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Effect  of atrazine  on  microcosm  simulating  a peat  based  biomixture  of  on-biopurification  system  was  evaluated.
Atrazine  dissipation,  enzyme  activities  and  microbial  communities  were  assessed.
Efficient  atrazine  degradation  and  short-term  inhibitory  effect  on  microbial  activity  were  observed.
Atrazine  did not  significantly  change  the structure  of microbial  communities.
We  demonstrate  the  microbiological  robustness  of peat  based  biomixture  when  high  atrazine  dose  is treated.
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a  b  s  t  r  a  c  t

The  effects  of  repeated  atrazine  application  (40  mg  a.i. kg−1)  on  its  degradation,  microbial  communi-
ties  and  enzyme  activities  were  studied  in a peat  based  biomixture  composed  by  straw,  soil  and  peat
in  the  volumetric  proportions  of 2:1:1  that  can  be used  in on-farm  biopurification  system.  Atrazine
removal  efficiency  was high  (96%,  78%  and  96%)  after  each  atrazine  application  and  did  not  show  a  lag
phase.  Microbial  enzyme  activities  were  reduced  significantly  with  atrazine  application  but  rapidly  recov-
ered.  Microbial  diversity  obtained  by  BiologEcoplateTM was  similar  after  the  first  and  second  atrazine
application.  However,  an inhibitory  effect  was observed  after  the third  application.  After  each  atrazine
application,  culturable  fungi  were  reduced,  but  rapidly  recovered  without  significant  changes  in cultur-
iopurification system
trazine

able  bacteria  and actinomycetes  compared  to the  control.  Denaturing  gradient  gel  electrophoresis  (DGGE)
patterns demonstrated  that  microbial  community  structure  remained  relatively  stable  in  time  when  com-
pared to  the  controls.  In  conclusion,  our  results  demonstrated  that  after successive  ATZ  applications,  the
peat  based  biomixture  had  a good  degradation  capacity.  Moreover,  microbiological  assays  demonstrated
the  robustness  of  the  peat  based  biomixture  from  a microbiological  point  of  view to support  pesticide
degradation.
. Introduction

On farm biopurification systems, commonly known as
biobeds”, are a biotechnological tool used to reduce pesticide
oint source pollution [1]. The principal component is the biomix-
ure [2], which is composed traditionally of straw, peat and soil in
 volumetric proportion of 2:1:1. However, some lignocellulosic
ubstrates of the biomixture have been replaced in some countries,
or adaptation purposes [3–5]. This composition promotes the

∗ Corresponding author. Tel.: +56 45 325487; fax: +56 45 325053.
E-mail addresses: gonzalo.tortella@gmail.com, gtortell@ufro.cl (G.R. Tortella).

304-3894/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2013.05.059
© 2013 Elsevier B.V. All rights reserved.

development of numerous microorganisms, especially white rot
fungi, which can degrade pesticides through extracellular enzymes,
e.g., phenoloxidases [2]. Several studies have been reported to
examine pesticide biodegradation in the biomixture of a biopurifi-
cation system [6–12] and in a full-scale biobed model [13,14].

Pesticides are synthesised to inhibit the growth of target
microorganisms, but their effects can often be extended to non-
target soil microorganisms as has been well reported in the
literature [15,16], causing changes in microbial community struc-

ture and soil quality [16–18]. Thus, it is expected that pesticides
will also affect the microbial communities in the biomixture of
biopurification systems. However, few studies up to now have been
presented detailed information on pesticide effect on the microbial
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ommunity structure in a traditional biomixture of biobed system
2,19]. Therefore, a better understanding on the dynamics of the

icrobial communities and enzyme activities in the biomixture
fter pesticide exposure in this biopurification system is crucial
o know if possible changes induced in microbial communities
nd their activities can influence the pesticide biodegradation
nd their microbiological sustainability. Research to date suggests
hat the composition of microbial communities in compost based
iomixtures contaminated with pesticides is reduced, but recovery
rom the effects of pesticides is normally observed over time. For
xample, Vischetti et al. [9] reported that the microbial biomass
MBC) content in a compost based biomixture composed of vine-
ranches, urban wastes-garden compost following the addition
f chlorpyrifos and metalaxyl negatively affected the MBC, but
his was recovered as the pesticide concentration decreased.
imilar results regarding the effect different fungicides had on
icrobial diversity in a modified biomixture consisting of com-

ost and straw were reported by Coppola et al. [20]. Denaturing
radient gel electrophoresis (DGGE) showed a transient change of
icrobial diversity that was correlated to fungicides application.

