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Abstract Tetraconazole is one of the most commonly used
triazole fungicides in agricultural practice, and its continuous
application poses a potential risk for non-target soil microor-
ganisms. Therefore, the objective of this study was to evaluate
the effect of tetraconazole at the field rate (T1, 0.33 mgkg ™' of
soil), three times the field rate (T3, 1.00 mgkg ' of soil) and 10
times the field rate (T10, 3.33 mgkg ' of soil) on the soil
microorganisms. To ascertain this effect, the tetraconazole
concentration and the microbial properties with potential as
bioindicators of soil health (i.e. microbial biomass C, basal
respiration, substrate-induced respiration, structure diversity
and functional community profiling) were determined. The
results showed that the degradation half-lives of tetraconazole
varied from 69 to 87 days, depending on the three application
concentrations. The microbial biomass C, basal respiration
and substrate-induced respiration were inhibited, but they
tended to recover at the end of the incubation when
tetraconazole was applied at the recommended field rate.
The ratios of the gram-negative to gram-positive (GN to GP)
bacteria decreased, and the fungi to bacteria ratio increased
after a temporal decrease on the seventh day. A principal
component analysis of the PLFAs showed that tetraconazole
application significantly shifted the microbial community
structure on day 7. Different functional community profiles
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were observed, depending on the tetraconazole application
rates. It was concluded that tetraconazole application de-
creases the soil microbial biomass and activity and changes
the structures of the soil microbial community.

Keywords Tetraconazole - PLFA - Biolog Ecoplates™ - Soil
health - Soil quality

Introduction

In recent decades, the requirement to control diseases in fruits,
vegetables and cereal grains has led to a marked increase in
the use of fungicides (Smith et al. 2000; Zhang et al. 2013).
Although the use of pesticides has led to significant economic
profits in agriculture, it has also caused serious environmental
pollution. A large proportion of any fungicide application
reaches the soil where it interacts with organic and mineral
constituents and undergoes biological and chemical transfor-
mations. Microbial degradation is the primary route for these
transformations; therefore, it is the key process affecting the
dynamics of fungicide residues in the environment, including
their persistence in soil and their susceptibility to leaching
(Aislabie and Lloyd-Jones 1995). However, pesticides can
exert non-target effects on soil microbial communities, nega-
tively affecting soil health (Lupwayi et al. 2010). Some soil
microorganisms are very sensitive to pesticide inputs, thus soil
microbial properties, particularly those related to the biomass,
activity, structure and functional diversity of soil microbial
communities, could be the most useful indicators of the effect
of the pesticide disturbances on soil health.

Tetraconazole is an important triazole fungicide synthe-
sised as a novel sterol demethylation inhibitor (DMI) fungi-
cide with protective, curative and eradicant actions (Cairoli
et al. 1996; Khalfallah et al. 1998). Tetraconazole is effective
in controlling a broad spectrum of diseases, such as powdery
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mildew and rust on fruits, vegetables and cereals worldwide
(Menkissoglu-Spiroudi et al. 1998). Tetraconazole has a rela-
tively high soil organic carbon binding coefficient (Koc values
ranging from 531-1922), as reported in the EPA Pesticide
Fact Sheet (2005), and it is very persistent in water (¢;,=
107-215 days) (Alam et al. 2013). Additionally, several studies
have reported that the pesticides having the most significant
effect on the soil microbial community were broad-spectrum
killing and inhibiting fungicides (Bending et al. 2007; Chen
and Edwards 2001; Wu et al. 2012). To prevent potential
tetraconazole-induced adverse effects on the soil ecosystem,
this important research is required to gain a better understand-
ing of its degradation in soil and to provide a more accurate
evaluation of its effect on soil microbial communities.

The primary goals of this study were the following: (i) to
quantify the dissipation kinetics of tetraconazole when added
at three different rates (0.33, 1.00 and 3.33 mg kg ') to soil
samples with no previous known history of pesticide applica-
tion, (ii) to evaluate the tetraconazole effect on soil microbial
communities and (iii) to monitor the recovery of soil health
after tetraconazole application. To our knowledge, this is the
first evaluation of the effect of tetraconazole on soil microbial
communities and soil health using simultaneous measure-
ments of microbial biomass, activity, structure and functional
diversity.

