 Nübel,	 &	
Backhaus,	 1996).	 The	 amplification	 products	 were	 purified	 using	
the	High	Pure	PCR	Product	 Purification	 (Roche)	 kit,	 and	 they	were	
subsequently	 sequenced	 and	 compared	 with	 GenBank	 sequences.	
Phylogenetic	 analysis	 of	 the	 16S	 rRNA	 gene	 sequences	 was	 per-
formed	using	MUSCLE	version	3.7	(Dereeper	et	al.,	2008;	Dereeper,	
Audic,	Claverie,	&	Blanc,	2010).	Phylogenetic	trees	were	constructed	
with	 the	 MEGA	 6.06	 program	 with	 the	 neighbor-	joining	 method	
(Tamura,	Stecher,	Peterson,	Filipski,	&	Kumar,	2013)	and	1,000	boot-
strap replicates.

2.4 | Inoculum

The selected strain was inoculated into the tryptone soy broth supple-
mented	with	MP	to	a	final	concentration	of	50	mg/L	for	18	hr	at	30°C	
with	agitation	at	120	rpm.	Subsequently,	 the	biomass	was	collected	
by	 centrifugation	 and	washed	 twice	with	 a	 sterile	 solution	 of	 0.8%	
NaCl (w/v) and resuspended in the same solution. This suspension 
was	adjusted	to	an	optical	density	of	approximately	0.5	at	600	nm	and	
the resulting suspension was used as an inoculum for MP degradation 
tests.	 In	all	experiments,	1%	v/v	 inoculum	was	added	to	the	culture	
medium	and	MP	to	a	concentration	of	50	mg/L.

2.5 | Growth and degradation kinetics using 
free cells

For	free	cell	cultures,	growth	and	degradation	kinetics	were	assessed.	
Sterile Erlenmeyer flasks of 125 ml were supplemented with MSM 
and	MP	at	a	final	concentration	of	50	mg/L.	A	1%	(v/v)	inoculum	with	
biomass	prepared	as	described	above	was	added.	All	flasks	were	in-
cubated	on	a	 shaking	platform	 for	24	hr	at	120	rpm	and	30°C.	The	
removal	of	MP,	generation	and	subsequent	PNP	degradation,	and	the	
growth of bacteria by viable count were measured immediately after 
inoculation and at different time intervals. MSM with MP and without 
inoculum and MSM with inoculum and without MP were used as con-
trols.	All	treatments	were	performed	in	triplicate.

2.6 | Material used as a support for cell 
immobilization

For	cell	immobilization,	the	following	materials	were	used	as	supports:

2.6.1 | Opuntia sp. fibers

Opuntia sp. is a genus belonging to the Cactaceae	family,	growing	in	fields	
throughout	central	and	northern	Mexico	and	the	southwestern	United	
States. The plant material was collected in the central region of Mexico 
and	was	left	to	dry	after	collection.	A	porous,	strong	structure	that	makes	
it	favorable	for	cell	immobilization	is	then	formed.	These	dry	leaves	of	
Opuntia sp. were cut into small pieces (approximately 2 cm2),	washed	
with	water,	and	dried	in	the	oven	at	50°C.	The	composition	(%)	of	the	
Opuntia	sp.	fibers	is	as	follows:	structural	carbohydrates,	36.3	±	1.1;	cel-
lulose,	13.1	±	0.7;	hemicellulose,	18.5	±	0.7;	 lignin,	12.3	±	1.1;	protein,	
7.4	±	0.3;	extractives,	25	±	0.9;	and	ash,	23.7	±	0.1	(Yang	et	al.,	2015).

2.6.2 | Agave sp. fibers

Agave sp. is a plant widely used in Mexico for tequila production. During 
tequila	production,	the	leaves	of	the	plant	are	discarded	and	large	amounts	
of	waste-	like	fibers	are	generated.	These	fibers	are	highly	resistant	and	
can	be	used	for	cell	immobilization.	Agave sp. fibers were autoclaved at 
121°C	for	15	min.	Next,	the	fibers	were	macerated	to	separate	the	fibers	
and	washed	with	water.	The	fibers	were	left	overnight	in	acetone,	washed	
with	water,	and	allowed	to	dry	in	an	oven	at	50°C.	The	composition	(%)	
of Agave	sp.	fibers	is	as	follows:	structural	carbohydrates,	43.8	±	1.3;	cel-
lulose,	 26.0	±	1.2;	 hemicellulose,	 22.8	±	1.2;	 lignin	 13.8	±	1.3;	 protein,	
2.4	±	0.1;	extractives,	29.0	±	1.2;	and	ash,	6.0	±	0.1	(Yang	et	al.,	2015).

2.6.3 | Powdered zeolite

Zeolites	 are	 microporous	 crystalline	 solids	 with	 well-	defined	 struc-
tures	 and	 shape-	selective	 properties.	 They	 are	 widely	 used	 in	 mo-
lecular	 adsorption	 (Datta,	Christena,	&	Rajaram,	2012)	 as	well	 as	 in	
adsorption	 and	 separation	 processes,	 environmental	 pollution	 con-
trol,	 petrochemical	 processes,	 fine	 chemical	 synthesis,	 biochemistry	
for	the	synthesis	of	nanocomposite	materials,	and	cell	immobilization	
(Tope,	Srinivas,	Kulkarni,	&	Jamil,	2001).	Among	a	wide	range	of	adsor-
bents	available,	the	unique	physical	and	chemical	properties	of	natural	
zeolites,	particularly	their	high	porosity	and	 large	surface	area,	have	
made	them	useful	for	the	immobilization	of	microorganisms	(Shindo,	
Takata,	Taguchi,	&	Yoshimura,	2001).