ecently, Marinozzi et al. [5] reported that the application of three
ungicides showed adverse effects in the structure of biomixture

icroorganisms. However, negative effects were transitory, and
ecoveries of microbial parameters were observed 60 d after the
esticide application. However, these effects could be more severe
hen pesticides are more persistent, applied repeatedly at high

oncentrations or occur in combination with other toxic com-
ounds [2,7,9,21]. Although Sniegowski et al. [10] reported that in
iobed system linuron mineralisation not was affected when the
iomixture was exposed to cold period and to pesticide mixture.

nterestingly, Sniegowski et al. [10] reported that variations in
verall microbial communities in biobed were associated with
nvironmental changes as cold or drought period and not related
ith pesticide application. Moreover, changes in microbial com-
unities related with pesticide application were observed when

pecific target bacterial genera were evaluated. In another work,
niegowski et al. [11] reported that bioaugmentation of on-farm
iopurification system with pesticide primed-soils, showed the
roliferation of specific microorganisms responsible of the linuron
ineralisation. However, it was not clear in the biomixture com-

osed by non-primed soil. In this sense, Bers et al. [12] reported that
he presence of linuron in the biomixture could activate important
nknown biological mechanism involved in linuron degrada-
ion. According to the mentioned above, variation and effects
aused by pesticides in the biomixture are just beginnings to be
xplored.

Atrazine [2-chloro-4-ethylamino-6-isopropylamino-1,3,5-
riazine] (ATZ) it is a herbicide widely used in agricultural
ctivities in the world to control broadleaf weeds in corn (Zea mays
.) and wheat (Triticum aestivum) production. ATZ has been iden-
ified as a moderately persistent pesticide and their movements
hrough environment are key factors influencing its potential to
ontaminate soil and water [22]. Moreover, ATZ has been reported
s one of the major pesticide requiring an important attention and
herefore the development of effective methods for decontamina-
ion of contaminated matrices [23,24] and little information has
een reported in the literature regarding its degradation and their
icrobiological effects in the biobed system.
Thus, the aim of the present study was to evaluate the impact of

TZ applied repeatedly at high concentrations on microbial func-
ional diversity, microbial communities, enzyme activities and its
egradation in a biopurification system background composed by

traw:peat:soil in the volumetric proportions of 2:1:1. This biomix-
ure was selected because is widely used in biobed system and
ittle information is reported from microbiological point of view,
ompared to compost based biomixtures.
s Materials 260 (2013) 459– 467

2. Materials and methods

2.1. Chemicals

Analytical standards of ATZ (99% purity) were purchased from
Chem Service (West Chester, USA). The commercial formulation
of ATZ (Atranex 50 SC) was  obtained from Agan Chemicals Man-
ufacturers Ltd. MBTH (3-methyl-2-benzothiazolinone hydrazone),
DMAB (3-(dimethylamino) benzoic acid) were purchased from
Aldrich.

2.2. Biomixture preparation

The biomixture was prepared by mixing top soil, commercial
peat (organic carbon 39.6%) and winter wheat straw (organic car-
bon 43%) in the volumetric proportions of 1:1:2, respectively. The
soil (30.7% sand, 41.8% silt, 27.4% clay, organic matter 18%, pH 6.1)
was collected (0–20 cm)  from the experimental station Maquehue
(Andisol Freire series; 38◦50′ S, 72◦41′ W)  of La Frontera University
(Temuco-Chile), which was without an ATZ application history. The
straw was cut into small fragments (3 mm)  using a food processor,
while the soil and the peat were sieved (3 mm). The constituents
were mixed vigorously and homogenised by hand. The biomixture
was placed inside of a polypropylene bag for the maturation process
during 150 d at 25 ± 2 ◦C and the moisture content was adjusted
with sterilised distilled water (SDW) to approximately 60% of its
water holding capacity (WHC) and stored. Chemical characterisa-
tion is available as supplementary material (Table S1).