Materials and methods
Soil collection

Soil was collected from an area with no previous known
history of pesticide application at the Shang Zhuang farm
located in Beijing, China. The selected soil is a silty loam soil,
and its properties are as follows: sand 35.6 %, clay 3.1 %, silt
61.3 %, organic matter content 17.5 g/kg, ammonium nitrogen
9.1 mg/kg, nitrate nitrogen 7.9 mg/kg, available phosphorus
11.3 mg/kg, rapid available potassium 239.0 mg/kg and
pH 7.78. This soil was chosen because it is commonly en-
countered in mid-eastern China and is widely used in land
application programs. An aggregate sample was generated by
collecting soil from six separate cores with diameters of 10 cm
from the surface soil (the depth was 0—15 cm) across the field.
The soil samples were well pooled, sieved to 2 mm, adjusted
to a soil moisture of 40 % water-holding capacity (WHC) and
then incubated at 25 °C for 10 days. Plant residues and visible
animals (e.g. earthworms and nematodes) in the soil were
removed manually.

Soil incubation experiment

A series of pots (7x10 cm) containing 150 g DW soil was
prepared. Tetraconazole (0.1 ml) (purity >98.47 %,Italy Isagro

@ Springer

Co., Ltd, Shanghai, China) dissolved in acetone was added to
each pot at three application levels, i.e. the recommended
dosage (T1, 50 g a.i./ha, registered amount on strawberries
in China, 0.33 mg tetraconazole/kg DW soil), three-fold (T3,
1.00 mg/kg) and 10-fold (T10, 3.33 mg/kg) the recommended
dosage. The control pot received 0.1 ml acetone. Each pot was
well homogenised, and the soil moisture was maintained at
40 % WHC with deionised water. Each experiment was
conducted in triplicate. The pots were covered with perforated
polypropylene sheets and incubated in the dark at 25+2 °C.
Throughout the incubation period, sterile deionised water was
added to the soil to compensate for any water loss that
exceeded 5 % of the initial amount added. The pots were
randomly removed from the environmental chamber after
various incubation time intervals (7, 15, 30, 45, 60 and
90 days), and the soils were then analysed for biochemical
and microbial properties and the concentrations of
tetraconazole as described below.

Determination of tetraconazole

The soil samples (10 g DW) were extracted by ethyl acetate
and subsequently cleaned up using primary secondary amine
(PSA) absorbent (Agela, Beijing, China) prior to GC-MS/MS
analysis (Xu et al. 2011). Chromatographic separation of
tetraconazole was performed on a Varian 450 GC system with
an 1177 Series split-splitless auto-injector and an 8400 Series
autosampler. The column temperature was initiated at 100 °C
and held for 5 min and was then increased to 280 °C and held
for 3 min at the rate of 15 °C/min. The temperature of the
injector port was 250 °C, and a volume of 1 pL was injected in
the splitless mode.

A 300 triple-quadrupole mass spectrometer (Varian, USA)
operating in the electron ionisation mode at 70 EV was used
for MS/MS detection. The temperature of the transfer line,
manifold and ionisation source were set to 280, 40 and
250 °C, respectively. The electron multiplier voltage was set
to 1,200 V to perform multiple reaction monitoring, and the
solvent delay was set to 10.0 min. The scan time was 0.7 s.
The precursor ion was m/z 336, its product quantitative ion
was m/z 204 and its qualitative ions were m/z 155 when the
collision energy was set to 35 V. Under these conditions, the
total running time was 20.0 min, and the retention time of
tetraconazole was 14.61 min.

Microbial biomass C and soil respiration experiment

The microbial biomass C (C,,;c) was determined by the chlo-
roform fumigation-extraction method, as reported by Lin et al.
(Lin and Liu 1999). A fresh soil sample (20 g DW) was
exposed to ethanol-free chloroform for 24 h and extracted
with 0.5 M K,SO,4 (40 ml). The other soil sample of equal
weight was not fumigated but was extracted under the same
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conditions. The microbial biomass C was calculated by the
equation C,,;o=2.64 Ec, where Ec=(C extracted from fumi-
gated soil)—(C extracted from non-fumigated soil), with 2.64
being a conversion factor. For determination of the basal
respiration (Rp, which is an indicator of overall microbial
activity), a beaker containing 10 mL of 0.2 M NaOH was
placed into each 1,600 ml airtight plastic drum with the soil
sample (20 g DW) to capture the evolved CO,; the drums
were incubated for 24 h at 25 °C. The soil controls with vials
containing 10 ml of 0.2 M NaOH only were also included
along with a no-soil blank. The CO, released from the incu-
bated soil samples was trapped in 10 mL of 0.2 M NaOH and
determined by titration with HCI. The substrate-induced res-
piration (SIR, which is an indicator of potentially active mi-
crobial biomass) was determined by adding 10,000 mg carbon
(glucose)’kg DW soil, as reported by Mufioz-Leoz B et al.
(Mufoz-Leoz B et al. 2011) and Epelde et al. (Epelde et al.
2008), to the soil samples. Subsequently, the CO, evolution
was measured after 6 h of incubation, as previously mentioned
for the determination of the basal respiration. The experiments
to determine these parameters were performed in triplicate.