The	zeolite	used	in	this	study	is	the	waste	of	an	industrial	process	
in which it is used as a carrier for the manufacture of food supple-
ments.	This	material	is	ground	and	sieved	in	a	500	mesh,	resulting	in	
particles	with	 a	 size	 of	 approximately	 25	microns,	which	 provides	 a	
large	surface	area.	The	X-	ray	analysis	revealed	the	following	elemental	
composition	(%):	C,	9.23;	O,	44.87;	Na,	3.48;	Al,	6.15;	Si,	32.18;	and	Cl,	
4.09.	Before	being	 introduced	into	the	flasks	for	cell	 immobilization,	
the	zeolite	was	washed	with	abundant	distilled	water.

2.7 | Growth and degradation kinetics using 
immobilized cells

Supports	 were	 added	 at	 2%	 (w/v)	 to	 tryptone	 soy	 broth	 medium	
and	 sterilized	 by	 autoclaving	 for	 15	min	 at	 121°C	 twice	 with	 an	
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intermediate	repose	of	24	hr.	Next,	the	media	was	inoculated	with	the	
S5-	2	strain	and	incubated	for	24	hr	at	30°C	and	100	rpm	to	allow	col-
onization	of	the	bacteria	on	the	supports.	We	next	proceeded	to	wash	
the	 supports	 twice	with	0.8%	NaCl	 solution	 (w/v)	 to	 eliminate	 free	
cells by centrifugation at low speed (1250 g for 5 min). The mineral 
medium described above supplemented with MP as a carbon source 
was added to the supports. To measure the MP and PNP concentra-
tions,	samples	at	regular	intervals	were	taken	and	analyzed	by	HPLC.	
To	evaluate	bacterial	survival	immobilized	on	the	supports,	the	viable	
count	was	determined	for	each	treatment,	collecting	samples	weekly	
for	21	days.	The	results	are	reported	as	CFU/gsupport. We also report 
the	percentage	of	survival	of	bacteria,	which	was	calculated	from	the	
CFU/gsupport	values	obtained	at	the	end	of	the	kinetics,	with	respect	
to the initial values.

To	 desorb	 the	 pesticide	 adsorbed	 by	 the	 zeolite,	 Opuntia	 sp.,	
and Agave	sp.,	the	uninoculated	controls	(MSM	with	MP)	were	used.	
After	24	hr	incubation,	the	MSM	was	removed	and	the	supports	were	
washed	twice	with	0.8%	NaCl	solution	(w/v).	After	that,	ethyl	acetate	
was added to the supports and they were shaken at 250 rpm for 1 hr. 
Then,	they	were	sonicated	for	30	min	and	1	ml	of	the	supernatant	was	
removed	 and	 dried.	 Samples	were	 suspended	 in	 a	methanol–water	
mixture	and	analyzed	by	HPLC.

2.8 | Toxicity tests

Toxicity tests were performed in two ways to evaluate distinct as-
pects of PNP effects at different levels. It has been reported that 
PNP	causes	acute	toxicity	to	biological	systems	(Bhushan,	Chauhan,	
Samanta,	&	Jain,	2000),	so	we	decided	to	test	its	effect	on	the	growth	
of	the	strain	at	several	PNP	concentrations	using	free	and	immobilized	
cells. It is also well documented that organophosphate pesticides in-
hibit	the	activity	of	acetylcholinesterase,	and	for	this	reason,	we	meas-
ured	the	activity	of	this	enzyme	before	and	after	treatment	of	media	
containing MP.

2.8.1 | Toxicity test of PNP on the isolated strain

To	measure	the	PNP	effect	on	the	isolated	strain,	the	same	methodol-
ogy	described	in	the	previous	section	was	followed;	however,	the	MP	
was	replaced	by	PNP	and	different	concentrations	were	tested	 (25,	
50,	100,	200,	and	300	mg/L).	Viability	was	measured	by	counting	vi-
able cells and PNP concentration measurement at the initial time and 
24	hr	after	incubation.

2.8.2 | Acetylcholinesterase inhibition by MP added 
to the culture media before and after treatment 
with the isolated strain

To determine whether treatment with the bacterial strain reduces 
acetylcholinesterase	 inhibition	 by	 methyl	 parathion,	 we	 measured	
the acetylcholinesterase activity both before and after pesticide 
treatment. This measurement was performed according to the meth-
odology	 developed	 by	 Ellman,	 Courtney,	 Andres,	 and	 Featherstone	

(1961)	 with	 several	 modifications.	 The	 S9	 fraction	 of	 rat	 liver	 was	
added	to	the	reaction	mixture	to	oxidize	the	MP	by	cytochrome	P450 
and thus become the oxon derivative active on acetylcholinesterase 
(Sultatos,	2006).	To	use	this	fraction,	a	primarily	S9	mixture	was	pre-
pared	as	follows:	distilled	water,	375	μl;	phosphate	buffer	0.2	mol/L,	
500 μl;	 glucose-	6-	phosphate	 1	M,	 5	μl;	 NADP	 0.1	mol/L,	 40	μl; KCl 
1.65	mol/L,	20	μl; MgCl2	0.4	mol/L,	20	μl;	and	S9	fraction	of	rat	liver,	
40	μl	(Ames,	McCann,	&	Yamasaki,	1975).

