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Abstract Biopurification systems (BPS) are employed
for the treatment of pesticide-containing wastewaters. In
this work, a biomixture (active core of BPS)
complemented by the addition of the fungus Trametes
versicolorwas evaluated for the elimination of a mixture
of pesticides under different treatment conditions. The
biomixture achieved high removal of all the pesticides
assayed after 16 d: atrazine (68.4%, t1/2: 9.6 d),
carbendazim (96.7%, t1/2: 3.6 d), carbofuran (98.7%,
t1/2: 3.1 d) and metalaxyl (96.7%, t1/2: 3.8 d). Variations
in the treatment conditions including addition of the
antibiotic oxytetracycline and co-bioaugmentation with
a bacterial consortium did not significantly affect the
removal performance of the biomixture. Bacterial and
fungal community profiles determined by DGGE anal-
yses revealed changes that responded to biomixture
aging, and not to antibiotic or pesticide addition. The
proposed biomixture exhibits very efficient elimination
during simultaneous pesticide application; moreover,
the matrix is highly stable during stressful conditions

such as the co-application of antibiotics of agricultural
use.
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1 Introduction

Diverse approaches (biological and physicochemical)
have been designed for the mitigation of effects de-
rived from contamination by pesticides; nevertheless,
most of them are not cost-effective, which restricts
their field use in farms (Rodríguez-Rodríguez et al.
2013). For this reason, biologically active systems,
named pesticide biopurification systems (BPS) were
developed. BPS aim to treat pesticide-containing
wastewater derived from the management of concen-
trated formulations and the diluted application solu-
tions, to avoid point-source pollution from events
such as spills, leaks or the cleansing of application
equipment (Castillo et al. 2008).

BPS promote microbial degradation and pesticide
adsorption to decrease the adverse effects of agrochem-
icals in the ecosystems (Castillo et al. 2008). Accelerat-
ed removal of pesticides occurs in the biomixture, which
is the biologically active matrix of BPS.

The biomixture is composed by three materials, each
in charge of specific functions: soil, a humic material,
and a lignocellulosic substrate. Soil provides both ad-
sorption capacity and degrading-microbiota; therefore,
soil pre-exposed to the target pesticide is usually
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preferred (Sniegowski et al. 2011). The humic material
contributes to the adsorption too, but also favors the
humidity control and pesticide removal (Castillo et al.
2008). Finally, lignocellulosic wastes enhance the colo-
nization by ligninolytic fungi, whose enzymatic activity
participates in the transformation of several organic
contaminants.

Operational BPS are usually exposed to various pes-
ticides with different modes of action at one given time.
Studies have shown that the elimination of several pes-
ticides might be slower when applied simultaneously
than when applied individually to biomixture systems
(Fogg et al. 2003). Furthermore, antimicrobial agents
(fungicides and antibiotics) are often simultaneously
discarded with pesticides in BPS systems and can po-
tentially disrupt their pesticide removal capabilities by
affecting their indigenous degrading microbiota.

In order to face these challenges and improve the
removal of complex mixtures of compounds in BPS,
bioaugmentation has arisen as a promising option. Bio-
augmentation involves the addition of high concentra-
tions of specialized microbial populations to a natural
environment with the purpose of increasing the rate or
extent to which a pollutant is removed or metabolized
(Leahy and Colwell 1990). It is advantageous when
compared with other treatment alternatives because of
a relatively low cost and the fact that it is environmen-
tally friendly (Carter and Jewell 1993; Edwards and Cox
1997). However, it has often been observed that biotic
and abiotic stresses may cause the number of added
organisms to decrease sharply not long after being
added (Alexander 1999).

