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Abstract The current study aimed to evaluate the removal of
a pesticide mixture composed of the insecticides chlorpyrifos
(CP) and diazinon (DZ) from liquidmedium, soil and a biobed
biomixture by a Streptomyces mixed culture. Liquid medium
contaminated with 100 mg L−1 CP plus DZ was inoculated
with the Streptomyces mixed culture. Results indicated that
microorganisms increased their biomass and that the inoculum
was viable. The inoculum was able to remove the pesticide
mixture with a removal rate of 0.036 and 0.015 h−1 and a half-
life of 19 and 46 h−1 for CP and DZ, respectively. The steril-
ized soil and biobed biomixture inoculated with the mixed
culture showed that Streptomyces was able to colonize the
substrates, exhibiting an increase in population determined
by quantitative polymerase chain reaction (q-PCR), enzymatic
activity dehydrogenase (DHA) and acid phosphatase (APP).
In both the soil and biomixture, limited CP removal was

observed (6–14%), while DZ exhibited a removal rate of
0.024 and 0.060 day−1 and a half-life of 29 and 11 days, re-
spectively. Removal of the organophosphorus pesticide (OP)
mixture composed of CP and DZ from different environmen-
tal matrices by Streptomyces spp. is reported here for the first
time. The decontamination strategy using a Streptomyces
mixed culture could represent a promising alternative to elim-
inate CP and DZ residues from liquids as well as to eliminate
DZ from soil and biobed biomixtures.
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Introduction

Agricultural and livestock farming activities indiscrimi-
nately use organophosphorus pesticides (OPs) for pest
and insect control. OPs are highly toxic compounds that
inhibit acetylcholinesterase in the central nervous system
synapses of insects and vertebrates, including humans.
These compounds are considered food chain contami-
nants due to the presence of their residues in vegetables
and fruits. As a result, OPs trigger several metabolic
human health problems, such as type 2 diabetes
(Lasram et al. 2014). OPs arrive in the environment
by different routes, resulting in significant environmen-
tal pollution and human health risks. After pesticide
application, it is estimated that less than 1% of all pes-
ticides used in agriculture reach the crops, while the
remaining amount contaminates the soil, air, water and
food (Berberidou et al. 2016; Fosu-Mensah et al. 2016;
Pozo et al. 2016; Yu et al. 2016). Wastewater from
agricultural industries characterized by high pesticides
loads or from industries related to manufacturing,
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packaging, transporting, storing and delivering and dis-
tributing pesticides are another source of pesticide pol-
lution (Navaratna 2012; Karas et al. 2016) in addition to
the production of forbidden and expired pesticides
(Yañez-Ocampo et al. 2011).

As a way of controlling or preventing point and nonpoint
pollution from pesticide use, several treatment systems are
being studied. In the environment, pesticides can be degraded
by microbial, chemical and photodegradation processes.
However, the use of biological processes as pesticide decon-
tamination tools is recognized as the primary mechanism of
pesticide removal from soil and water (Chishti et al. 2013).
Studies focused onmicrobial degradation are being extensive-
ly performed due to the urgent need to develop technologies
that guarantee harmless, effective and inexpensive decontam-
ination of pesticide residues from the environment (Cycón
et al. 2017). Therefore, bacterial species belonging to a wide
range of genera that are capable of degrading OPs from liquid
samples and soils have been reported; they include
Stenotrophomonas sp., Pseudomonas sp., Sphingobium sp.,
and Ralstonia sp. (Abo-Amer 2012; Cao et al. 2013; Deng
et al. 2015; Wang and Liu 2016). In addition, Actinobacteria
can degrade a wide range of pesticides (Alvarez et al. 2017).
However, compared with gram-negative bacteria, these bacte-
ria have not been studied extensively. The most representative
genus of pesticide degrading Actinobacteria is Streptomyces
sp., which has the capacity to grow on and degrade different
classes of pesticides, including OPs (Briceño et al. 2013).
Streptomyces spp. are considered to be a promising source
of a wide range of enzymes; therefore, they are capable of
performing microbial transformations of organic compounds
(Ballav et al. 2012). Moreover, they may be particularly well-
suited as inoculum for the treatment of pesticides because they
exhibit a mycelial growth habit, relatively rapid growth rates,
colonization of semi-selective substrates, susceptibility to ge-
netic manipulation, surfactant production that may increase
the bioavailability of toxic compounds, and formation of
biofilms (Hopwood 2006; Flärdh and Buttner 2009;
Schreiberová et al. 2012; Colin et al. 2016). These properties
may increase their ability to contribute to degradation.

Biological removal of OPs in water, wastewater and soils is
highly relevant to the development of bioremediation strate-
gies as well as for the performance of pesticide biopurification
systems. Biobed biomixtures were proposed to remove pesti-
cides coming from improper disposal and accidental leakage
(Castillo et al. 2008). Moreover, biomixtures have additional-
ly been proposed as a component of biopurification systems
for treatment of agricultural wastewater containing pesticides
(Karas et al. 2016; Ruíz-Hidalgo et al. 2016). Accordingly,
several studies have been performed to understand the capac-
ity of biobed biomixtures to remove pesticides (Castillo et al.
2008; Diez et al. 2013; Tortella et al. 2013; Castro-Gutierrez
et al. 2017), and bioaugmentation has been studied as a

possibility to increase biobed performance (Campos et al.
2017) by introducing specific microorganisms.