2.3. Biomixture treatment

After the maturation process, bulk samples (2.0 kg)
of the biomixture were placed into glass containers
(40 cm × 20 cm × 10 cm deep) in triplicate and artificially con-
taminated. ATZ was applied with a predetermined volume
according to a commercial formulation, which allowed for a proper
dilution with SDW to give a certain level of ATZ (40 mg  a.i. kg−1)
and to obtain biomixture moisture of 60% (WHC). The ATZ dose
applied was approximately forty-fold above the recommended
field dose, to simulate a pesticide spill on the biomixture. The
treatments consisted of three successive doses of ATZ at the same
concentration on 0, 30 and 60 d. A biomixture control received the
same amount of SDW without ATZ. Control and treatment were
incubated at 25 ± 2 ◦C for 90 d. The biomixture moisture was main-
tained by regular addition of SDW. At fixed intervals and between
each ATZ application, samples of the biomixture were collected
for the determination of residual ATZ and biological parameters.
Pesticide recovery is available in supplementary material.

2.4. Enzyme activities

Dehydrogenase activity (DHA) was  calculated using a standard
curve using 2,3,5-triphenyltetrazoliumchloride (TTC) as a substrate
according to Casida et al. [25]. DHA was  expressed as �g TPF pro-
duced g−1 h−1.

Acid and alkaline phosphatase activities were determined
according to Tabatabai and Bremmer [26] using p-nitrophenyl
phosphate (0.05 M)  as a substrate. Phosphatase activities were
expressed as �g p-nitrophenol g−1 h−1 produced.

Phenoloxidase activity was determined using the MBTH/DMAB
method proposed by Castillo et al. [27] and Castillo and Torstensson
[28].
2.5. Community level physiological profiles (CLPP)

CLPPs were assessed by the BiologEcoplateTM system (Biolog
Inc., CA, USA). Microplates containing 96-wells filled with 31 sole
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arbon sources and water blank, all in triplicate, were inoculated
ccording to the method proposed by Fang et al. [29]. Viable cell
umber was determined using a LIVE/DEAD® BacLightTM Bacterial
iability Kit (Invitrogen, Carlsbad, CA). Then, 104 viable cells were

noculated into each well and incubated at 25 ± 1 ◦C. The colour
evelopment in each well was monitored at regular time intervals
or 74 h at 590 nm using a Bio-Tek ELx800 microplate reader (Bio-
ek Instrument Inc., USA).

The microbial activity in each microplate was expresses as the
verage well-colour development (AWCD) and determined accord-
ng to Garland and Mills [30] as follows:

WCD =
∑ ODi

31

here ODi is the optical density at 590 nm of a substrate i corrected
ubtracting the blank well values. Furthermore, the biomixture
iversity index was calculated according to Fang et al. [29] as fol-

ows:

hannon–Weaver indexH = ˙pi (ln pi) Shannon–Evenness indexE

= H′

ln S

here pi is the proportional colour development of the ith well over
he total colour development of all the wells and S (substrate utili-
ation richness) is the number of wells with a colour development.

.6. Cell enumeration

The total number of cultivable bacteria, fungi and actinomycetes
ere counted in the treated and control biomixture. Biomixture

amples (10 g d.w.) were placed in Erlenmeyer flasks containing
0 mL  of saline buffer (0.85% NaCl) and shaken at 250 rpm and at
5 ◦C for 1 h to ensure homogeneous dispersion of the soil particles.
fter 30 min, the clear supernatant was used for serial dilutions

10−4–10−7) and spread onto plate count agar (PCA) media (Difco
aboratories) containing cycloheximide (100 mg L−1) for the deter-
ination of the total cultivable bacteria, Rose Bengal-Streptomycin
gar (Oxoid Ltd., UK) for the determination of cultivable fungi and
acto-Actinomycete Isolation agar (Difco) for the determination of
ultivable actinomycetes. The plates were incubated at 30 ◦C for 48
nd 72 h for bacteria and actinomycetes, respectively, and at 25 ◦C
or 72 h for fungi. All results were expressed as colony forming units
CFU) per mL.