A	volume	of	475	μl	of	MSM	with	pesticide,	before	and	after	each	
treatment,	was	mixed	with	15	μl of an acetylcholinesterase solution 
(5	U/ml)	and	500	μl	of	S9	mixture.	Next,	the	mixture	was	incubated	at	
37°C	and	450	rpm.	For	the	enzymatic	activity	measurement,	150	μl of 
the	reaction	mixture	was	collected	every	30	min	and	placed	in	a	96-	
well plate and mixed with 150 μl	of	phosphate	buffer	(pH	=	8),	acet-
ylthiocholine iodide and DTNB in a proportion of 150:2:10. The assay 
was	performed	 in	triplicate,	and	the	results	were	plotted	as	residual	
enzymatic	 activity	versus	 time	of	 exposure	between	acetylcholines-
terase and methyl parathion. The controls used were noninoculated 
mineral	medium	with	 or	without	methyl	 parathion.	One	 unit	 (U)	 of	
acetylcholinesterase	activity	catalyzes	the	release	of	1	μmol of nitro-
benzoate	per	minute	at	25°C.	Specific	activity	is	expressed	as	units	of	
enzyme	activity	per	mg	of	protein.

2.9 | Analytical methods

To	quantify	the	MP	and	PNP	concentration,	1	ml	of	sample	from	each	
flask was collected at different time intervals and extracted with 1 ml 
of ethyl acetate. The organic phase was recovered and filtered through 
a glass funnel packed with glass wool and anhydrous sodium sulfate. 
The extract was collected in amber vials and the procedure was re-
peated	 three	 times	by	 adding	1	ml	of	 ethyl	 acetate	 each	 time,	 then	
mixing	and	recovering	the	organic	phase	(Ortiz-	Hernández	&	Sánchez-	
Salinas,	2010).	Finally,	 the	contents	of	the	vials	were	allowed	to	dry	
and	 1	ml	 of	 50%	 HPLC	 grade	 methanol	 was	 added.	 Samples	 were	
analyzed	by	HPLC	on	a	C18	column	(3.5	μm;	4.6	×	100	mm,	Waters,	
Model XTerra®	MS),	with	a	flow	rate	of	0.8	ml/min	in	a	60:40	metha-
nol–water	system,	at	30°C,	and	readings	were	recorded	at	270	nm.

2.10 | Preparation of immobilizing material for 
observation in a scanning electron microscope

Cell	 immobilization	was	confirmed	by	scanning	electron	microscopy	
field	emission	(Hitachi	S-	5500).	The	material	used	for	immobilization	
was	dried	for	48	hr	at	70°C.	Samples	were	observed	directly	on	the	
microscope.

2.11 | Statistical analysis

The final concentrations of removed MP were transformed using an 
angular	transformation	(arcsine)	and	were	analyzed	using	the	general	
linear	models	procedure	(SAS,	PROC	GLM)	as	an	analysis	of	variance.	
Post hoc analysis of differences in means was conducted with the 
Tukey’s	test	(α	=	0.05).
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3  | RESULTS

3.1 | Isolation and identification of S5- 2 strain

In	this	study,	it	was	possible	to	isolate	a	strain,	designated	S5-	2,	that	was	
capable	of	hydrolyzing	MP,	and	using	PNP	as	a	sole	carbon	source	for	
growth	 in	the	mineral	medium.	This	strain	 is	a	Gram-	negative	bacillus,	
with responses in the biochemical tests that were negative for methyl 
red	 and	 Voges–Proskauer,	 and	 positive	 for	 motility,	 indole,	 ornithine,	
Simmons	citrate,	and	catalase.	The	results	of	the	biochemical	tests	and	
phylogenetic analysis allowed this strain to be included in the Burkholderia 
cepacia	complex,	with	its	nearest	neighbor	B. cenocepacia	CEIB	S5-	1	(de-
tails	of	data	submission	can	be	found	at	DDBJ/EMBL/GenBank	under	
the	accession	no.	JTLT00000000)	(Martínez-	Ocampo	et	al.,	2015).

3.2 | Growth kinetics and pesticide degradation in 
suspension cultures

Growth	 kinetics	 and	 pesticide	 degradation	 in	 suspension	 cultures	
showed	 that	MP	was	 completely	 hydrolyzed	during	 the	 first	 6	hr	of	
culture	 (Figure	1).	 The	PNP	concentration	 in	 the	 culture	medium	 in-
creased	while	MP	 hydrolysis	 occurred,	 and	 its	 higher	 concentration	
occurred	when	the	entire	MP	added	to	the	medium	was	hydrolyzed.	
Subsequently,	the	newly	formed	PNP	concentration	decreased	to	zero.	
Biomass	growth	was	associated	with	the	degradation	of	PNP,	suggest-
ing that cells used this compound as a source of carbon and energy.