From these three parameters (basal respiration, substrate-
induced respiration and microbial biomass C), the ecophysio-
logical indices, which reflect the environmental stress in soil
microbial populations and communities (Anderson and
Domsch 1985), and concomitantly, the soil health were
calculated, i.e. the microbial metabolic quotient (qCO,)
or the ratio of basal respiration to microbial biomass C
(qCO,=Rp/Cy;c) and the respiratory quotient Qr or the
ratio of basal respiration to substrate-induced respiration
(Or=Rg/SIR).

Phospholipid fatty acid experiment

The phospholipid fatty acid (PLFA) experiment was conduct-
ed based on the method described by Bossio et al. with minor
modifications (Bossio and Scow 1998). The freeze-dried soil
samples (5 g) were extracted using a one-phase mixture of
CHCI5/CH;OH/citric acid buffer (0.15 mol L', pH 4)
(1:2:0.8, v/v/v). The CHCI; layer was collected and dried
under N, for lipid fractionation. The extracted lipids were
separated on silica gel columns (Supelco, Inc. USA) into
glycol lipids, neutral lipids and polar lipids. The polar lipids
were then transesterified with methanolic KOH to recover the
PLFAs as methyl esters through methanolysis in hexane.
Finally, the hexane supernatant containing the resultant fatty
acid methyl esters (FAMEs) was separated, quantified and
identified by gas chromatography mass spectrometry
(GC-MS).

A Polaris Q ion-trap GC-MS (Thermo Fisher Scientific,
Inc. USA) with an HP-5 ms column (60-mx0.25-mm inner
diameter, 0.25-m film thickness) was used for FAME identi-
fication. A 1-pl injection with a 1:50 split was analysed at an

initial temperature of 140 °C held for 3 min, then ramped
to 190 °C at 4 °C/min, held for 1 min, ramped to 230 °C at
3 °C/min, held for 1 min, ramped to 250 °C at 2 °C/min, held
for 1 min, ramped to 280 °C at 10 °C/min and held for 5 min at
a constant flow rate of 1 ml/min. The peaks were identified
using bacterial fatty acid standards and NIST MS Search 2.0
software. The microbial biomass was evaluated using the
following 17 fatty acids: 14:0, i15:0, al5:0, 15:0, 16:0,
116:0, 16:1w7¢c, 17:0, 117:0, cy17:0, 18:1w9c, 18:1wt,
18:2w6, 9, 18:0, 10Mel8:0, cy19:0 and 20:0. The branched
phospholipids i15:0, al5:0, 116:0 and i17:0 were used as
indicators of gram-positive (GP) bacteria, whereas the phos-
pholipids 16:1w7c, cy17:0 and cy19:0 were indicative of
gram-negative (GN) bacteria. The fungal biomass was evalu-
ated by quantifying 18:1w9c, 18:1w9t and 18:2w6, 9 (Zak
and Kling 2006). The total PLFAs (a good indicator of the
living microbial biomass) (Baath and Anderson 2003) were
the sum of all of the microbial phospholipids mentioned. The
ratios of GN/GP and fungal/bacterial fatty acids were used to
study changes in the microbial community structure for the
different treatments (Bardgett et al. 1996). Prior to being
subjected to principal component analysis (PCA), the results
were expressed as a percentage of the total PLFAs.

Community level physiological profiles experiment

The community level physiological profiles (CLPPs) of po-
tential metabolic functions were evaluated using Biolog Eco
microplates (BIOLOG, Hayward, USA), as reported by
Govaerts et al. (Govaerts et al. 2007). A soil sample (10 g
DW) was extracted using sterile saline solutions (0.85 %, m/v).
The supernatant was serial diluted to the 10 dilution. The
addition of 150 pL of the suspension to each well of the Biolog
Ecoplates was performed, and the microplates were then incu-
bated at 2542 °C in the dark. The colour development in the
plates was measured every 24 h at 590 nm for 7 days using a
BIO-TEK EIx808 automated microplate reader (Biolog, Hay-
ward, CA, USA). The average well colour development
(AWCD) and the Shannon, Simpson and Mclntosh indices
were determined by calculating the mean absorbance value of
each well after 96 h of incubation, which corresponded to the
time of maximal microbial growth in the Biolog EcoPlates.
The absorbance values were calculated as follows:
AWCD=30D;/31, where OD; is the optical density value of
each well after the water blank subtraction. The Shannon
index (H'), which was used as a measure of richness and
evenness, was calculated as follows: H'=—%P;xIn (P;), where
Pi is the ratio of the activity of each substrate (ODi) to the sum
of the activities of all of the substrates > ODi. The Simpson
index (D), which was used as a measure of the dominance
index sensitive to the abundances of the most common species,
was calculated as follows: D=1-X(P;)?, where P; is the
ratio of the activity of each substrate (OD;) to the sum of the
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activities of all of the substrates > OD;. The McIntosh index
(U), which was used as a measure of diversity based on the
Euclidian distance of the community of the assemblage
in an S dimensional hypervolume, was calculated as follows:

U = /Y.(n?) , where n; is the absorbance value of the ith
well (Staddon et al. 1997).

Data analyses

Significant differences were accepted at p<0.05, p<0.01 or
»<0.001. The data on the soil properties were analysed using
a two-way analysis of variance (ANOVA) with the
tetraconazole concentration and the incubation time as the
factors. The values were considered to be significantly differ-
ent at a 95 % confidence level. The values in the figures and
tables correspond to the average of triplicate data (n=3)+
standard deviations (SD). The principal component analysis
(PCA) was applied to examine the PLFAs among the different
samples containing multiple variables. The statistics were
calculated using the SAS 9.1 software.

Results
Degradation of tetraconazole

The degradation process of tetraconazole followed the classi-
cal first-order kinetic reaction, C,=Cpe *, with a correlation
coefficient (R*) higher than 0.9033, based on the measurement
of the analyte peak areas (Table 1). The degradation dynamic
curve of tetraconazole in the soils showed the correlation
between the tetraconazole residue concentration and the incu-
bation time (Fig. 1). The degradation rates of tetraconazole
were dependent on its application concentration, with half-
lives of 69, 77 and 87 days for T1, T3 and T10, respectively.
After the 90-day incubation, 39, 47 and 54 % of the initial
tetraconazole concentration remained in the soil for T1, T3
and T10, respectively.

Microbial biomass C and respiration activity analysis

The microbial biomass C in all of the treatments varied sig-
nificantly with different incubation times (Fijm.=181.2,

Table 1 Regression equation of tetraconazole degradation dynamics in
soils

Treatment Regression equation Coefficient of T, (day)
correlation (R%)

Tl y=0.2949¢ 01 0.9382 69

T3 y=1.0947¢ 000 0.9176 77

T10 y=3.5555¢ 0008~ 0.9033 87
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Fig. 1 Degradation dynamic curves of tetraconazole in soils

p<0.001) and tetraconazole treatments (Fieatmen:=139.7,
p<0.001). At day 30, the values of the microbial biomass C
in the T10 soils were 65.9 % lower than in the control soils.
Compared with the control, the microbial biomass C de-
creased in all of the tetraconazole treatments over the entire
incubation period (Fig. 2a). A significant decrease in soil
respiration was observed in the three tetraconazole treatments
compared with the controls up to the 45th day (on average, the
values were 17.4 and 12.0 % lower in the tetraconazole
treatments than in the controls at day 15 and day 45, respec-
tively, Fig. 2b). The basal respiration of the tetraconazole
treatments recovered at the 90th day. The substrate-induced
respiration decreased in all of the treatments, and the T1
treatments showed no difference compared with the controls
until the 90th day (Fig. 2c). At day 15, it was found that a
higher tetraconazole concentration caused a lower substrate-
induced respiration (4.9, 4.3 and 4.2 mg CO,-C kg ' DW soil
h™" at T1, T3 and T10, respectively).

The microbial metabolic quotient (¢CO,) is the ratio of
basal respiration to microbial biomass C (qCO,=Rg/C,;c)
and is used as an indicator of microbial contamination stress
and a change in the soil microbial community. Figure 3a
shows that the value of qCO, in the T3 and T10 soil treatments
was higher than the controls over the entire period. Similarly,
the respiratory quotient O, the ratio of basal respiration to
substrate-induced respiration (Qr=Rg/SIR), was also calcu-
lated to evaluate the soil health. Again, a higher tetraconazole
concentration had a significant effect on the Qg values
(Fig. 3b) compared with the control up to the 90th day.