The insecticides chlorpyrifos, CP, (O, O-diethyl O-[3,5,6-
trichloro-2-pyridinyl] phosphorothioate) and diazinon, DZ,
(O, O-diethyl-O-[2-isopropyl-4-methyl-6-pyrimidinyl] phos-
phorothioate) are commonly used in Chile for the treatment
of pests present in vegetable and fruit farming and in the
livestock industry, respectively (Afipa 2010; SAG 2012).
Both CP and DZ are released into the environment solely by
human activities, and the routes by which these compounds
enter into the soil and water include extensive use, drift during
and after pesticide application, run-off from agricultural areas,
accidental releases, etc. In the environment, CP has reduced
mobility in the soil due to low solubility (<2 mg L−1) in water
and high Koc (4100–6100). Moreover, CP has short to mod-
erate persistence with a half-life for hydrolysis of 16–73 days,
an aerobic soil metabolism of 22–51 days and terrestrial field
dissipation between 2 and 120 days (Solomon et al. 2014).
Meanwhile, DZ is mobile and moderately persistent in the
environment given by its high solubility in water
(60 mg L−1), low Koc (40–432) depending on the type of soil,
and a half-life for hydrolysis of approximately 12–138 days in
water and 200 days in soil (Dębski et al. 2007; Aggarwal et al.
2013). For both CP and DZ, degradation can occur by a com-
bination of processes, including chemical hydrolysis, photol-
ysis and biodegradation, with 3,5,6-trichloro-2-pyridinol
(TCP) and 2-isopropyl-6-methyl-4-pyrimidinol (IMHP) as
main degradation by-products, respectively (Dębski et al.
2007; Solomon et al. 2014).

Residues of CP and DZ have been found in concentrations
exceeding the maximum residue limits for pesticides in foods
such as lettuce, cherimoya, lemons and mangos (ISP 2012). In
a study performed by Muñoz-Quezada et al. (2012), a high
association was found between urinary OP metabolites in
schoolchildren and the consumption of fruits and vegetables
with the presence of low doses of CP and phosmet. Studies
showing the presence of CP or DZ residues in water or soil are
non-existent, probably due to the lack of economic resources
in Chile to perform environmental monitoring of these con-
taminants. However, recently, Pozo et al. (2016) reported the
presence of CP in the Chilean atmosphere, specifically in the
Araucania region, which is characterized by high agricultural
activity.

In our previous study, DZ and CP removal was evaluated
using different Streptomyces spp. Results showed that by
using single strains, removal of DZ between 24 and 32%
was observed, and these values increased to 50% when a
mixture of four strains was studied (Briceño et al. 2016a).
Similarly, between 67 and 74%, CP removal was observed
by using single strains, and these values increased to 90%
by using a mixed culture of Streptomyces strains (Briceño
et al. 2016b). Moreover, our results indicated that a
Streptomyces mixed culture might be useful for the efficient
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removal not only of single CP or DZ but also other OPs from
liquids as well as from other environmental matrices.
Therefore, the aim of this study was to evaluate the ability of
a Streptomyces spp. mixed culture to simultaneously remove a
pesticide mixture composed of CP and DZ from liquid medi-
um, soil and a biobed biomixture under sterile conditions fo-
cusing on the culture’s capability to colonize the environmen-
tal matrices.

Materials and methods

Chemicals, Streptomyces mixed cultures and inoculum
preparation

Analytical grade CP, DZ and its metabolites (TCP and IMHP)
were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). All other reagents and solvents were of analytical grade
and obtained from standard manufacturers. CP and DZ meth-
anol stock solutions (5000mg L−1) were sterilized by filtration
through 0.22 μm pore-size membranes and used for contam-
ination of the liquid media.

A defined mixed culture of four Streptomyces strains was
used in this study. These strains were previously isolated from
agricultural soil (Briceño et al. 2012), and taxonomic identifi-
cation of these strains were confirmed by amplification and
partial sequencing of their 16S rDNA genes [GenBank IDs:
JQ289350 (Streptomyces sp. AC5), JQ289353 (Streptomyces
sp. AC9) (Briceño et al. 2012), KT271897 (Streptomyces sp.
GA11) and 289355 (Streptomyces sp. ISP13) (Briceño et al.
2016a)]. These four strains were previously studied for DZ
(Briceño et al. 2016a) and CP removal (Briceño et al.
2016b) and selected as inoculum because together they in-
crease CP and DZ removal. The four strains produce the en-
zyme organophosphorus hydrolase related to OP degradation,
emphasizing the AC5 strain for presenting a higher production
of the enzyme and the ability to degrade the main CP metab-
olite (Briceño et al. 2012; Briceño et al. 2016b).

Streptomyces strains were grown in 100-mL flasks contain-
ing 30 mL of sterilized ISP-2 medium. After incubation in a
rotary shaker (96 h at 28 °C and 120 rpm), cultures were
harvested by centrifugation (8500×g for 10 min at 4 °C),
and cell pellets were then washed with a sterile 0.85% NaCl
solution. Finally, for the pesticide removal study, the inoculum
was prepared by combining equal amounts of each strain.