3.3 | Pesticide degradation kinetics with 
immobilized cells

At	 the	 beginning	 of	 the	 degradation	 tests	 with	 immobilized	
cells,	 the	 biomass	 was	 600	×	106	CFU/gsupport for Opuntia	 sp.,	
730	×	106	CFU/gsupport for Agave	 sp.,	 and	 99	×	106	CFU/gsupport for 
zeolite.	Each	treatment	with	immobilized	cells	showed	similar	behav-
ior in the degradation process and they were superior to suspension 

cultures.	Complete	removal	of	MP	was	achieved	in	less	than	1	hr,	and	
the PNP degradation generated during the hydrolysis occurred in less 
time	compared	to	cell-	free	cultures.	By	contrast,	when	the	MP	was	
in	contact	with	the	materials	used	as	a	support,	without	immobilized	
cells,	 the	MP	concentration	 in	 the	culture	medium	decreased,	 likely	
due	to	a	MP	adsorption	process	on	the	fibers	used	(Figure	2).

Our results show that after the MP is added to the culture medium 
with	the	respective	fibers	used,	this	compound	 is	adsorbed	 into	the	
fibers	between	50%	and	70%	and	the	remainder	of	the	MP	remains	in	
the	culture	medium,	which	is	hydrolyzed	by	bacteria.	It	is	necessary	to	
clarify	that	in	this	experiment,	the	PNP	was	not	added	to	the	culture	
medium;	 therefore,	 this	 compound	 is	 not	 generated	 due	 to	 the	 ab-
sence	of	the	strain	(Figure	2).	To	verify	the	MP	desorption	of	the	fibers,	
however,	we	found	that	the	adsorbed	amount	corresponds	to	12.4%	
and	29.1%	of	the	pesticide	with	respect	to	its	initial	concentration	in	
supports Opuntia and Agave,	 respectively.	Although	not	 all	 the	pes-
ticide	was	desorbed	by	the	method	proposed,	the	results	show	that	
PNP	is	not	generated,	indicating	no	abiotic	degradation	of	the	pesti-
cide.	Therefore,	the	removal	of	the	MP	in	the	culture	medium	occurs	
via a combined action between its adsorption on the supports and 
degradation in the culture medium by the strain.

To	evaluate	strain	stability,	viability	for	each	treatment	was	deter-
mined for 21 days. The results showed a significant decrease in sur-
vival	 for	 the	cells	 immobilized	on	powdered	zeolite.	For	Opuntia sp. 
and Agave	sp.	fibers,	there	was	no	significant	loss	of	viability	(Figure	3).

3.4 | Evidence of immobilization by scanning 
electron microscopy

The bacterial ability for biofilm formation on surfaces is a very use-
ful tool for biotechnology. To confirm that the Burkholderia sp. strain 
S5-	2	can	support	colonization,	 scanning	electron	microscopy	of	 the	
three supports used in this paper was performed. The results showed 
that bacteria are trapped on the surface of Opuntia sp. and Agave sp. 
fibers	after	incubation	for	24	hr.	In	zeolite,	unimmobilized	cells	on	the	
surface	were	observed	(Figure	4).

3.5 | Toxicity tests

3.5.1 | p- Nitrophenol toxicity for the strain

MP	hydrolysis	yields	PNP,	and	this	compound	is	toxic	to	most	bacte-
ria. This could be a limiting factor if these bacteria are used to degrade 
waste with high MP concentrations. We performed growth kinetics 
using MSM and PNP at different concentrations. The results of these 
experiments indicate that the Burkholderia	sp.	strain	S5-2	used	PNP	
as	a	carbon	source.	Figure	6a	shows	the	effect	of	different	concen-
trations of PNP on the free cell growth of the Burkholderia sp. strain 
S5-	2,	as	well	as	PNP	removal	in	the	culture	medium.	The	lowest	con-
centration of PNP tested allowed microbial growth and degradation of 
this	compound.	Concentrations	above	25	mg/L	completely	 inhibited	
bacterial	growth,	however,	confirming	the	toxic	effect	of	PNP	on	the	
viability of the isolated strain.

F IGURE  1 Growth	kinetics	of	Burkholderia	sp.	strain	S5-	2	and	
MP	mineralization.	MP:	residual	methyl	parathion	(%),	with	respect	
to	the	initial	concentration;	PNP:	residual	PNP	(%)	with	respect	to	
the concentration generated by the MP hydrolysis; Control MP: 
methyl	parathion	(%)	with	respect	to	the	initial	concentration	in	the	
noninoculated MSM
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PNP	also	 showed	 an	 inhibitory	 effect	 on	 growth	 in	 immobilized	
cells,	 but	 to	 a	 lesser	 extent.	 Immobilized	 cells	 on	Opuntia sp. fibers 
completely	degraded	PNP	at	concentrations	of	100	mg/L	without	af-
fecting	their	viability	(Figure	5b).	At	200	mg/L,	maximum	growth	was	
evident;	however,	only	17%	of	the	PNP	was	degraded.	When	Agave sp. 
fibers	with	the	 immobilized	cells	were	 incubated	with	different	con-
centrations	of	PNP,	a	decrease	between	60%	and	80%	of	immobilized	
cells was observed compared to values reported at the beginning of 
the	experiment	(Figure	5c);	however,	all	the	PNP	is	degraded	at	a	con-
centration	of	100	mg/L.	The	amount	of	 immobilized	cells	on	zeolite	
was	lower	compared	to	supports	of	vegetable	origin,	but	the	PNP	was	
degraded	up	to	a	concentration	of	50	mg/L;	concentrations	above	this	
limit	cause	a	decrease	in	viability	and	degradation	(Figure	5d).