Analysis of the PLFA experiments

The total PLFAs decreased significantly (Ficatment=47-3,
p<0.001) in the tetraconazole-treated soils (T1, T3 and T10)
compared with the controls over the entire incubation period
(Tables 3, and 4). At day 90, the values of the total PLFAs in
the T3 and T10 soils were 22.9 and 30.1 % lower than in the
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Fig. 2 Effect of tetraconazole on
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control soils, respectively. Generally, the values of the total
PLFAs in the higher tetraconazole-treated soils (T3 and T10)
did not recover at the end of the incubation time.

The amount of total fungi decreased temporarily and then
increased, whereas the amount of total bacteria decreased over
the entire incubation period of the tetraconazole treatments
compared with the controls. Both values of the GN and GP
bacteria in the tetraconazole-treated soils were lower than the
controls. The ratios of the GN/GP bacteria in the tetraconazole
treatments (Fieament=4-5, p<0.01) tended to decrease com-
pared with the controls during the incubation period. The
ratios of fungi to bacteria significantly (Fyeagment=13.3,
p<0.001, Tables 3 and 4) increased after a temporal decrease
on the seventh day.

The PCA showed that the differences in the community
structure of the treated and untreated soils were observed on
successive sampling days (Fig. 4). However, the primary
differences in the PLFA profiles were due to the incubation
time. In our studies, the most significant differences between
the microbial populations in both the treated and control soils
were observed on day 7. At the end of the experimental

Incubation time (d)
Ock

ari

15d 30d 45d
Incubation time (d)

period, the microbial communities were only slightly affected
by tetraconazole. The first principal component (PCl=
41.85 %) and the second principal component (PC2=
21.44 %) explained 63.29 % of the variation and discrim-
inated between the samples treated with fungicide and the
controls. Eight PLFAs were strongly correlated (|7|>0.6,
where |r| is the absolute value of the correlation coefficient)
with the PC1, including three gram-positive bacteria
(115:0, al5:0 and i17:0), two gram-negative bacteria
(cyl7:0 and cy19:0) and three saturated fatty acids (16:0,
17:0 and 20:0). Two PLFAs were strongly correlated with
the PC2, including a gram-negative bacteria (16:1w7c) and
a fungal signature (18:2w6, 9). The structures of the mi-
crobial communities in the control samples were distinct
compared with the tetraconazole-treated samples on the
90th day.

Community level physiological profiles analysis

The AWCD, Shannon, Simpson and McIntosh indices were
calculated from the Biolog Ecoplates™ data from the 96- h
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Fig. 3 Effect of tetraconazole on
the metabolic quotient (a) and the
respiratory quotient (b); the mean
values (n=3)£SD followed by
different letters indicate
significantly different results
according to ANOVA with
Duncan’s multiple-range test
(p<0.001)

7d

incubation. The values of the AWCD in the T1 treatment
soils had no significant changes compared with the con-
trol soils at the end of the incubation time, but the higher
tetraconazole treatments (T3 and T10) displayed lower
AWCD values than the control soil and did not recover
after 90 days (Table 2). The values of the Shannon (H'),
Simpson (D) and MclIntosh (U) indices tended to be
consistent with the AWCD.
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Discussion

In this study, tetraconazole was slowly degraded, with half-
lives ranging from 69 to 87 days, depending on the three
application concentrations, and the kinetics were largely de-
pendent on the applied tetraconazole concentrations. The
higher concentration of tetraconazole-treated samples showed
a lower degradation rate. Our result was consistent with other

Fig. 4 A principal component &7d
plot generated from the C m15d
phospholipid fatty acid profiles 2 *
obtained from the control (C), T1 A30d
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Table 2 Total PLFAs, bacterial and fungal biomass expressed as the amount of marker phospholipid fatty acids (nmol g~ DW soil) in tetraconazole-

treated soil
Time (day)  Treatment  Total PLFAs Total fungi Total bacteria ~ Gram-negative ~ Gram-positive ~ GN/GP Fungi/bacteria
bacteria (GN) bacteria (GP)

7 CK 26.42+1.30a 5.85+0.06a 1436+123a  3.97+021a 6.15+0.23a 0.65+0.01a 0.41+0.01a
Tl 22.96+0.42b 5.37+0.06b 14.00£0.41b  3.43+0.08b 5.61+£0.27b 0.61+0.01b 0.38+0.01b
T3 19.04+1.02b 5.25+0.04b 12.99£0.99c  3.32+0.17b 5.61+0.32b 0.59+0.01b 0.40+0.01a
T10 18.37+1.00b 5.11+0.01b 12.82+0.41c  3.25+0.19b 5.44+0.45b 0.60+0.02b 0.40+0.02a