Liquid medium OP removal

Removal of CP and DZ was evaluated in liquid minimal me-
dium (MM) containing 0.5 g L-asparagine, 0.5 g K2HPO4,
0.20 g MgSO4*7H2O, 0.01 g FeSO4*7H2O, 1000 mL dis-
tilled water and pH 7.0.

The Streptomyces inoculum was added at a final concen-
tration of 1% (w/v) wet weight in flasks containing 30 mL of
MM with 50 mg L−1 CP and 50 mg L−1 DZ, in mixture.
Cultures were incubated at 28 °C and 120 rpm for 240 h.
Samples were collected at different times and centrifuged
using the pellet to measure microbial growth after drying at
105 °C. Survival of the mixed culture was examined after 96 h
of incubation; culture samples were obtained and processed
for live/dead cells using confocal microscopy and flow cytom-
etry as described by Briceño et al. (2016b). In addition, at day
15 and 30 of incubation, 1 mL of the liquid sample was taken,
serially diluted and added to a plate with starch-casein agar to
observe the presence or absence of the strains.

To determine the residual concentration of CP, DZ and their
corresponding metabolites, TCP and IMHP, 10 mL of super-
natant was removed and analyzed via HPLC. Removal was
estimated by comparing concentrations in the samples and
controls over time.

Removal of OPs in the soil and biomixture

Removal tests were conducted on soil samples (0–20 cm) col-
lected from the Maquehue experimental station (Andisol
Freire series; 38° 50′ S, 72° 41′ W) at La Frontera
University; this site had no history of CP or DZ contamina-
tion. The soil was mainly composed of sand (30.7%), silt
(41.8%), clay (27.4%), and organic matter (17%) and had a
pH of 5.8. This soil was used to prepare the biomixture by
mixing top soil, commercial peat (36.6% organic carbon) and
winter wheat straw (34% organic carbon) in the volumetric
proportion of 1:1:2 according to the procedure described by
Tortella et al. (2013). After a period of maturation and stabili-
zation of the biomixture (pH 5.0; 38% organic matter), the
biomixture was used for the removal assay.

Ten grams of soil or biomixture sterilized three times
at 121 °C was placed in a 125-mL Erlenmeyer flask.
Next, each pesticide was added at a concentration of
50 mg kg−1. After homogenizing the pesticides in the
soil and the biomixture, a solution containing the
Streptomyces mixed culture was added at a final con-
centration of 5% (w/v) wet weight. Soil and biomixture
without inoculum were considered as controls to verify
that degradation was due mainly to the action of micro-
organisms rather than abiotic factors. Soil and
biomixture moisture were adjusted by the addition of
distilled water to 50 and 60% of its water holding ca-
pacity, respectively. Incubation was performed for
28 days in an incubator at 25 ± 1 °C with complete
darkness. Throughout the incubation period, water losses
were compensated by the addition of sterile distilled
water. Samples of soil and biomixture were taken week-
ly for chemical analyses to determine the concentration
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of pesticides and for microbiological and molecular
analyses.

Biochemical and molecular analyses in the soil
and biomixture

Samples of soil and biomixture obtained at different times
were used to determine dehydrogenase (DHA) and acid phos-
phatase (APP) activity according to Alef (1995) and Tabatabai
and Bremmer (1969), respectively. DHA activity was
expressed as μg triphenyl formazan (TPF) g−1 h−1 after quan-
tification at 546 nm, and APP activity was expressed as μg p-
nitrophenol g−1 h−1 after quantification of p-nitrophenol (p-
NP) at 400 nm. To determine inoculum persistence at the end
of the assay, 1 g of soil and biomixture were sampled to as-
certain microbial growth, and soil extract was added to a plate
with starch-casein agar.

On days 1, 7, 14, 21 and 28, DNA from the soil and
biomixture were extracted using the commercial
NucleoSpin® Soil kit (Macherey-Nagel) following the man-
ufacturer’s instructions. Quantitative PCR (q-PCR) for the
analysis of the Streptomyces population was performed using
an Applied Biosystems, Step One Plus Real-Time PCRT
System. 16S rRNA gene amplification reactions were per-
formed with the Actino235/Eub518 set of primers (Fierer
et al. 2005). The combination of both primers generates a
PCR fragment of approximately 200 bp suitable for subse-
quent q-PCR analysis. For the reaction, 4 μL of buffer
(HOT FIRE Pol® EvaGreen® q-PCR Mix Plus, Solis
BioDyne Data Sheet), 0.6 μL of forward primer (10 μM),
0.6 μL of reverse primer (10 μM), 5 μL ADN (1.0 ng/μL)
and 9.8 μL of ionized water were used. For the PCR program,
initial denaturation was 15 min at 95 °C, 40 cycles for 15 s at
95 °C with hybridization for 20 s. Primer extension was con-
ducted at 72 °C for 20 s. For the analysis of Streptomyces
populations, PCR products were analyzed using Step One
Software V2.2.2. To quantify PCR products, a standard curve
(pure Streptomyces sp.) was used for the analysis of accumu-
lated DNA. Results were expressed as copied numbers of the
ribosomal region.