In this context, ligninolytic fungi have emerged as
effective bioaugmentation agents. Ligninolytic fungi are
capable of removing a wide range of organic contami-
nants thanks to their unspecific enzymatic activity,
which includes lignin-modifying enzymes and the
cythochrome P450 complex (Doddapaneni and Yadav
2004; Pointing 2001). Their ability to degrade diverse
pesticides such as lindane, atrazine and diuron has been
demonstrated in the past (Bending et al. 2002; Hickey
et al. 1994; Kennedy et al. 1990; Quintero et al. 2007;
Singh and Kuhad 1999). Given the multiple substrates
that may be used in BPS composition and the great
variety of compounds to be treated, relatively few re-
ports in the literature have dealt with degradation of
pesticides by ligninolytic fungi in BPS (Bending et al.
2002; Madrigal-Zúñiga et al. 2016; Rigas et al. 2007;
von Wirén-Lehr et al. 2001).

Likewise, the use of bacterial strains or consortia for
improving pesticide-degradation efficiency in BPS have
only been marginally studied showing mixed results
(Briceño et al., 2013; Verhagen et al., 2013). Recently,
a biomixture bioaugmented with a carbofuran-
degrading consortium was assessed for the removal of
a mixture of pesticides (atrazine, carbendazim,
carbofuran and metalaxyl) while the antibiotic oxytetra-
cycline was also applied (Castro-Gutiérrez et al., 2018).
Even though very good rates and extent of removal were
obtained for the pesticides, these were not affected by
the addition of the bacterial degrading consortium.

Aiming to improve pesticide removal rates, we ex-
plored the use of a biomixture with an identical compo-
sition as the one just described, but in which the ligno-
cellulosic component had been pre-colonized by the
ligninolytic fungus Trametes versicolor. The objectives
were to assess the pesticide removal capabilities and
microbial community changes of this amended
biomixture under co-bioaugmentation with a pesticide-
degrading bacterial consortium, while also assessing the
effect of the addition of the antibiotic oxytetracycline.

2 Materials and Methods

2.1 Chemicals

Commercial formulations and standards of carbofuran,
atrazine, carbendazim, metalaxyl and oxytetracycline
were employed in the removal assays and analytical
determinations, respectively; details can be found in
Supplementary Material. Surrogate (carbofuran-d3)
and internal standard (linuron-d6) were used in the anal-
ysis. Solvents and extraction chemicals are listed else-
where (Ruiz-Hidalgo et al. 2014).

2.2 T. versicolor and Biomixture Preparation

A biomixture composed of coconut fiber precolonized
with T. versicolor, garden compost and agricultural soil
(45:13:42% v/v respectively) was prepared and used for
all systems throughout the study. A blended mycelial
suspension of T. versicolor (ATCC 42530) was prepared
according to Font-Segura et al. (1993), using Sabouraud
broth. The precolonization of the coconut fiber with
T. versicolor was performed before biomixture prepara-
tion. Containers (1.0 L) with humidified coconut fiber
were sterilized (121 °C, 15 min) before inoculation of
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the fungal suspension (ratio: 1 mL suspension in 10 g
coconut fiber). After fungal colonization for 18 d at
25(±1) °C (with manual homogenization every 6 d),
biomixtures were prepared by adding soil (with a history
of carbofuran application) and garden compost, at a ratio
of precolonized-coconut fiber/compost/soil of
45:13:42% (v/v), followed by manual homogenization.
Biomixture composition had been previously optimized
for the elimination and detoxification of carbofuran
(Chin-Pampillo et al. 2015a, Chin-Pampillo et al.
2015b).

2.3 Experimental Set-up and Sampling

Biomixture systems were set up to follow pesticide
removal and changes in the microbial community
throughout time. The effects of the addition of a mixture
of pesticides (atrazine, carbofuran, carbendazim and
metalaxyl), bioaugmentation with a previously obtained
carbofuran-degrading bacterial consortium (Castro-
Gutiérrez et al. 2016) and the addition the antibiotic
oxytetracycline were studied. Six different treatments
were set up as shown in Table 1.

The treatments were assayed in systems consisting of
5 g of the T. versicolor-amended biomixture (pH 6.4) in
50 mL Falcon tubes. For each treatment, triplicate sys-
tems per time point were set up for pesticide quantifica-
tion; additional replicates were used for DNA extraction
and DGGE analyses. All systems were homogenized
and incubated (25 °C) for a period of 64 d. Humidity
was adjusted every 4 d with sterile Mili-Q water.