.7. PCR-DGGE

The total DNA of the microbial community was extracted from
he biomixture (0.4 g) of each glass container established in Section
.3 at 0, 10, 30, 40, 60, 70 and 90 d using the NucleoSpin Soil DNA
solation Kit (Macherey-Nagel. GmbH & Co., Germany) according

anufacturer instructions.
The bacterial DNA was amplified with primers F341-GC and

534 [31], which target the 16S rRNA gene. Positive (Pseudomonas
pp.) and negative controls were run for every set of PCRs. ITS
egions of the fungal rRNA gene were amplified using the primers
TS3-GC and ITS4 [32]. Positive (Anthracophyllum discolor) and neg-
tive controls were run for every set of PCRs. Actinomycetes rRNA
ragments were amplified by nested-PCR. To amplify the 16S rRNA
ene from actinomycetes, the F243 primer was used with the
everse primer R1378 [33]. One �L of the obtained PCR products
first PCR round) was used as a template for a second PCR using
he primers F341-GC and R534 [31]. Positive (Streptomyces spp.)

nd negative controls were used. All PCR conditions are available
s supplementary material

PCR products from bacteria, fungi and actinomycetes were sub-
ect to DGGE analysis using an omniPAGE-DGGE (Cleaver Scientific,
s Materials 260 (2013) 459– 467 461

Warwickshire, UK). An 8% (w/v) polyacrylamide gel containing a
linear denaturing gradient between 40–65% (for bacteria), 30–70%
(for fungi) and 30–60% (for actinomycetes) of urea and formamide
was prepared using a GM-100 Linear Gradient Maker (CBS Scien-
tific, UK). Twenty �L of the PCR products were loaded onto the
gel and the electrophoresis was run for 17 h at 60 V at 60 ◦C. After
electrophoresis, the gels were silver-stained.

2.8. Analysis of microbial communities structure

The cluster analysis of DGGE banding profiles was carried
out using the Phoretix 1D analysis software (Nonlinear Dynam-
ics, Durham, USA). The similarity in the profiles of the bands
was calculated on the basis of the Pearson correlation coeffi-
cient with the UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) clustering algorithm. Based on the matrix
obtained from Phoretix 1D analysis, the changes in the presence
(or absence) and abundance of bacterial groups were analysed
by non-metric multidimensional scaling (MDS) using PRIMER-
v6 (http://www.primer-e.com/demo/demo.htm) with Bray–Curtis
similarity index and used to estimate the bacterial diversity by
Shannon–Wiener index as described by Yang et al. [34].

2.9. Pesticides analysis

ATZ was  measured by HPLC using a Merck Hitachi L-2130 pump,
a Rheodyne 7725 injector with a 20 �L loop and a Merck Hitachi L-
2455 diode array detector. Separation was  achieved using a C18
column (Chromolit RP-18e, 5 �m × 4.6 mm × 100 mm). Eluent A
was ammonium acetate (1 mM)  and eluent B was acetonitrile.
The flow rate was set at 1.0 mL  min−1, with 0–10 min in an iso-
cratic mode. The column temperature was maintained at 30 ◦C. The
detector was  set at 222 nm for the data acquisition. Instrument
calibrations and quantification were performed against pure ATZ
reference standards (0.1–10 mg  L−1).

2.10. Statistical analysis of data

Experiments were conducted using three independent repli-
cates. Data were subjected to a one-way analysis of variance
(ANOVA) and the averages were compared by Duncan’s multiple
range tests with a level of 0.95.

3. Results and discussion

3.1. Degradation of ATZ after repeated applications in the
biomixture

The ATZ removal efficiency in the biomixture was  high, i.e., 96%,
78% and 96% following the first, second and third successive appli-
cation, after 30, 60 and 90 d respectively (Fig. 1). ATZ degradation
has been previously studied in the soil, and successive applications
of ATZ were shown to enhance its degradation by soil microor-
ganisms [35]. Rapid pesticide degradation has been also observed
in biobed system when pesticide-primed material was used in the
biomixture [36]. In addition, Vischetti et al. [9] reported that suc-
cessive applications of metalaxyl on a compost based biomixture
resulted in the rapid degradation of the target compound after three
applications. However, in this study successive ATZ applications not
showed an increase of ATZ degradation in the biomixture used in

this study. In fact, after the second application of ATZ, the degrada-
tion efficiency slightly decreased (from 96% to 78%), but the system
was able to recover and show a positive performance in the 3rd ATZ
application, with degradation values of approximately 95%.