Pesticide analysis

Samples of supernatants from centrifuged cultures were taken
and extracted with dichloromethane and ethyl acetate accord-
ing to Briceño et al. (2016b). For pesticide and metabolite
determination from the soil and biomixture, samples (10 g)
were extracted with 25 mL of acetone on a vertical shaker for
1 h. Later, samples were sonicated for 30 m and centrifuged at
8500g. Supernatants were concentrated and re-suspended in
5 mL acetonitrile and stored at −20 °C until further analysis
for CP, DZ, TCP and IMHP determination by HPLC.

Analyses were performed using a Shimadzu LC-20AT liq-
uid chromatograph equipped with a diode array. For separa-
tion, a Purospher Star RP-18e column (Merck®, film thick-
ness 5 μm, 150 × 4.6 mm) was used. The chromatographic
condition was as follows: oven temperature of 35 °C with the
mobile phase at 25% 0.1% phosphoric acid-75% acetonitrile
with a flow rate of 1 mL min−1. Retention times of CP and
TCPwere 8.10 (λ = 289) and 2.50 (λ = 298) min, respectively,
and 6.10 (λ = 247) and 1.96 (λ = 267) min for DZ and IMHP,
respectively. Calibration was performed using a standard for
each compound, with a linear curve ranging from 0.01 to
10 mg L−1.

Kinetics and statistical analysis

Removal of CP and DZ from the liquid medium, soil and
biomixture was fitted to the first-order kinetic model ln Ct/
C0 = e-kt, where C0 is the amount of contaminant in the liquid
medium at time zero, Ct is the amount of contaminant at time t,
and k and t are the rate constant and degradation time in hours,
respectively. Time in which CP and TCP concentrations in the
liquid medium were reduced by 50% (T1/2) was calculated
using the equation T1/2 = ln(2)/k.

Data were statistically analyzed by an analysis of variance
(ANOVA), and three replicates were compared using Tukey’s
minimum significant differences test (p ≤ 0.05). Statistical
analyses were performed using SPSS statistical software ver-
sion 17.

Results

Growth and OP removal in the liquid medium

Results for microbial growth monitored by dry weight at
105 °C and removal of CP and DZ in liquid culture by a mixed
culture of Streptomyces spp. strains AC5, AC9, GA11 and
ISP13 are shown in Fig. 1. Results showed an increase of
biomass during the first 24 h in the medium supplemented
with the pesticide mixture. Specific growth rate increased
from 0.008 observed in the control treatment to 0.021 in the
medium with the pesticide mixture, requiring 86 and 33 h−1,
respectively, for the mixed culture to double its biomass
(Table 1). After 48 h, biomasses were similar in both treat-
ments; this trend was observed until the study concluded. In
addition to studying microbial growth of the Streptomyces
mixed culture exposed to 100 mg L−1 CP plus DZ, culture
survival was analyzed at 96 h by live/death cell analysis.
Figure 2 shows confocal images of a sample acquired from
the liquid culture contaminated with the pesticide mixture. As
seen in the figure, most cells were alive (green), and very few
cells were dead (red). The analysis performed by flow cytom-
etry showed 84.7% live cells and 15.3% dead cells. This
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survival was greater than that observed in the treatment with-
out pesticides, where approximately 78.5 and 21.5% were
alive and dead, respectively. At the end of the assay and by
plate count, we qualitatively observed the existence of the four
strains in the inoculum, which were differentiated by form and
color of the prevailing colonies (data not shown) among all
strains of the Streptomyces sp. strain AC9.

HPLC analysis showed that the Streptomyces mixed cul-
ture was able to remove CP and DZ from the liquid medium
(Fig. 1). After 24 h, removal of approximately 45 and 90%DZ
and CP, respectively, was seen. For CP, residual concentration
decreased slowly until no residues were detected at day 10 of
incubation. For DZ, residual concentration disappeared as
time progressed; 50, 75 and 85% was removed after 48, 96
and 168 h, respectively. At the end of the assay, the final DZ
concentration was approximately 1% of the initial concentra-
tion. With these results, kinetics data were determined show-
ing that DZ removal was characterized by a rate constant of
0.015 h−1 and T1/2 of 45 h−1, while CP had a rate constant of
0.036 h−1 and T1/2 19 h

−1 in the liquid medium contaminated
with the pesticide mixture (Table 1). In the same table, the rate
of TCP and IMHP production is presented. According to our
results, TCP and IMHP production was 0.003 and 0.008 mg
L−1 h−1, respectively, in the liquid culture; therefore, approx-
imately 0.213 ± 0.005 and 0.302 ± 0.005 of TCP and IMHP
were produced at the end of the assay.