The bacterial consortium had been obtained from a
pesticide-degrading biomixture (coconut fiber, garden

compost, soil pre-exposed to carbofuran; 50:25:25, v/v),
and the inocula were prepared as previously described
(Castro-Gutiérrez et al. 2016; Castro-Gutiérrez et al.
2018) and, where appropriate, added to specific
biomixture systems at a concentration of 1.14 ×
106 CFU g−1 as determined by plate counts.

2.4 Analytical Procedures

2.4.1 Extraction and Quantification of Pesticides

Pesticide extraction and quantification were carried out
exactly as described elsewhere (Castro-Gutiérrez et al.
2018) using UPLC-MS/MS for analysis. Residual con-
centrations were employed to determine the extent of
pesticide removal (%). Data was adjusted to a first order
model (using SigmaPlot 12.5) to estimate removal rate
constants (k) and pesticide half-lives (t1/2). ANOVA
tests were used to compare removal rate constants (by
compa r i s on o f r eg r e s s i on l i n e s w i t h t h e
STATGRAPHICS Centurion software XVII, Statpoint
Technologies, Inc.).

2.5 Analysis of Microbial Communities

Biomixture samples of 0.40 g were employed for the
extraction of total genomic DNA, using the NucleoSpin
Soil DNA Isolation Kit (Macherey-Nagel GmbH&Co.,
Germany). For DNA extraction of the strain of
T. versicolor, the protocol described by Płaza et al.
(2004) was strictly followed. Total genomic DNA from
the bacterial consortium was obtained as previously
described (Castro-Gutiérrez et al. 2018). Purity and

Table 1 Experimental setup – treatments varying by the presence (marked with “+”) or absence of pesticide mixture (atrazine, carbofuran,
carbendazim, metalaxyl), bacterial bioaugmentation and oxytetracycline in the biomixture. T. versicolor is present in all systems

Treatment name Treatment
code

Pesticide
Mixture*

Bacterial
Bioaugmentation

Oxytetracycline†

No pesticides NP

Pesticides P +

Pesticides + Oxytetracycline PO + +

No pesticides + Bacterial Bioaugmentation NPBB +

Pesticides + Bacterial Bioaugmentation PBB + +

Pesticides + Bacterial Bioaugmentation +
Oxytetracycline

PBBO + + +

*Carbofuran and metalaxyl (30 mg kg−1 a.i.); atrazine and carbendazim (40 mg kg−1 a.i.) commercial formulations
†Oxytetracycline (10 mg kg−1 a.i.), commercial formulation
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concentration of DNA extracted was analyzed in a
2000c NanoDrop spectrophotometer (Thermo Fischer
Scientific, Wilmington, DE). Extracted DNAwas stored
at −20 °C until use. PCR amplification and DGGE
analyses were performed according to Castro-Gutiérrez
et al. (2017).

3 Results and Discussion

3.1 Removal of Pesticides in the Different Biomixture
Treatments

The biomixture was exposed to a combination of pesti-
cides with different modes of action: carbendazim and
metalaxyl (fungicides), atrazine (herbicide), and
carbofuran (insecticide). Moreover, selected systems
were also exposed to oxytetracycline and bioaugmented
with a carbamate-degrading bacterial consortium.

Figure 1 illustrates the pesticide removal profiles for
the different compounds and treatments; their respective
half-lives and removal rate constants are shown in
Table 2. For each one of the pesticides, removal half-
lives showed no statistically significant differences
(p > 0.05) between all the treatments; i.e., bacterial bio-
augmentation, oxytetracycline co-application or the
combination of both caused no significant changes on
pesticide removal rates for this biomixture. Even so,
carbendazim, carbofuran and metalaxyl were almost
completely degraded for all systems at the 16 d time
point, while atrazine removal was lower (67.2–72.2%).