3.5.2 | Acetylcholinesterase inhibition by 
culture media before and after treatment with the 
isolated strain

To assess the MP toxicity before and after treatment with the iso-
lated	strain,	 the	acetylcholinesterase	residual	activity	was	measured	
at	different	time	intervals.	Free	or	immobilized	cells	of	the	strain	were	
cultured	 in	MSM	and	MP,	 and	after	 the	 treatment	 (see	below),	 the	
culture medium was used to test its capacity to inhibit acetylcholinest-
erase activity at different time intervals. The results obtained using a 
control	mixture	of	acetylcholinesterase,	S9	mix,	and	phosphate	buffer,	

pH	8,	showed	that	 in	30	min,	 the	enzyme	had	no	significant	 loss	of	
activity by abiotic factors (data not shown). This incubation time was 
sufficient	 to	 achieve	 significant	 enzyme	 inhibition	 by	 the	 pesticide.	
This result led to the selection of this time as the most suitable for 
this trial.

The	 results	 showed	 that	 after	24	hr	of	 culture	with	 the	 isolated	
strain	 in	 MP,	 the	 resulting	 medium	 lost	 its	 capacity	 to	 inhibit	 the	
acetylcholinesterase	activity,	 indicating	 that	 the	MP	was	completely	
transformed.	 Therefore,	 this	 treatment	 is	 promising	 for	 detoxifying	

F IGURE  3 Survival of the Burkholderia	sp.	strain	S5-	2	immobilized	
on Opuntia	sp.,	Agave	sp.,	and	zeolite.	Percentage	survival	of	bacteria	
was	calculated	from	the	CFU/gsupport values of at the end of the 
kinetics,	with	respect	to	the	initial	values.	The	same	letters	are	not	
significantly different (α	=	0.05).	All	supports	were	added	at	2%	w/v	
to the culture medium

F IGURE  2 MP and PNP degradation 
kinetics	with	immobilized	cells.	(a)	MP	
degradation using Opuntia sp. fibers with 
cells. (b) Opuntia sp. fibers without cells. (c) 
MP	degradation	with	immobilized	cells	on	
Agave sp. (d) Agave sp. without cells. The 
same	conditions	are	shown	in	(e)	and	(f),	
but	using	zeolite.	In	controls	without	cells	
(b,	d,	and	f),	PNP	was	not	detected	because	
the MP hydrolysis did not occur via abiotic 
factors (PNP was not added to the culture 
media).	All	supports	were	added	at	2%	w/v	
to the culture medium
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solutions	 containing	 MP	 (Figure	6).	 In	 addition,	 control	 media	 with	
supports only do not have negative effects on the activity of acetyl-
cholinesterase. There were differences in the MSM with MP treatment 
without	bacteria,	demonstrating	that	the	acetylcholinesterase	activity	
remained low (α=0.05).	 In	 contrast,	 the	 acetylcholinesterase	 assays	
using the culture media before and after each treatment with free and 
immobilized	 cells	with	MSM	and	without	MP	 (control)	 showed	 that	
the acetylcholinesterase activity was not lost during the incubation 
time	(Figure	6).

4  | DISCUSSION

A	bacterial	strain	with	ability	to	hydrolyze	MP,	and	mineralized	PNP,	
was isolated from contaminated soil. Biochemical and molecular tests 
allowed for the inclusion of this strain in the B. cepacia complex. There 
are reports of the genus Burkholderia that have genes involved in the 
degradation	 of	 organophosphorus	 pesticides	 (Chino-	Flores	 et	al.,	
2012);	however,	 the	ability	of	this	particular	strain	to	degrade	PNP,	
which	 is	 toxic	 to	microorganisms,	makes	 it	 a	useful	 tool	 in	biotech-
nology for bioremediation purposes. Nitroaromatic compounds are 
released	into	the	environment	because	they	have	wide	use	as	dyes,	

pesticides,	 plasticizers,	 explosives,	 and	 solvents	 (Spain	 &	 Gibson,	
1991).	 Aromatic	 compounds	 are	 relatively	 resistant	 to	 biominer-
alization	due	 to	enhanced	stability	caused	by	 the	 resonance	energy	
of	 the	 aromatic	 ring	 (Ismail	 &	Gescher,	 2012).	 The	Burkholderia sp. 
strain	S5-	2	can	degrade	an	aromatic	 compound	such	as	PNP,	how-
ever,	which	begs	the	question:	what	other	aromatic	pollutants	will	this	
strain	be	able	to	mineralize?