OP removal from the soil and biomixture

We studied enzyme activity, quantitative PCR and CP and DZ
removal in the Streptomycesmixed culture for 4 weeks in both
the sterilized soil and biomixture. Similar experiments were

performed without inoculum as controls. Results obtained in
this study showed that sterility conditions were maintained
throughout the study; therefore, DHA and APP activities were
negligible. For the contaminated soil and biomixture, DHA
enzyme activity values increased to 4.64 and 7.35 μg TPF
g−1 h−1, respectively, when the mixed culture of
Streptomyces spp. was inoculated. However, in the soil, activ-
ity was constantly maintained and no significant differences
were observed (P ≤ 0.05) throughout the study. A different
response was observed in the inoculated biomixture, which
showed an increase in activity at day 7 with a value of
12.49 μg TPF g−1 h−1. After this time, activity was variable
but without significant differences as observed during the first
days of the study. APP activity for the inoculated soil and
biomixture showed significant differences (P ≤ 0.05) over
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Fig. 1 Biomass growth,
chlorpyrifos (CP) and diazinon
(DZ) removal by mixed culture of
Streptomyces spp. strain AC5,
AC9, GA11 and ISP13 from
liquid medium

Table 1 First-order kinetics parameters for chlorpyrifos (CP) and
diazinon (DZ) removal, metabolite production rate, specific growth rate
(μ) and biomass duplication time of the Streptomyces mixed culture in
liquid medium supplemented with 50 mg L−1 CP and 50 mg L−1 DZ.

Parameters CP DZ

k (h−1) 0.036 ± 0.004 0.015 ± 0.000

T1/2 (h
−1) 19.6 ± 2.0 45.7 ± 1.3

R2 0.932 0.974

TCP production (mg L h−1) 0.003 ± 0.000 n.d

IMHP production (mg L h−1) n.d 0.002 ± 0.000

Control With pesticides

Specific growth rate (μ) 0.008 ± 0.000 0.021 ± 0.003

Biomass duplication time (h−1) 86.6 ± 0.0 33.2 ± 3.9

n.d no determined, TCP 3,5,6-trichloro-2-pyridinol, IMHP 2-isopropyl-6-
methyl-4-pyrimidinol
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time. In the sterilized soil, activity after inoculation increased
from 0 to 8.70 μg p-NP g−1 h−1, maintaining this trend at day
7. After that, there was a slight decrease and then another
increase at days 21 and 28 showing APP activity over 11 μg
p-NP g−1 h−1. In the biomixture, the Streptomyces inoculation
increased initial APP activity from 0 to 2.07 μg p-NP g−1 h−1;
this trend continued over the next weeks where values be-
tween 16.60–39.76 μg p-NP g−1 h−1 were observed (Table 2).

16S rRNA quantified from DNA extracted from the inoc-
ulated soil and biomixture ranged from 6.29 × 106 (±
8.63 × 104) at day 1 to 1.09 × 108 (± 1.54 × 103) copy number
per gram of dry soil at day 7 after inoculation. Subsequently,
copy number values decreased, fluctuating from 4.31 × 107 to
7.09 × 107. In the biomixture, the copy number increased over
time; after 1 day of inoculation, a value of 1.46 × 108 copy
number per gram of dry biomixture was observed, while a

4.05 × 108 copy number was observed after 28 days in the
Streptomyces spp. inoculated biomixture (Fig. 3). For both the
soil and biomixture at the end of the assay, all four strains of
the inoculum were present in a plate with starch casein agar,
with strain AC9 as the dominant strain present while strain
ISP13 was practically non-existent.

Pesticide residues were analyzed in both the soil and
biomixture. Figure 4 shows CP and DZ residues at day 7,
14, 21 and 28 after the Streptomyces spp. mixed culture was
added. As indicated by the data, CP and DZwere not removed
under uninoculated conditions. Therefore, sterile conditions
were maintained, and abiotic removal was absent. In the inoc-
ulated soil (Fig. 4a) and biomixture (Fig. 4b), CP was scarcely
removed. It was observed that approximately 14% of the ap-
plied dose in the soil and 6% of the applied dose in the
biomixture disappeared after 28 days. A different response
was observed for DZ: approximately 22% of DZ removal
was observed in the inoculated soil after 1 week, and DZ
removal increased slightly in the following 2 weeks reaching
an elimination of approximately 30%. During the last week,
residual concentration of DZ decreased further, and approxi-
mately 50% remained in the soil by day 28. In the inoculated
biomixture during the first 2 weeks, DZ concentration de-
clined rapidly showing 55% removal at day 14. After this
time, removal was very slow; it was observed that approxi-
mately 60% of the DZ was removed when the study was
completed. Finally, as indicated by the data analysis, only
DZ removal followed the model utilized and was character-
i z ed by a ra t e cons t an t o f 0 .024 ± 0 .004 and
0.060 ± 0.002 day−1 in the inoculated soil and biomixture,
resulting in T1/2 values equal to 29 and 11 days, respectively
(Table 3).

Discussion

In this study, we evaluated the simultaneous removal of CP
and DZ from three different environmental matrices by a pre-
viously defined Streptomyces spp. mixed culture with a prov-
en ability to remove pesticides (Briceño et al. 2016a, b).