In general, low removal half-lives were obtained when
compared to other studies in soil and biomixture systems.
For carbendazim, values are similar to those found for
biomixtures and soil after previous exposure to the com-
pound (Castillo-González et al. 2017; Huete-Soto et al.
2017b; Tortella et al. 2013b; Yu et al. 2009), which high-
lights its applicability for carbendazim removal. The re-
moval of carbofuran was efficient and in line with half-life
values obtained for biomixtures prepared with carbofuran-
primed soil (Chin-Pampillo et al. 2015a). Half-lives for
metalaxyl in non-primed biomixtures range from 26 to 37
d, while studies for soils have found values between 36
and 39 d (DeWilde et al. 2010; Lewis et al. 2016; Vischetti
et al. 2008), all of them higher if compared to 3.8 to 4.0 d
in this study. For atrazine, half-lives are similar to those
found in other studies using biomixtures prepared with
previously exposed soils (Chu and Eivazi 2015; Tortella
et al. 2013a; Tortella et al. 2013c), while unexposed soils

alone generally exhibit longer half-lives, even reaching 75
d (Lewis et al. 2016; Zablotowicz et al. 2006).

Castro-Gutiérrez et al. (2018) had previously evalu-
ated a biomixture with an overall identical composition
to the one used in this study, using the same batches of
materials, but without fungal pre-colonization in the
coconut fiber (coconut fiber, garden compost and agri-
cultural soil 45:13:42% v/v respectively) and deter-
mined pesticide half-lives. Overall similar values to this
study were obtained for atrazine (t1/2: 8.9–9.9 d),
carbendazim (t1/2: 2.9–3.1 d), carbofuran (t1/2: 2.5–2.8
d) and metalaxyl (t1/2: 2.7–2.8 d).

T. versicolor has been shown to be capable of
degrading atrazine and carbofuran in different condi-
tions in the past. The fungus degraded atrazine on clay
soil and sawdust (85–90%) and in a sterile biomixture
(Bending et al. 2002; Bastos and Magan 2009). For
carbofuran, Mir-Tutusaus et al. (2014) found extensive
degradation by mycelial pellets of T. versicolor in de-
fined liquid medium. Madrigal-Zúñiga et al. (2016)
found addition of T. versicolor to be more effective
when assayed for carbofuran removal in a peat-based
biomixture as opposed to a compost-based one. The
authors cited the higher C/N ratio and lower pH values
derived from using peat instead of compost as part of the
reasons for this finding; these factors have been found to
promote the colonization and production of degrading
enzymes by ligninolytic fungi (Eggert et al., 1996;
Tavares et al., 2006). Furthermore, crude laccase ex-
tracts produced by T. versicolor have been found to
express maximum activity at pH 4.5 (Stoilova et al.
2010). As compost was used as humic substance in this
work, the biomixture had a relatively high pH of 6.4,
which may explain why the addition of the fungus did
not seem to improve atrazine and carbofuran removal
vs. the biomixture without it.

As to the fungicides (metalaxyl and carbendazim), re-
sults from other studies regarding the efficiency of their
removal using T. versicolor have been relatively poor. The
fungus degraded metalaxyl in a sterile biomixture at low
levels (Bending et al. 2002). Negligible carbendazim re-
moval by T. versicolor has been reported in defined medi-
um (Murillo-Zamora et al. 2017). Furthermore,
carbendazim and other benzimidazole fungicides have
been used in formulations for wood preservation against
white rot fungi (WRF) such as Trametes sp. (González-
Laredo et al. 2015).

No significant differences in the removal half-lives in
all the assayed treatments for each of the four pesticides
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indicate that the addition of oxytetracycline is not inter-
fering with pesticide-removal capabilities of this partic-
ular biomixture.