http://www.primer-e.com/demo/demo.htm
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.2. Enzyme activities
The results for the different enzyme activities measured in the
iomixture during the three successive applications of ATZ are
hown in Fig. 2. The levels of phosphorus cycling enzymes, acid
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and alkaline phosphatases, fluctuated during the 90 day incuba-
tion (Fig. 2a and b). Acid phosphatase activity ranged between
2 and 9 �g PNF g−1 h−1 in both the ATZ contaminated biomix-
ture and the control assay (Fig. 2a). A negative effect on acid
phosphatase activity was observed in the contaminated samples
immediately after ATZ application when compared to the con-
trol (P < 0.05). Nevertheless, the levels of acid phosphatase activity
recovered shortly after 1st, 2nd and 3rd ATZ application, which
suggests an adaptive response of the microbial communities in the
biomixture. Alkaline phosphatase activity, over the treatment time,
ranged between 1 and 4 �g PNF g−1 h−1 (Fig. 2b), and contrary to
what was observed with acid phosphatase activity, there was  an
increase in alkaline phosphatase activity compared to the control
(P < 0.05) after 1st, 2nd and 3rd ATZ application. A similar effect
was described by Van Dyk and Pletschke [37], in which some pes-
ticides have a positive effect on alkaline phosphatase activity in
soil. Furthermore, Perucci and Scarponi [38] reported that alkaline
phosphatase activity was increased by ATZ in soil. In another work,
Sofo et al. [39] reported that application of four sulphonylureas
herbicides in soil at highest doses showed an enhancing effect in
both alkaline and acid phosphatase activities. However, the differ-

ences in the response of phosphatase activities could be due to the
chemical nature of the pesticides or to differences in the physi-
cal, chemical or microbiological properties of the soil used in the
studies.
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Fig. 3. Average well colour development (AWCD

ATZ application significantly (P < 0.05) diminishes the phenolox-

dase activity during the first 30 d of the incubation (1st ATZ
pplication) compared to the control (Fig. 2c). However, phe-
oloxidase activity was increased (0.55 U L−1) when compared to
he control (0.37 U L−1) after the 2nd and 3rd ATZ application to
ime (h)

iomixture samples at different sampling times.

the biomixture (day 30 and 60). Phenoloxidase activity has been

reported as the most important biological activity for pollutant
degradation in soil [40,41] and in the biomixture of biobed sys-
tems [2]. Our results suggest that ATZ degradation might be linked
to extracellular phenoloxidases produced by fungi present in the
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Table  1
Diversity indices after repeated applications of ATZ (40 mg  kg−1). Different upper or lower case letter show significant differences between ATZ and control in the same
sampling point or between different sampling points within the same treatment respectively. Mean values (n = 3) with Duncan test (P ≤ 0.05).

Time (d) Shannon’s (H) Evenness (E)

Atrazine Control Atrazine Control

0 3.18 ± 0.02 Aa 3.14 ± 0.03 Aa 0.95 ± 0.01 Aab 0.94 ± 0.01 Aab
10  2.89 ± 0.05 Ab 2.30 ± 0.05 Bd 0.95 ± 0.02 Aab 0.93 ± 0.01 Abc
30  3.17 ± 0.02 Aa 3.09 ± 0.02 Aa 0.95 ± 0.01 Aab 0.95 ± 0.01 Aab
40  2.88 ± 0.06 Ab 2.81 ± 0.04 Ab 0.92 ± 0.01 Ab 0.91 ± 0.03 Ac

.02 Ac

.05 Aa

.13 Ba

b
l
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t
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E
a

60  2.60 ± 0.06 Ac 2.88 ± 0
70  2.98 ± 0.12 Bb 2.68 ± 0
90  3.06 ± 0.13 Aa 2.60 ± 0

iomixture, especially during the last 30 d of incubation. Neverthe-
ess, although phenoloxidase activity increased immediately after
he 2nd ATZ application (Fig. 2c), degradation efficiency is low (78%)
n this period (Fig. 1). ATZ degradation in soil by fungi and bacteria
as been well reported [42–45]. Therefore, these results suggest
hat others degradation mechanisms or enzyme activities involved
n ATZ degradation and not evaluated here as cellobiose dehy-
rogenase [44] could be affected in the biomixture after repeated
esticide application.