Fig. 2 Confocal laser-scanning fluorescence microscopy analysis of the
Streptomyces mixed culture exposed in liquid medium to 100 mg L−1

chlorpyrifos (CP) plus diazinon (DZ). Samples were stained with
SYTO 9 and propidium iodide. The red and the green colors indicate
dead and living mycelium or spores, respectively

Table 2 Dehydrogenase (DHA)
and acid phosphatase activity
(APP) in inoculated soil and
biomixture with the Streptomyces
mixed culture and contaminated
with chlopyrifos (CP) and
diazinon (DZ)

Time DHA activity (μg TPF g−1 h−1) APP activity (μg p-NP g−1 h−1)

Soil Biomixture Soil Biomixture

1 4.64 ± 0.03a 7.35 ± 0.39c 8.70 ± 0.10b 2.07 ± 0.23d

7 4.83 ± 0.28a 12.49 ± 0.57a 7.99 ± 0.45b 22.24 ± 0.42bc

14 4.29 ± 0.66a 9.96 ± 0.44ab 5.89 ± 0.24c 16.60 ± 0.54c

21 3.09 ± 0.24a 10.34 ± 0.19ab 12.92 ± 0.52a 39.76 ± 4.98a

28 2.29 ± 0.30a 9.16 ± 0.99bc 11.35 ± 0.48a 28.11 ± 3.61b

Statistical analysis was done for days of incubation. Different letters indicate significantly different values of each
treatment, in a same column, ANOVAwith Tukey (P ≤ 0.05)
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Previous studies performed by us have shown that both pure
and mixed cultures of Streptomyces spp. grow in the presence
of OPs, and this trend is maintained in a liquid culture con-
taminated with a CP and DZ mixture applied in a total con-
centration of 100 mg L−1. According to these results, the
mixed culture used the insecticides as carbon and nitrogen
sources to grow, and the pesticide mixture promoted a de-
crease in the biomass duplication time previously reported
for DZ (168 h−1) (Briceño et al. 2016a) and CP (161 h−1)
(Briceño et al. 2016b). Using confocal microscopy, the mixed
culture survival compared with the control allows us to con-
firm the absence of possible antagonistic effects of pollutants
on the bioinoculum.

Removal of OPs from water is of high significance due to
the toxicity of OPs, especially in the production of drinking
water. Therefore, several studies have been performed to in-
vestigate the simultaneous removal of OPs by both single
bacteria (Shimazu et al. 2001; Deng et al. 2015) and bacteria
consortia (Pino and Peñuela 2011; Abraham et al. 2014) as
alternative treatments. In this study, both CP and DZ were
simultaneously removed by the Streptomyces mixed culture,
and a reduction in the T1/2 for each compound was observed
compared to previous results where the pesticides were treated
as single contaminants (Briceño et al. 2016a, b). This result
may be explained due to a complementary metabolic effect
among members of the mixed culture making the most effi-
cient use of these insecticides as nutrient sources (Fuentes
et al. 2013) and by the structural similarity of both molecules
in which P-O cleavage bonds are present (Deng et al. 2015). In
previous studies, Pino and Peñuela (2011) observed that the
effect of mixing pesticides was not positive for the simulta-
neous degradation of methyl parathion and CP by a
consortium formed by Acinetobacter sp., P. putida, Bacillus

sp., among others. However, Fuentes et al. (2013) revealed
that Streptomyces strains were able to grow and simultaneous-
ly remove a mixture of pentachlorophenol and CP; therefore,
Streptomyces strains were proposed as potential tools in the
treatment of multiple pesticides. Similarly, our results showed
the ability of Streptomyces spp. to efficiently remove a pesti-
cide mixture formed by CP and DZ from a liquid matrix,
which is relevant when there is evidence of aquatic contami-
nation by a combination of these two pesticides (Walker
2016).

Simultaneous removal of CP and DZ from the soil and
biobed biomixture was evaluated using biochemical and mo-
lecular aspects to determine the effect of Streptomyces inocu-
lation in both substrates. DHA activity, which provides a de-
termination of overall living cell activity of microorganism,
and APP, which, when produced by microorganisms, is capa-
ble of hydrolyzing phosphate ester bonds, were measured
throughout the study. The Streptomyces mixed culture inocu-
lated in both the sterilized soil and biomixture was active
during the assay, and Streptomyces activity was higher in the
biomixture due to the rich biomixture composition where
straw was used by Streptomyces through cellulose and lignin
degradation (Saini et al. 2015). Ligninolytic activity was ver-
ified for the studied strains through qualitative screening (data
not shown). The above could explain the increased activity
and colonization over time, the latter evaluated by q-PCR, this
quantification of the amplified 16S rRNA products was as-
sumed to give an estimation of the size in this case of the
Streptomyces population (Accinelli et al. 2012). Mycelial
growth of these Actinobacteria allowed efficient colonization
of the biomixture, such as was observed by Campos et al.
(2017) in a biomixture contaminated with the fungicide
iprodione. In the inoculated soil, decreased DHA activity
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was in accordance with the abundance measured by q-PCR,
which could be evidence of a slight impact of pesticides as has
been reported in inoculated soil with applications of CP and
DZ (Cycoń et al. 2009a; Jastrzebska 2011). However, DHA
activity values were similarly observed in the same soil with-
out pesticide application (Arriagada et al. 2012). Therefore,
we suggest that application of OPs in the soil did not favor the
abundance of Streptomyces mixed culture, but the application
of this compound could enhance APP activity, which is in-
volved in mineralization of organic P in the soil. Moreover,
APP (positive by studied Streptomyces, data not shown) could
be involved in the removal of OPs because APPs are enzymes
able to catalyze the hydrolysis of O-P bonds present in CP and

DZ (Singh et al. 2004; Singh et al. 2006; Thengodkar and
Sivakami 2010).