There is a report in B. cepacia of the mpd gene coding for methyl 
parathion	 hydrolase,	 which	 is	 responsible	 for	 the	 hydrolysis	 of	 MP	
(Ekkhunnatham,	 Jongsareejit,	 Yamkunthong,	 &	 Wichitwechkarn,	
2012).	Vikram	et	al.	(2012)	found	in	the	Burkholderia	strain	SJ98	genes	
encoding monooxygenases responsible for the degradation of aro-
matic	compounds.	However,	we	do	not	have	any	report	of	B. cenoce-
pacia	that	can	hydrolyze	the	MP	and	degrade	PNP.	We	do	not	know	
the molecular mechanisms by which the B. cenocepacia	strain	S5-	2	hy-
drolyzes	the	MP	and	degrades	the	PNP,	however,	opening	the	doors	
for future investigations to solve this question.

PNP and other nitroaromatics have been reported to be 
highly	 toxic	 to	 most	 microorganisms,	 thus	 limiting	 its	 degrada-
tion	 at	 high	 concentrations	 (Samuel,	 Sivaramakrishna,	 &	 Mehta,	
2014).	 It	has	been	reported,	however,	that	some	bacteria	such	as	
Pseudomonas,	Arthrobacter,	Flavobacterium,	Nocardia,	and	Moraxella 

F IGURE  4 Scanning electron 
micrographs	at	10,000×	of	the	supports	
used	for	cell	immobilization.	(a)	Control	
Opuntia sp. without biomass. (b) 
Burkholderia	sp.	strain	S5-	2	immobilized	on	
Opuntia sp. (c) Control Agave sp. (d) Agave 
sp.	fibers	with	immobilized	cells.	(e)	Control	
zeolite.	(f)	Zeolite	with	immobilized	cells

(a) (b)

(c) (d)

(e) (f)
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can	metabolize	PNP	at	 low	concentrations	(Kulkarni	&	Chaudhari,	
2007;	 Leung,	 Moore,	 Lee,	 &	 Trevors,	 2005;	 Zhang	 et	al.,	 2009).	
More	 recently,	 attention	 has	 turned	 to	 the	 isolation	 of	 bacteria	
capable of degrading PNP at high concentrations (in the order of 

100	mg/L)	that	are	toxic	to	previously	studied	strains	(Ray,	Oubelli,	
&	Löser,	1999).

In	 this	work,	when	 the	 degradation	 tests	were	 performed	 using	
suspended	cells,	a	slight	delay	in	B. cenocepacia	strain	S5-	2	growth	was	

F IGURE  6 Toxicity test of the resulting 
solutions obtained before and after each 
treatment.	(a)	Cells	in	suspension.	(b,	c,	d)	
Cells	immobilized	on	Opuntia	sp.,	Agave 
sp.,	and	zeolite,	respectively.	T1:	control	
of MSM. T2: control MSM with MP 
(50	mg/L).	T3:	MSM	with	MP	(50	mg/L)	
inoculated with Burkholderia sp. strain 
S5-	2.	Each	treatment	was	contacted	with	
acetylcholinesterase	and	residual	enzyme	
activity after 30 min of inactivation was 
determined.	The	enzyme	is	inactivated	
by MP except those treatments where 
pesticide degradation occurs by strain 
S5-	2.	Different	letters	indicate	significant	
differences (α	=	0.05)

F IGURE  5 Effect	of	different	concentrations	of	PNP	on	the	process	of	degradation	of	this	compound	and	the	viability	the	of	the	S5-	2	strain.	
(a)	Cells	in	suspension.	(b,	c,	d)	Cells	immobilized	in	Opuntia	sp.,	Agave	sp.,	and	zeolite,	respectively.	The	PNP	(▪)	and	UFC/ml	of	Burkholderia 
cenocepacia	S5-	2	strain	( )	was	determined	after	24	hr	of	treatment	in	mineral	medium	supplemented	with	PNP	and	inoculated	with	strain	S5-	
2.	As	a	control,	the	same	medium	is	used	uninoculated	( ). Different letters indicate significant differences (α	=	0.05).	All	supports	were	added	at	
2%	w/v	to	the	culture	medium
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observed	during	the	first	12	hr,	which	is	associated	with	the	toxic	ef-
fect of PNP. The gap between the PNP decrease and biomass growth 
may occur because PNP must be transformed by one of the two oxi-
dative	pathways	described	in	previous	reports,	hydroquinone	and	hy-
droxyquinol	(Kadiyala	&	Spain,	1998;	Kitagawa,	Kimura,	&	Kamagata,	
2004;	Spain	&	Gibson,	1991;	Zhang	et	al.,	2012).	Both	pathways	trans-
form the PNP into β-	ketoadipate,	which	enters	the	tricarboxylic	acid	
cycle,	allowing	for	the	production	of	energy	and	growth.	Thereafter,	
the bacterial growth was exponential.