The observed dehydrogenase levels did not show marked fluc-
uation patterns, with activities ranging from 6 to 10 �g g−1 h−1

nd 7–9 �g g−1 h−1 in the contaminated biomixture and the con-
rol, respectively (Fig. 2e). A significant (P < 0.05) decrease (30%) in
he activity was observed within the first 20 d after ATZ applica-
ion. However, the activity recovered to the initial values after the
econd application of ATZ and was slightly increased after the third
pplication. Moreno et al. [46] found that dehydrogenase activity
as stimulated with high doses (1000 mg  kg−1) of ATZ in the soil.
omparable results were observed by Radivojevic et al. [47], who
ound that ATZ at 8, 40 and 80 mg  kg−1 caused an inhibitory effect
n dehydrogenase activity in the soil, but a recovery was  observed
fter 60 d of incubation.

Overall, the enzyme activity levels in the biomixture after 1st,
nd and 3rd ATZ application (40 mg  kg−1) suggest that the micro-
ial response to ATZ applications occurs relatively fast, and this
ould be related to the diminished effects of the pesticide tested,
ue to degradation processes and/or to the adaptation of the micro-
ial communities to ATZ.

.3. Community level physiological profiles (CLPP)

The community level physiological profiles in the ATZ treated
iomixtures were analysed using the BiologEcoplateTM. Assays
ere carried out over a 78 h incubation period (Fig. 3). A slight

ncrease in the average well colour development (AWCD) was
bserved in ATZ treated samples at an early stage of treatment

Fig. 3, day 0) in relation to the control. However, after this time
ot significant (P > 0.05) differences were observed (Fig. 3, day 10,
0 and 40). Conversely, a significant inhibitory effect on the AWCD
as observed immediately following the third application of ATZ

able 2
ffect of repeated applications of atrazine (40 mg  kg−1) in a biomixture of biobed system
fter  90 d of incubation at 25 ± 2 ◦C.

Time (days)

Soil microorganism (CFU) Treatment 0 10 30 

Bacteria (×106/g dw) Control 15.5 ± 1.0 a 12.5 ± 2.0a 27.
Atrazine 14.5 ± 1.7 a 12.5 ± 1.2a 20.

Fungi  (×105/g dw) Control 3.4 ± 0.1 a 3.5 ± 0.4 a 7.
Atrazine 2.1 ± 0.2 b 3.9 ± 1.0 a 7.

Actinomycetes
(×105/g dw)

Control 17.4 ± 1.2 a 33 ± 4.0 a 21.
Atrazine 15.1 ± 2.0 a 30 ± 3.0 a 24.
 0.91 ± 0.01 Aa 0.96 ± 0.01 Aa
 0.97 ± 0.04 Ab 0.96 ± 0.02 Aab

 0.95 ± 0.01 Aab 0.97 ± 0.01 Aab

in the biomixture (Fig. 3, day 60). However on day 70, the system
had already recovered the control level (Fig. 3, day 70). Fang et al.
[29] reported an initial negative effect on the AWCD after chlor-
pyrifos application to the soil. Nevertheless, the AWCD recovered
after 35 d, and the biomix showed higher AWCD values than the
control, which indicates an improvement in microbial activity. In
this study, the results showed that ATZ caused a slightly negative
effect at day 0 and a significant decrease in the AWCD after 60 d of
incubation. Finally, by the end of the experiment (90 d of incuba-
tion), the AWCD was  recovered; although no enhancement of the
microbial oxidative capacity was  observed. These results are con-
sistent with the results found in the degradation assay, where no
accelerated degradation was  observed after three successive appli-
cations of ATZ. On the other hand, the results from BiologEcoplateTM

showed a similar trend to the enzyme activities, where an initial
decline is observed followed by a recovery of biological activity.