Although inoculated microorganisms showed activity and
the capacity to colonize in both the soil and biomixtures, it
was impossible to observe simultaneous removal of both con-
taminants as observed in the liquid culture. CP was not effi-
ciently removed compared with DZ probably due to the affin-
ity of the adsorbed molecule in the soil particles of the
biomixture and would not be available for uptake by the
Streptomyces inoculum. Bioavailability of pesticides is one
major factor that determines the bioremediation of pesticides
in contaminated soil (Odukkathil and Vasudevan 2013) or
biomixtures with high organic matter, especially when the
compounds have high Koc values (Singh et al. 2006). Low
water solubility of CP (<2.0 mg L−1) and high Koc (6862)
(Njoroge et al. 2016) enables CP to have a large potential to
adsorb in the soil (Solomon et al. 2014) with a strong depen-
dence on the amount of organic matter. Therefore, it would not
be surprising that in soil with 17% organic matter, only 14%
CP was removed and only 6% CP was removed after 4 weeks
in a biomixture with 38% organic matter (this interference is
absent in liquid cultures). Another factor that could have in-
fluenced CP removal is the pH value, which is a parameter of
vital importance in pesticide bioremediation, especially when
bio-inoculation is performed (Odukkathil and Vasudevan
2013; Singh et al. 2006). In a natural and sterilized soil
inoculated with Enterobacter sp., Singh et al. (2006) reported
increased CP removal while the soil acidity decreased; there-
fore, the soil and biomixture with a pH value of 5.8 and 5.0,
respectively, could somehow be restricting CP removal and
favoring DZ hydrolysis under acidic conditions (Cycoń et al.
2009b; Briceño et al. 2016a). Availability and overall dissipa-
tion of a pesticide in the soil varies considerably from one
pesticide to another and depends upon the soil type (Cycón
et al. 2013; Fuentes et al. 2017). In this study, we used Chilean
Andisols characterized by its high organic content matter, low
pH and high superficial reactivity, which determine the avail-
ability of nutrients and pesticides (Palma et al. 2015). This soil
was chosen, first because it is representative of the agricultural
soils of southern Chile and second because it has been used as
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Table 3 First-order kinetics parameters for diazinon (DZ) removal in
the soil and biomixture supplemented with 50 mg L−1 CP and 50 mg L−1

DZ. The chlorpyrifos (CP) removal did not fit the model used, therefore
no data were shown

Parameters DZ

Inoculated soil Inoculated biomixture

Regression equation 0.0035 + 0.024× 1.0972 + 0.0606×

k (day−1) 0.024 ± 0.004 0.060 ± 0.002

T1/2 (day
−1) 29 ± 3 11 ± 0

R2 0.952 0.968
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a constituent of biobed biomixtures (Tortella et al. 2013).
Therefore, our results may be representative of these two sys-
tems, assuming that there are a number of factors between the
soil textures that could be negatively or positively influencing
the performance of the Streptomyces inoculum in CP and DZ
removal. A study by Cycón et al. (2013) showed that CP
removal was different in three soil types inoculated with
Serratia marcescens, where fast removal in a sterilized and
non-sterilized silty soil was observed. On the other hand,
Fuentes et al. (2017) showed that the removal of three organ-
ochlorine pesticides in soils inoculated with a mixed culture of
Streptomyces spp. was observed in the following order: clay
silty loam soil > sandy soil > loam soil. These results were
associated with soil texture where the presence of clay and silt
particles could provide more sites for bacteria to attach and
therefore pesticide utilization. In this study, the authors
showed that Actinobacteria are well adapted to proliferate in
different contaminated soils and colonize these matrices, as
was observed for the silty loam soil and biomixture used in
our study.

Various studies have demonstrated that OPs-
contaminated soils can be decontaminated by inocula-
tion with microorganisms (Chishti et al. 2013, Cycón
et al. 2017). For example, Achromobacter xylosoxidans
(JCp4) and Ochrobactrum sp. (FCp1) were able to de-
grade 93–100% of the input concentra t ion of
200 mg kg−1 CP within 42 days in sterilized as well
as non-sterilized soils (Akbar and Sultan 2016).
Inoculation with Cupriavidus sp. DT-1 (106 cells g−1

of soil), resulted in a degradation of CP and TCP of
100 and 94.3%, respectively; as compared to a degrada-
tion of 28.2 and 19.9% in un-inoculated soil after
30 days of incubation (Lu et al. 2013). Bioremediation
of CP-con tamina ted so i l and inocu la ted wi th
P. fluorescens, Brucella melitensis, Bacillus Subtilis
and P. aeruginosa individually resulted in CP degrada-
tion within a range of 85–92% as compared to 34% in
the control soil after 30 days. In that study, survival of
the inoculum was of 60–70%, and TCP was produced
by P. aeruginosa (Lakshmi et al. 2008). In relation to
DZ degrada t ion , the inocula t ion of so i l wi th
S. marcescens DI101 (106 cells g−1 of soil) in a soil
treated with 100 mg kg−1 of DZ resulted in a faster
degradation within 14 and 16 days in sterilized and
non-sterilized soil, with degradation rates of 0.275 and
0.238 day−1, respectively (Abo-Amer 2011). Finally,
bioremediation of DZ-contaminated soil (100 mg kg−1)
and soil inoculated with S. liquefaciens, S. marcescens
and Pseudomonas sp. individually and the consortium
showed a T1/2 within a range of 11.5–24.5 days. The
consortium was more efficient in DZ degradation
(Cycoń et al. 2009b). Most studies have been focused
on single pesticide degradation. Nevertheless, bacteria

that can degrade various OPs have also been reported
(Cycón et al. 2013; Pino and Peñuela 2011). According
to our results, DZ removal from soil was in accordance
with the removal showed by S. liquefaciens as previous-
ly was report by Cycoń et al. (2009b).