15 CK 24.24+0.36a 4.48+0.04a 12.67£0.60a  3.62+0.29a 5.35+0.14a 0.68+0.01a 0.35+0.01b
Tl 23.16+0.66a 439+0.07ab  12.34+0.60b  3.16+0.12b 5.32+0.25a 0.59+0.02b 0.36+0.02b
T3 22.08+0.82ab  4.35+0.07b 12.19+0.74b  3.09+0.05b 5.27+0.15ab 0.59+0.01b 0.36+0.01b
T10 21.40+0.37b 438+0.07ab  11.584+0.74c  2.97+0.05b 4.934+0.04b 0.60+0.01b 0.38+0.01a

30 CK 23.40+0.93a 1.96+0.00b 20.24+0.35a  3.81+0.05a 11.9240.15a 0.32+0.01a 0.10£0.01b
Tl 19.61+0.92b 2.06+0.02b 19.27+0.44b  3.11£0.06b 11.18+0.07b 0.28+0.01b 0.11+0.01b
T3 15.35+0.93¢ 2.42+0.02a 18.48+0.93c  2.88+0.17b 10.77+0.30b 0.27+0.01b 0.13+£0.01a
T10 14.32+0.92¢ 2.37+0.02a 18.46+0.94c  2.83+0.43b 10.60+0.22b 0.27+0.03b 0.13+£0.03a

45 CK 23.78+1.2a 1.07+0.03b 18.53+1.18a  2.93+0.27a 11.1240.50a 0.26+0.00a 0.06+0.00b
Tl 21.91+1.13b 2.06+0.02a 18.39+£1.08b  2.50+0.23b 11.05+0.50a 0.23+0.01b 0.11+0.01a
T3 14.07+0.25¢ 1.99+0.01a 17.97£027b  2.40+0.23b 10.85+0.12b 0.22+0.03b 0.11+0.01a
T10 13.23+£0.61¢ 1.85+0.04a 17.90+£0.55b  2.37+0.14b 10.61+0.20b 0.22+0.00b 0.10+0.00a

60 CK 22.19+£0.93a 4.06+0.00b 13.72+0.35a  3.23+0.05a 6.75+0.15a 0.48+0.01a 0.30+0.00b
Tl 22.08+0.92a 4.10+0.00b 13.39£0.44b  3.02+0.06a 6.53+0.07a 0.46+0.01ab  0.31+0.01b
T3 20.96+0.93ab  4.15+0.02b 12.58+£0.93¢  2.32+0.17b 6.02+0.30b 0.39+0.01b 0.33+£0.01b
T10 20.54+0.92b 4.36+0.02a 11.19£0.94d  2.31+0.43b 5.85+0.22b 0.39+0.03b 0.39+0.01a

90 CK 21.80+1.2a 3.48+0.03b 12.76+1.18a  5.04+0.27a 6.30+0.50a 0.80+0.00a 0.27£0.03b
Tl 20.80+0.25a 3.74+0.02a 12.38+1.08b  4.54+0.23b 6.12+0.50ab 0.74+0.01b 0.30+0.00ab
T3 16.81+0.25b 3.68+0.01a 11.64£027c  4.30+0.23b 5.88+0.12b 0.73+0.03b 0.32+0.01a
T10 15.24+0.61b 3.82+0.04a 11.61+£0.55c  4.28+0.14b 5.76+0.20b 0.74+0.00b 0.33+0.03a

Different letters indicate significant differences (p<0.05) among treatments at a given incubation time (ANOVA with Duncan’s multiple range test). Mean

values (n =3)+ S.E

triazole fungicide experiments conducted by Jui-Hung Yen
et al. (Yen et al. 2009). Jui-Hung Yen et al. have proven that
microorganisms play an important role in triadimefon dissi-
pation, and soil microbes were inhibited by a higher concen-
tration of propiconazole.

In our experiment, tetraconazole application decreased the
microbial biomass C over the entire incubation period. The result
showed that tetraconazole inputs have a significantly negative
effect on soil microbial biomass. A similar result has been found
with other triazole fungicides (Gongalves et al. 2009; Hart and
Brookes 1996; Mufioz-Leoz et al. 2011). This adverse effect on
soil microbial communities was also reflected by the observed
reduction in basal respiration and substrate-induced respiration.
Ecophysiological indices, such as qCO, and Qg, have been
applied for the quantification of environmental effects on the
microbial community in soils (Anderson and Domsch 1985;
Anderson and Domsch 2010). For the high concentration treat-
ments (T3 and T10), an increase in the Qg or qCO, values was
observed, which can represent a harmful effect of tetraconazole
on microorganisms, and the negative effect on the soil quality

was not recovered during the incubation time. A higher respira-
tory activity for the same microbial biomass is indicative of
higher levels of maintenance energy and may be an indication
of a lower metabolic efficiency due to a fungicide-induced
inhibitory/stressing effect (Gomez et al. 2009).