The diversity indices Shannon’s (H) and Shannon’s evenness (U)
were used to evaluate richness and homogeneity of the microbial
populations present in the biomixture, respectively. The changes
in microbial diversity indices after three successive applications of
ATZ are summarised in Table 1. At d 0, 30, 40 and 60, the con-
trol and treatment samples were similar (P > 0.05) in microbial
richness (H), demonstrating an absence of an immediate effect of
the ATZ application on the microbial richness in the biomixture.
However, a significant difference (P < 0.05) in bacterial richness
between the treatment and control samples was observed at d 10,
70 and 90. Table 1 shows an enhanced bacterial richness after ATZ
application at this d, suggesting a possible adaptation and/or toler-
ance of microorganisms to the pesticide. Similarly, Fang et al. [29]
described that higher Shannon values indicate a balance between
different types of microorganisms in the biomixture, which could
be disturbed by the growth of specific microorganisms that adapted
to ATZ. Conversely, the addition of ATZ at 40 mg kg−1 in three
successive applications did not caused changes in microorganism
homogeneity (U) when compared to the control. Different results
were reported by Fang et al. [29], where the application of chlor-

pyrifos to the soil caused a decrease in microbial homogeneity at an
early stage after chlorpyrifos application and lasted until the end
of the experiment. However, this difference could be explained by
the chemical structure and the toxicity of the studied pesticide.

 on colony forming unit (CFU) enumeration of bacteria, fungi and actinomycetes,

40 60 70 90

5 ± 4.4 a 43.1 ± 3.0 a 38.1 ± 2.7 a 29.5 ± 1.0 a 35.4 ± 3.6 a
5 ± 3.2 b 45.7 ± 4.1 a 39.1 ± 1.0 a 28.5 ± 1.5 a 31.2 ± 2.8 a
8 ± 1.2 a 6.5 ± 1.0 a 6.9 ± 0.5 a 6.5 ± 1.9 a 7.4 ± 1.4 a
5 ± 1.0 a 5.8 ± 0.8 b 5.5 ± 0.2 b 5.2 ± 1.1 b 6.9 ± 0.6 a
0 ± 2.4 a 18.5 ± 1.7 a 41.0 ± 6.4 a 24.5 ± 5.1 a 23.5 ± 1.2 a
0 ± 1.4 a 19.5 ± 1.5 a 28.0 ± 2.4 b 20.5 ± 1.7 a 22.4 ± 1.7 a
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ig. 4. Cluster and non-metric multidimensional scaling (MDS) analysis of DGGE
ontaminated biomixture and the control were denoted as ATZ 0 to ATZ 90 and Ctr

.4. Cell enumeration

The effects on CFUs of cultivable bacteria, fungi and actino-

ycetes after three successive applications of ATZ at 40 mg  kg−1

re shown in Table 2. No significant differences (P > 0.05) in bacte-
ial CFUs were found with respect to the control in all time points.
onversely, the effect of ATZ applications on fungi CFUs showed
les of bacterial, actinomycetes and fungal amplicons. The DGGE lanes from the
trl 90, respectively, where the number indicates the sampling day.

a significant reduction (P < 0.05) immediately after each applica-
tion of ATZ when compared to the control. This effect suggests that
the fungal population could be more sensitive to the presence of

ATZ treatment in the biomixture. However, the amounts of fun-
gal CFUs in the control and the treatment samples tended to be
similar at the end of the assay. Finally, the effect of ATZ applica-
tions on the actinomycete CFUs was  similar to that for bacterial
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opulations (Table 2). However, a significant decrease (P < 0.05) of
he actinomycetes CFUs (28 × 105 g dw) was observed after the 3rd
TZ application (day 60) compared to the control (41 × 105 g dw).
lthough, similar actinomycete CFUs were observed in the control
nd the treatment.

Few studies have evaluated the impact of pesticides on cul-
urable microorganisms in the biomixture of a biobed system.
owever, comparable results were reported by Coppola et al. [20].
hey found that successive fungicide application in the biomixture
f a biobed system did not cause relevant effects on total cultur-
ble bacteria, but a slight reduction was observed in cultivable
ungal communities. It is expected that fungicides caused negative
ffects on fungi. However, in this work culturable fungi were noto-
iously affected by the presence of an herbicide. Therefore, specific
ffects of ATZ must be evaluated in more details in future works.
hu et al. [48] reported that the insecticide chlorpyrifos caused

nhibitory effects on bacterial, fungal and actinomycetes commu-
ities in soil during the initial periods after pesticide application,
ut they recovered by the end of the experiment. According to this,

s interesting to note that different pesticides can cause negative
ffects on a particular class of microorganism. Therefore, although
tudies with pesticide mixture are most representative of field con-
ition, responses caused by a single pesticide are also necessary to
nderstand individual effects caused by the pesticides on microbial
ommunities.