Both single bacteria and bacteria consortia of are able to
efficiently degrade OPs. In previous studies performed with
liquid medium, we observed that the mixed culture consisting
of four Streptomyces strains degraded CP and DZ more effi-
ciently than the individual strains or mixed cultures consisting
of two or three strains (Briceño et al. 2016a, b). For the effec-
tive use of microorganisms in soil inoculation, it is important
to determine the microbial potential by performing studies
under optimal conditions in liquid medium (Cycón et al.
2017). However, the degradative ability of strains in liquid
cultures and natural soils does not always coincide
(Odukkathil and Vasudevan 2016), and this was the case ob-
served for CP removal in our study. Streptomyces mixed cul-
tures have shown adequate removal of organochlorine com-
pounds such as lindane (Fuentes et al. 2011, Saez et al. 2015).
According with our results, CP removal by the defined
Streptomyces mixed culture could be strongly influenced by
intrinsic properties of the soil and the biomixture; therefore,
more advanced studies are needed in order to ensure the suc-
cessful decontamination of environmental matrices with pes-
ticides (Odukkathil and Vasudevan 2016).

The inoculation of biomixtures has been studied as a strat-
egy for optimization of biobed performance (Karas et al.
2016). Therefore, diverse fungi, such as Lentinula edodes
EL1, and Trametes versicolor (Ruiz-Hidalgo et al. 2014;
Pinto et al. 2016), and bacteria, such as Sphingomonas
haloaromaticamans, P. putida and Arthrobacter strain C1
(Karas et al. 2016; Campos et al. 2017), have been used as
inoculum in biomixtures showing very good results in the
removal of thiabendazole, terbuthylazine, iprodione and
carbofuran. This report is the first in which Streptomyces
strains are used as the inoculum in the biobed biomixture.
According to our results, we suggest that Streptomycesmixed
cultures have the ability to act in a very complex system, such
as a biobed biomixture, in which DZ required only 11 days to
be reduced by 50%. Removal of DZwas substantially faster in
the biomixture compared to soil. The increased ability of
biomixture to reduce the T1/2 of DZ in about 63% compared
to soil is because a biomixture which is mainly straw guaran-
tees a continuous supply of nutrients and high microbial ac-
tivity (Pinto et al. 2016). Hence, this mixture shows superior-
ity over soil regarding pesticide dissipation.

Bioaugmentat ion of a biobed biomixture with
S. haloaromaticamans, P. putida and a consortium comprised
of different proteobacteria showed complete dissipation of
thiabendazole in bioaugmented biobed compared to a signif-
icantly lower dissipation (86.7%) in the corresponding non-
bioaugmented biobed (Karas et al. 2016). A biobed packing
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material inoculated with an iprodione-degrading Arthrobacter
strain C1 resulted in an accelerated dissipation of iprodione
compared to the non-bioaugmented biomixture (Campos et al.
2017).

Finally, a study by Diez et al. (2013) showed that at least
50% DZ is removed in different non-bioaugmented
biomixtures after 40 and 90 days depending on the applied
concentration. Therefore, the Streptomyces mixed culture in-
oculation could be a tool or strategy for ameliorating the re-
moval of pesticides in wastewater containing DZ.

This type of study can provide a closer insight into micro-
organisms and their growth requirements before any in situ
treatment for decontamination could be performed (Fuentes
et al. 2017). Our results display a first report regarding the
feasibility to treat OPs in soil and biobed biomixtures using
Actinobacteria; inoculation in the soil and biomixture could
favor removal of DZ from environmental matrices. However,
future assays should be performed using non-sterilized soil
and biomixtures to fully understand the interaction and ability
of the Streptomyces spp. to survey and compete with indige-
nous microorganisms present in the environmental matrices
before this inoculum could be used in the field for DZ
decontamination.

Conclusions

Use of a Streptomyces spp. mixed culture appears to be a good
option to remove pesticide mixtures composed of CP and DZ.
After 10 days, complete depletion was observed for CP, while
DZ was almost completely removed from the liquid medium,
and the primary metabolites, TCP and IMHP, were observed.
The Streptomyces mixed culture colonized properly in both
the soil and biobed biomixture, which was shown as an in-
crease in population and microbial activity. APP activity was
the most representative enzymatic test. When the mixed cul-
ture was inoculated into the soil and biomixture, only 14 and
6% CP were removed, respectively. The majority of the DZ
was removed in the biomixture with a T1/2 of 11 days. Both
the soil and biomixture were studied in sterile conditions;
therefore, microbiological interferences could be discarded.
Consequently, assays conducted in more realistic conditions
should be performed in the future. However, results obtained
in this work indicate that the decontamination strategy using a
Streptomycesmixed culture could represent a promising alter-
native for eliminating CP and DZ residues from liquids and
DZ from soil and biobed biomixtures.
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