Dighton has argued that to gain a true sense of the functions
of a microbial community, the evaluation must include the
microbial communities and their population compositions
(Dighton 1997). PLFA is a rapid, accurate and efficient bio-
chemical method that can provide detailed information about
the structure of the active microbial community and a mea-
surement of its biomass (Kaur et al. 2005). In our experiment,
the total PLFA decreased compared with the control was
closely correlated with the microbial biomass C and had a
significant difference with the controls up to the 90th day. The
total fungi tended to increase following a temporary decrease
on the 7th day, which is consistent with the results from soil
samples treated with napropamide (Cycon et al. 2013).

The PLFA analysis showed an interesting phenomenon in
which the total PLFA decreased in the tetraconazole
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Table 3 Effect of tetraconazole on soil community-level physiological ‘é i % %
profiles from Biolog data at 96 h incubation, after tetraconazole applica- jg’ = - 3 o E
tion for all treatments 3 S NS g
Incubation Tetraconazole concentration 8 o § é
time (day) 3 Oz @ £
Z. wv
S RANRC NI ] g
Control Tl T3 T10 2 5142 G S
o =1
AWCD E’ i &
e N T
7 0.35+£0.05a  0.27+0.03b  0.20+£0.01c  0.19+0.04c g o | 5 Q n -
15 0.17£0.03a  0.14+0.01b  0.13+0.02b  0.14=0.04b 2 o g
30 0.15£0.04a  0.14+£0.03a  0.10£0.01b  0.11+0.02b = i ng
45 0.13+0.02a  0.12£0.01a  0.10£0.01b  0.09£0.01b £ 1z|538z k3 5
S B IS o
60 0.14+0.01a  0.13+0.0la  0.10+0.02b  0.09+0.01b _5 % 2
90 0.13£0.03a  0.12+0.02ab 0.10+0.01b  0.11+0.01b 3 i S8
5 ) 0 2
Shannon (H') g ;& 9 ¢ E ‘B
7 291+0.03a  2.71£0.04b 2.70+0.03b  2.62+0.02b £ D %3
QO ..
15 2.824£0.05a  2.60£0.07b  2.59+0.01b  2.570.06b E i, S
30 26140042  2.55+0.05a 2.47+0.08bc 2.32+0.04c & 8 L2 8 § k)
N o= <
45 266+003a 261£00la 221+0.05c 2.26+0.02¢ g < 8
= = * * <
60 261+00la  2.58+0.03a 248+0.05b 2.31:0.04c E Sl: iz g9
N O % =
90 265+0.0da  2.61£0.03a 2.26£0.03b  2.30+0.01b 8 |33 8 S &
. g (=% <t © © o 8
Simpson (D) S N %* o
7 13.47+0.07a  11.08+0.09b 11.20+0.09b 11.11+0.05b g o h Lo~ E §
n <t O &0
15 12.64+0.07a  12.35£0.02a 9.98+0.06c  10.66+0.08c & g%
30 12.5240.02a  11.95+0.09a 10.15+£0.05b 10.52+0.05b g ¥ i ¥ S
= ©~ =)
45 11.10£0.04a  10.90+0.06a 6.65+0.0lc ~ 8.73+0.06b z sy b RS
[ N =
60 11.4140.03a  11.48+0.05a 10.73£0.05b 8.85+0.06¢ 2 |55 g
90 12.36+0.06a 12.31+£0.02a 11.20+£0.07b 11.10+0.04b aq:‘; * % g%
* * * -
Mclntosh (V) S 5 % 2¢g
7 1.84+0.01a  1.67+0.04b  1.68+0.03b  1.65+0.04b £ x| =4 ER:
b
15 1.64+£0.052  134+0.05b  1.25+0.01b  1.2240.06b g . S
-
30 15120042 1.47+0.03a  0.97+0.05b  1.020.03b = |8tk SO
S . on @) .S
45 14340042 135£0.05a 1.09+0.02b  0.90=0.01b 5 Zlg2 8¢ 25
- < +
60 12740.05a  1.18+0.02a  0.89+0.02b  0.94+0.01b 3 - £ S
* % % L -
90 1.10+£0.03a  0.93+0.01ab 0.89+0.01ab 0.79+0.01b = & & % 2 g
% 21 ~ =~ o s 8
5 Q| S =« 5
Different letters indicate significant differences (p<0.05) among treat- Z v 8 )
ments at a given incubation time (ANOVA with Duncan’s multiple range é PO I g 5h
test). Mean values (n =3) + S.E <Z: Loé‘ a .; % Qé %
. &
> [=h—4
) 8
treatments compared with the controls, but the total fungi i PoE § §
decreased temporarily before 30 days and increased up to 5 3 = o %:
day 90. This result might be explained by a finding by Bend- —?; S R “ 5
. . . . 9
ing et al. that microbial death caused by pesticide effects can = x I ox e
be followed by the growth of organisms using the killed § o **;\ *g ?n i =1 _
biomass as a substrate (Bending et al. 2007). The results E | 23X g = 8
suggested that in addition to its direct effect on fungal popu- 2 * % 28 Y
. . = x % % o) *Q
lations, tetraconazole caused non-target effects on bacterial g kRO €5z
o . . ;o
communities, as reported in the literature (Jackson et al. *“gf €| 2R s :’E =
2000). The GN bacteria tended to be fewer than the GP s 2 = f’g’ S
bacteria of the tetraconazole treatments compared with the é g 'gg £
. . . = = o
controls, possibly because the GN bacteria were more sensi- - 5 g =5 9
tive to additional chemical inputs than the GP bacteria because o) g % 2 % g% S
. . .- FU
the GP bacteria possess a specific structure of the cell wall and SElE|EEE S-S
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have an increased resistance to environmental stresses (Byss
etal. 2008; Huang et al. 2009). Both of the ratio results of GN/
GP and fungi/bacteria showed that the tetraconazole changed
the soil community structure and composition.