.5. DGGE profiles

Ours results revealed a similar intense of DGGE bands in all the
nalysed samples, indicating the presence of a large number of
qually abundant ribotypes in both treated and untreated biomix-
ures. The actinomycetes ribotype composition was similar in all
he samples (greater than 92%) (Fig. 4a), and only small differences
n Ctrl 0 and Ctrl 10 samples, which grouped aside from all the
ther samples, as shown the cluster analysis. The MDS  analysis did
ot show differences between 3rd ATZ applications and Ctrl (90%
imilarity). This finding suggests that if there is an effect of ATZ on
ctinomycetes communities, it is only observed shortly after pesti-
ide application. These results are in accordance with the results
bserved with cultivable actinomycetes, wherein no significant
ifferences were observed between the biomixture contaminated
ith ATZ and the control.

Clustering of the bacterial communities revealed the exis-
ence of two major groups with a similarity of 78%. One group
s comprised of both the treatment (ATZ) and the control (Crtl)
amples between 0 and 40 d and the second group is comprised
f both the ATZ and Crtl samples between 60 and 90 d with a
imilarity 90 among. The MDS  analysis revealed that the chrono-
ogic applications of ATZ produce shortly changes on bacterial
ommunities with respect to Ctrl (80% similarity) in the same
pplication period (Fig. 4b). This result suggests that there were
hanges in the bacterial communities in the biomixture after 40 d
f incubation. However, changes were not related with pesticide
pplication.

In relation of DGGE patterns for fungal communities are shown
n Fig. 4c. DGGE patterns representing the fungal communities in
he biomixture samples showed high similarity indices (>85%). Fur-
hermore, the MDS  analysis shown no difference between treated
nd untreated samples of communities structure, however can
e observed differences associated with the pesticide application
imes (Fig. 4c). In addition, Shannon–Wiener index revealed that
he treatments of ATZ application had no effect on microbial diver-

ity evaluated in PCR-DGGE analysis.

Overall the results obtained by DGGE were in accordance with
hose obtained by BiologEcoplateTM, and demonstrated that bac-
erial and fungal populations in the ATZ contaminated biomixture
s Materials 260 (2013) 459– 467

were rather stable. Both methods showed that the fingerprint of
the microbial populations in the treated and untreated biomixtures
did not significantly differ from each other. Also, and considering
microbial abundance, no significant differences (P > 0.05) in viable
cell count were observed when comparing ATZ and Ctrl biomix-
ture samples (after 90 d of incubation). Recently, Marinozzi et al.
[5] also showed that the contamination of biomixtures with the
fungicides azoxystrobn, fludioxonil and pencanazole had only a
transient effect on the microbial communities, with a full recovery
of the microbial indices 60 d post-application. Similar observations
have been previously reported by Coppola et al. [20] after repeated
applications of different vineyard fungicides (azoxystrobin, flu-
dioxonil, penconazole, dimethomorph, metalaxyl, and cyprodinil).
Changes in the microbial communities in the biomixture, resulting
from the application of these fungicides, were transitory and dis-
appeared after 112 d. Interestingly, Sniegowski et al. [10] reported
that changes in overall microbial communities in biobed revealed
by DGGE were attributed to other factors more than pesticide appli-
cation. However, changes in microbial communities related with
pesticide application were detected when specific target bacterial
genera were analysed. Overall, results evidence the resilience and
robustness of microbial communities in biomixture towards the
presence of different fungicides.

4. Conclusion

The results obtained demonstrate that peat based biomixture
could support and degrade successive ATZ applications, even when
a high ATZ concentration (40 mg  kg−1) was added. Viable cell count,
carbon source utilisation profiles and DGGE analysis showed that
minor changes occur in the microbial communities after an ATZ
application. Biochemical activities were susceptible to pesticide
exposure, and the enzyme activities evaluated can be inhibited
or stimulated by ATZ. However, the negative effects were tran-
sient and recovered in time after pesticide application. The results
reported here not only reinforce the idea of a large degradation
capacity of the biomixture but also demonstrate the robustness of
this biological system from a microbiological viewpoint.
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