There are few reports of isolates that can perform both MP hydro-
lysis and PNP degradation. Burkholderia	 sp.	 strain	S5-	2	can	perform	
both	processes,	however,	suggesting	a	total	mineralization	of	MP,	al-
though their growth is initially limited by PNP toxicity. The toxic effect 
of PNP was evident when the strain was grown with different con-
centrations	of	 this	 compound,	which	made	 it	necessary	 to	establish	
new	strategies	to	overcome	this	drawback	using	cell	 immobilization.	
Cell	 immobilization	offers	many	advantages	addressed	earlier	 in	 this	
study;	 however,	 an	 appropriate	 material	 for	 this	 process,	 including	
characteristics	such	as	being	economical,	inert,	and	affordable,	is	dif-
ficult to find. The different supports proposed in this study comply 
with	these	characteristics.	Thus	far,	we	have	not	found	reports	for	the	
supports used in this study for the biological removal of organophos-
phate	pesticides,	although	related	studies	were	available.	For	example,	
zeolite	was	studied	to	immobilize	the	Pseudomonas	sp.	strain	ADP	for	
atrazine	degradation	(Stelting,	Burns,	Sunna,	Visnovsky,	&	Bunt,	2012).	
This research showed that this bacterial species remained viable for 
10	weeks	at	25°C.	Another	 study	 reported	 that	Agave sp. fiber was 
used	to	 immobilize	fungi	 (Trametes versicolor and Pleurotus ostreatus) 
to	study	the	degradation	of	the	dye	triphenylmethane	basic	green	4.	
Immobilized	fungal	cultures	on	Agave fiber without addition of cosub-
strate	was	selected	as	the	best	option,	resulting	in	decoloration	effi-
ciencies	of	99.3%	(Castillo,	2010).

There	are	multiple	reports	showing	that	the	immobilization	of	cells	
promotes	 xenobiotic	 degradation	 processes.	 Tallur,	 Mulla,	 Megadi,	
Talwar,	 and	Ninnekar	 (2015)	 investigated	 the	 degradation	 of	 cyper-
methrin	by	immobilized	cells	of	Micrococcus sp. strain CPN 1 in various 
supports	such	as	polyurethane	foam,	polyacrylamide,	sodium	alginate,	
and agar. The study revealed that Micrococcus sp. strain CPN 1 immo-
bilized	cells	were	more	effective	for	the	degradation	of	cypermethrin	
at	higher	concentrations	than	freely	suspended	cells.	In	another	study,	
Briceño,	Fuentes,	Rubilar,	Jorquera,	and	Tortella	(2013)	evaluated	di-
azinon	removal	achieved	by	free	actinobacteria	and	Streptomyces sp. 
AC1-	6	immobilized	on	alginate	beads.	The	study	revealed	that	the	im-
mobilized	cells	exhibited	60%	higher	diazinon	removal	compared	with	
the	free	cells.	The	immobilized	microbial	systems	have	the	advantage	
of	an	enhanced	rate	of	degradation,	tolerance	to	higher	substrate	con-
centrations,	and	its	reusability.

Immobilized	cells	resisted	higher	concentrations	of	PNP	compared	
to	suspended	cells.	Being	immobilized	in	Agave	sp.,	however,	not	only	
affects	 cell	 viability	 at	 high	 concentrations	 of	 PNP	 (≥200	mg/L)	 but	
also has a negative effect on the ability of bacteria to adhere to this 
support,	 as	 even	 at	 the	 lowest	 concentration	 tested	we	only	 found	
20%–40%	of	the	cells	adhered	compared	to	the	control	without	PNP.

Strain	 immobilization	 on	 the	 three	 supports	 was	 evaluated	 by	
scanning	electron	microscopy.	Immobilized	cells	on	the	proposed	sup-
ports were very efficient in the degradation of MP and no differences 
were	found	in	the	times	of	degradation.	In	these	treatments,	however,	
the degradation was higher than in free cell cultures. The amount of 
immobilized	cells	on	zeolite	was	less	than	Opuntia sp. and Agave	sp.,	
likely	because	this	support	is	pulverized	and	the	cells	are	much	more	
exposed to the environment and turbulence generated during agita-
tion,	preventing	biofilm	formation	on	the	surface	of	the	support.	This	
is	 likely	why	immobilized	cells	were	not	observed	in	zeolite	by	scan-
ning	 electron	microscopy.	 In	 addition,	 the	 available	 surface	 area	 for	
immobilization	on	zeolite	is	minor	compared	to	supports	of	vegetable	
origin.	Although	the	amount	of	 immobilized	cells	for	each	treatment	
differs	significantly,	 the	time	required	to	hydrolyze	MP	and	degrade	
PNP	is	not	different,	and	this	may	be	because	the	system	reached	the	
maximum degradation rate for the concentration of pesticide used in 
our experiments.

For	 the	Opuntia sp. and Agave	 sp.	 supports,	 the	 amount	 of	 ad-
sorbed	pesticide	was	superior	to	zeolite.	The	rapid	hydrolysis	of	MP	
and PNP degradation make it difficult to determine the extent to 
which the sorption phenomenon affects the degradation process. 
Nevertheless,	 the	 adsorption	 of	 the	 pesticide	 by	 the	 supports	 may	
promote	the	degradation	process.	As	an	example,	there	is	a	report	in	
which Acinetobacter venetianus	was	 immobilized	 on	 bagasse	 for	 the	
degradation of n-	alkane.	 The	 degradation	 of	 the	 alkane	was	 based	
on	both	adsorption	and	biodegradation	by	immobilized	A. venetianus,	
where	93.3%,	77.7%,	and	24.0%	of	 tetradecane	 (400	mg/L)	was	 re-
moved	 by	 the	 immobilized	 cells,	 free	 cells,	 and	 bagasse	 after	 36	hr	
incubation,	respectively	(Lin,	Gan,	Chen,	&	Naidu,	2015).	One	advan-
tage	of	cell	immobilization	is	that	it	keeps	cells	viable	for	long	periods.	
We	evaluated	the	survival	of	cells	for	21	days,	and	the	results	showed	
that	the	cells	immobilized	on	zeolite	lose	significant	viability	at	7	days	
of	incubation.	For	the	immobilized	cells	on	plant	fibers,	no	significant	
loss of viability was evident. This may be due to the extent of nutrient 
acquisition from the support because there are reports of Burkholderia 
strains	with	cellulolytic	capacities	(Bandounas,	Wierckx,	de	Winde,	&	
Ruijssenaars,	2011;	Liang,	Zhang,	Wu,	Wu,	&	Feng,	2014).	Thus,	strain	
S5-	2	may	slowly	be	obtaining	carbon	from	the	cellulose	and	hemicellu-
lose present in these supports. Experiments are underway to test the 
cellulolytic abilities of this strain and test this hypothesis.