In a recent report (Huete-Soto et al. 2017a) no effect
of oxytetracycline on atrazine half-lives was found in a
biomixture of the same proportional composition as the

Table 2 Half-lives (t1/2) and removal rate constants (k) for atrazine, carbendazim, carbofuran and metalaxyl in each of the different
experimental treatments of the biomixture (n = 3)

Pesticide P PO PBB PBBO

t1/2 (days) k t1/2 (days) k t1/2 (days) k t1/2 (days) k

Atrazine 9.6 0.0721 9.8 0.0706 9.4 0.0735 8.7 0.0795

Carbendazim 3.6 0.1904 3.4 0.2017 3.5 0.1969 3.6 0.1935

Carbofuran 3.1 0.2263 2.9 0.2375 2.9 0.2377 3.1 0.2263

Metalaxyl 3.8 0.1828 4.0 0.1724 4.0 0.1748 4.0 0.1751

Fig. 1 Pesticide removal profiles for atrazine, carbendazim,
carbofuran and metalaxyl in a biomixture amended with
T. versicolor under different oxytetracycline and carbamate-

degrading bacterial consortium addition schemes. Values plotted
are the means ± SD for triplicate samples
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one used in this study but with a different mixture of
pesticides. Similarly, Jiménez-Gamboa et al. (2018)
found that removal or accelerated degradation of
carbofuran were not negatively affected by the addition
of oxytetracycline in a similar biomixture. Regarding
the fungicides, Castillo-González et al. (2017) found
that the combination of oxytetracycline and gentamycin
from commercial formulations did not affect the remov-
al of carbendazim and metalaxyl in a biomixture of
similar composition as the one employed in this work.
Contrastingly, oxytetracycline has been shown to delay
the removal of carbendazim and metalaxyl also in a
similar matrix (Huete-Soto et al. 2017b), nevertheless
with a different mixture of pesticides. Altogether, data
suggest that the impact of oxytetracycline on the remov-
al of these fungicides in this biomixture may be affected
by the combination of pesticides applied at a given time.

In this case, the lack of effect of the antibiotic on
pesticide removal efficiency may be determined by a
complex combination of factors that includes the partic-
ular autochthonous microbial communities, physico-
chemical characteristics of the pesticides and matrix,
and the addition of specific combinations of
agrochemicals.

Regarding bacterial bioaugmentation, the lack of
difference in pesticide removal rate constants and
half-lives between the treatments with and without
the carbofuran-degrading consortium (P vs PBB and
PO vs PBBO) indicates that the carbofuran-
degrading capabilities of the biomixture were not
enhanced. Literature cites small inoculum, failure
to adapt to new environmental conditions, competi-
tion with native microorganisms and predation as
some of the main reasons for a bioaugmentation
failure (Bouchez et al. 2000). The degrading consor-
tium was originally isolated from a biomixture with
a similar composition to the one used in this study
and successful bioaugmentation of other biomixtures
has been carried out with similar inoculum levels
(Goux et al. 2003; Struthers et al. 1998). Therefore,
the lack of enhancement in carbofuran removal by
bacterial bioaugmentation might have been due to
competition with native microflora.

3.2 Alteration of Microbial Communities
during Different Treatments in the Biomixture

DGGE analyses were employed to determine changes
for both fungal and bacterial communities (Fig. S1,

Supplementary Material). For all profiles, changes in
the community were more evident at the 16, 32 and 64
d time points. As to fungal DGGE profiles, the main
band corresponding to T. versicolor was clearly seen
during all the treatments, however in some of them two
prominent bands appeared associated with T. versicolor,
even though the samples were generated from the same
template DNA in the same single round of PCR
amplification. Neilson et al. (2013) showed that a single
amplicon may present multiple bands in DGGE corre-
sponding to different structural conformations, which
may explain the observation in this study. Regardless
of the number, the intensity of the band(s) usually de-
creased slightly at time 32 d, while the intensity of
multiple other bands in the fingerprint increased; none-
theless, it still remained as the most prominent band in
the profile. At time 64 d the magnitude of other bands
consistently surpassed that of T. versicolor. This indi-
cates that even though the fungus remains in the
biomixture throughout the whole assay, its relative im-
portance in the fungal community decreases through
time. Persistence of T. versicolor has not been corrobo-
rated for other BPS applications; however, its success in
soil colonization varies widely (Borràs et al. 2010;
McErlean et al. 2006, Novotný et al., 1999). Even
though the ability of T. versicolor to persist in a
compost-based biomixture with diverse resident micro-
biota was demonstrated, it did not effectively translate in
enhanced pesticide removal.

UPGMA cluster and nMDS analyses for paired
treatments of bacterial amplicons are shown in
Fig. 2. Figure 2A represents the treatments lacking
pesticides: NP and NPBB (with bacterial consor-
tium). DGGE profiles for consortium-bioaugmented
treatments did not show the persistence of the inoc-
ulum throughout time, probably because the magni-
tude of the inoculum was low relative to the overall
bacterial population in the biomixture. Cluster anal-
ys is revealed high s imi lar i ty be tween the
consortium-bioaugmented samples and their respec-
tive non-bioaugmented controls for each time point
(81–88%) which indicates that bacterial bioaugmen-
tation is not generating substantial changes in the
main bacterial populations of the matrix. However,
moderate changes, probably related to aging
(Castillo et al. 2008; Castro-Gutiérrez et al. 2017)
and/or environmental factors (relative drought,
rewetting) (Sniegowski et al. 2011), are visible
through time in the nMDS analysis.
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Fig. 2 Cluster and non-metric multidimensional scaling (nMDS)
analysis of DGGE profiles of bacterial amplicons of aWRF-amended
biomixture under different pesticide addition, oxytetracycline addition
and bacterial consortium bioaugmentation schemes. NP: no pesti-
cides; P: pesticides; PO: pesticides + oxytetracycline; NPBB: no

pesticides + bacterial bioaugmentation; PBB: pesticides + bacterial
bioaugmentation; PBBO: pesticides + bacterial bioaugmentation +
oxytetracycline. Scale on UPGMA graphs indicates similarity. Num-
bers on nMDS plots indicate sampling day
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DGGE profiles for two pesticide-amended treat-
ments, one with oxytetracycline (PO) and one without
it (P), are illustrated in Fig. 2B. Similarity values be-
tween 83% and 95% between time-paired samples show
that addition of the antibiotic formulation did not gen-
erate considerable shifts in the overall profile of the

main bacterial communities. However, as in the previ-
ous pair of biomixture treatments, aging and environ-
mental factors are seemingly driving bacterial commu-
nity drift. Given the elevated similarity values between
time-paired samples for treatments PBB and PBBO
(83–93%), similar conclusions can be drawn from the

Fig. 3 Cluster and non-metric multidimensional scaling (nMDS)
analysis of DGGE profiles of bacterial (A) and fungal (B)
amplicons of a WRF-amended biomixture for all pesticide addi-
tion, oxytetracycline addition and bacterial consortium bioaug-
mentation schemes, restricted to sampling days 16, 32 and 64 for
bacteria, or days 32 and 64 for fungi. NP: no pesticides; P:

pesticides; PO: pesticides + oxytetracycline; NPBB: no pesticides
+ bacterial bioaugmentation; PBB: pesticides + bacterial bioaug-
mentation; PBBO: pesticides + bacterial bioaugmentation + oxy-
tetracycline. Scale on UPGMA graphs indicates similarity. Num-
bers on nMDS plots indicate sampling day
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Fig. 4 Cluster and non-metric multidimensional scaling (nMDS) anal-
ysis of DGGE profiles of fungal amplicons of a WRF-amended
biomixture under different pesticide addition, oxytetracycline addition
and bacterial consortium bioaugmentation schemes. NP: no pesticides;
P: pesticides; PO: pesticides + oxytetracycline; NPBB: no pesticides +

bacterial bioaugmentation; PBB: pesticides + bacterial bioaugmentation;
PBBO: pesticides + bacterial bioaugmentation + oxytetracycline. Scale
on UPGMA graphs indicates similarity. Numbers on nMDS plots
indicate sampling day
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cluster and nMDS analysis of paired samples, depicted
in Fig. 2C.