The	increased	degradation	by	immobilized	cells	was	likely	due	to	
the	high	local	cell	density	on	fibers,	together	with	better	cell	surviv-
ability and an increase in catalytic activity. The combined action of 
these factors allowed B. cenocepacia	 strain	 S5-	2	 to	 significantly	de-
crease	the	PNP	degradation	time,	decreasing	the	toxic	effects	of	this	
compound on cells. The amount of biomass in the systems of bioreme-
diation has an important positive effect on the degradation of PNP and 
other	toxic	compounds	and	has	been	reported	previously.	For	exam-
ple,	Zohar,	Kviatkovski,	and	Masaphy	(2013)	 increased	the	tolerance	
of Arthrobacter	sp.	4Hb	to	high	PNP	concentrations	by	increasing	the	
inoculum	size.	In	their	system,	PNP	toxicity	at	high	initial	concentra-
tions	(200–800	mg/L)	could	be	overcome	by	using	a	high	level	of	inoc-
ulum. Their results showed that the initial PNP concentration affected 
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the acclimation stage as well as the linear PNP disappearance stage. 
Increasing the PNP concentration prolonged the acclimation period 
and	 reduced	 the	 PNP	 disappearance	 rate.	 Saez,	Aparicio,	Amoroso,	
and Benimeli (2015) evaluated the influence of acclimation on a free 
or	immobilized	Streptomyces consortium on lindane degradation in liq-
uid	and	slurry	systems.	After	the	acclimation	period,	the	survival	of	all	
members	was	confirmed,	 thus	demonstrating	 the	consortium	stabil-
ity.	Acclimated	cultures	reached	a	higher	biomass	(0.56–0.65	g/L)	and	
lindane	removal	(40%–97%)	than	the	consortium	without	acclimation	
(0.37–0.44	g/L;	33%–87%)	when	they	were	cultured	 in	a	 liquid	me-
dium	with	20	and	50	mg/L	of	lindane.

There are no recent reports that provide information on the use 
of Agave sp. and Opuntia sp. fibers for pesticides degradation; there-
fore,	the	results	found	in	this	study	propose	an	opportunity	to	degrade	
MP	waste,	especially	 in	countries	where	 these	 fibers	are	cheap	and	
highly	 available.	Moreover,	 the	materials	 used	 are	 nontoxic	 to	 cells,	
inexpensive,	and	abundant	in	Mexico,	Latin	America,	the	Middle	East,	
and	even	some	European	countries.	However,	there	are	risks	related	
to the intrinsic pathogenicity of B. cenocepacia. The members of the 
B. cepacia	 complex	are	 considered	opportunistic	pathogens,	 and	 for	
this	 reason,	our	experiments	were	conducted	under	controlled	con-
ditions	in	reactors,	without	releasing	living	cells	into	the	environment.	
For	the	purposes	of	bioremediation,	we	suggest	studying	genes	and	
enzymes	 responsible	 for	 this	 degradation	 pathway	 and	 expressing	
them in another vector that offers greater security against such risks. 
Toxicological	 tests,	however,	 showed	 that	 the	effect	of	 the	parental	
material	(MP)	on	acetylcholinesterase	is	removed	by	strain	S5-	2,	but	
fails to demonstrate the possibility of the media remaining toxic due 
to other metabolites derived from MP degradation. Considering this 
possibility,	a	test	to	detect	metabolites	coming	from	MP	degradation	
was conducted but none of the reported metabolites were found (data 
not	shown),	suggesting	total	MP	degradation.	These	results	encourage	
the	safe	use	of	immobilized	Burkholderia	sp.	strain	S5-	2	as	a	system	for	
MP	degradation	under	controlled	conditions,	for	example,	in	a	reactor.

A	strain	belonging	to	the	genus	Burkholderia sp. that can completely 
degrade MP was isolated from agricultural soil in central Mexico. The 
degradation	 process	 was	 compared	 between	 free	 and	 immobilized	
cells on Opuntia sp. and Agave	sp.	fibers,	as	well	as	powdered	zeolite.	
The results showed that the degradation process is superior with im-
mobilized	cells	because	cells	remain	viable	for	longer	periods,	and	the	
strain	can	withstand	higher	concentrations	of	PNP	when	immobilized.	
Toxicity tests for acetylcholinesterase activity demonstrated complete 
detoxification of the pesticide.
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