In an attempt to reveal differences between
biomixture configurations, an additional DGGE analy-
sis was performed with samples from times 16, 32 and
64 for all conditions simultaneously (Fig. 3). For the
bacterial profiles (Fig. 3A) clusters with similarities of
77%, 84% and 82% can be observed for all the samples
from times 16 d, 32 d, and 64 d respectively. Little
divergence for all samples for the same time points
indicates that none of the assayed factors in the initial
conditions, namely pesticide mixture addition, bacterial
bioaugmentation or oxytetracycline addition, or their
combinations are generating significant changes in the
overall main bacterial community structure of the
biomixture.

Cluster and nMDS analyses of fungal fingerprints for
the different treatments are shown in Fig. 4. A common
observation throughout the sample patterns is that at time 0
d, the main bands associated with T. versicolor clearly
dominated the fingerprint, while gradually, as commented
before, their relative importance decreased; usually at 32 d
a relatively complex banding pattern was present for all the
treatments. Figure 4A illustrates fungal community struc-
ture changes throughout the assay for the treatments with-
out pesticide application (NP and NPBB). Similarity levels
from 74% to 96% were obtained for time-paired samples,
indicating that bacterial bioaugmentation did not exert
significant shifts on the main fungal community of these
samples. Nonetheless, as with previous samples, aging
effect was clearly visible.

Analyses for paired treatments P and PO, and PBB
and PBBO, are displayed on Fig. 4B and C respectively,
to illustrate the effect of oxytetracycline addition on the
fungal community of the samples not bioaugmented and
bioaugmented with the bacterial consortium. Similarity
levels from 69% to 87% (P and PO) and from 68% to
91% (PBB and PBBO) were obtained for each series of
time-paired samples. While low to moderate divergence
between samples was observed halfway through the
assay, nMDS analyses failed to show consistent distinc-
tion between systems containing or lacking oxytetracy-
cline; hence the differences could not be attributed to the
addition of the antibiotic formulation. In order to reveal
additional differences between the treatments, samples
in which higher fungal ribotype diversity was observed

(32 and 64 d) were compared for all conditions in an
additional DGGE run (Fig. 3B). As was the case with
bacterial samples, grouping of samples from the differ-
ent treatments in time-related clusters indicates that
biomixture aging is the main factor guiding fungal pop-
ulation modifications.

No clear pattern for pesticide addition, oxytetracy-
cline addition or bacterial bioaugmentation can be rec-
ognized to be substantially shaping bacterial or fungal
community structure throughout the assay. Instead most
changes appear to be associated with biomixture aging.
Previous studies have determined that after the addition
of pesticides to BPS the microbial community may
undergo mild changes (Castro-Gutiérrez et al. 2017;
Chen et al. 2015; Tortella et al. 2013a; Tortella et al.
2013b) or in other cases may suffer stronger transient
effects onmicrobial community structure (Coppola et al.
2011, Marinozzi et al. 2013).

As mentioned before, DGGE profiles show that
T. versicolor remains in the biomixture throughout the
whole assay. Even though degradation of atrazine,
carbofuran and metalaxyl by the fungus has been dem-
onstrated in some conditions (Bastos and Magan 2009;
Bending et al. 2002) or disproven for metalaxyl and
carbendazim in others (Murillo-Zamora et al. 2017), its
presence is not causing significant changes in pesticide
removal rate constants.

4 Conclusions

Altogether, each of the four pesticides contained in the
mixture was effectively removed by the biomixture.
This was true regardless of oxytetracycline addition;
however bacterial bioaugmentation did not improve
removal rates in any of these cases. Bacterial and fungal
community structure was modified mainly as a conse-
quence of biomixture aging, with pesticide addition and
antibiotic addition having no palpable effect. Addition-
ally, the presence of the fungal inoculant was corrobo-
rated throughout the entire assay for all treatments. The
results indicate that the biomixture formulation is robust
and has a high efficiency of pesticide removal.
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