The PCA of the PLFA analysis results suggested that
different community structures were identified in soils sub-
jected to different treatments or incubation periods. Several
studies have reported a more significant influence of incuba-
tion time versus treatment (Bohme et al. 2005; Hund-Rinke
et al. 2004). In our study, the structure of the microbial
communities in the tetraconazole-treated soils displayed clear
differences with the control soils during an earlier application
period (day 7). The same correlation between napropamide
application and the PLFA patterns has been noticed by Guo
et al. (Guo et al. 2009). Using PCR-DGGE profiling of 16S
rDNA, Guo et al. have revealed that napropamide significant-
ly increased the number of bands that represented the domi-
nant microbial populations on days 7 and 14 after application.
According to the authors, the results suggested that some
particular bacteria might adapt to the pesticide applied, hence
dominating in the obtained DGGE patterns.

The BIOLOG ™ system is the most commonly used method
for measuring substrate utilisation patterns, and it is used to
monitor the ability of inoculated populations to utilise sub-
strates over time and the speed at which the substrates are
utilised (Staddon et al. 1997). Although the Biolog data does
not precisely describe the community level physiological pro-
file (CLPP) with limited incubated bacteria, it is a good method
for early warning of the functional (catabolic) diversity changes
of heterotrophic cultivable bacteria caused by environmental
fluctuations and pollution (Ball 2005). The AWCD of the T1
treatments showed no difference compared with the controls on
the 90th day, which indicated that tetraconazole applied at the
recommend field rate is innocuous to the soil community. The
higher tetraconazole concentration (T3 and T10) treatments
inhibited the metabolic activity of the soil microbes, as indicat-
ed by the AWCD. A similar decrease was observed in the H', D
and U values in the control soils over time (Table 3). Although
the Shannon, Simpson and McIntosh indices showed similar
trends, they deviated in their ability to resolve statistically
significant differences. For example, the Simpson index is
weighted toward the abundances of the most common species,
whereas the Shannon index is influenced more by the species
richness (Magurran and Magurran 1988). In contrast, the Mc-
Intosh index is a measure of uniformity (Atlas 1984). There-
fore, it is prudent to examine the data with more than one index.
Thus, this shift caused by higher tetraconazole concentrations
in the functional diversity of the soil bacteria is a long-time
response and was not recovered as the fungicide dissipated
during the incubation time.

According to two-way ANOVA, several soil properties
(Rp, SIR, C,ic, qCO,, Or, AWCD, PLFAtot, among others)
were significantly affected by the tetraconazole concentration

(Table 4). A minimal recovery of soil health (as reflected by
the values of the soil microbial properties, except for the basal
respiration measured herein) was observed in the higher
tetraconazole-treated soils (T3 and T10) at the end of our
experiment. These persistent harmful effects were acute for
soil microbial mass, activity, microbial community structure
and functional diversity, indicating that these parameters are
the most useful indicators of the short-term adverse effect of
tetraconazole on the soil microbial communities, providing a
response gradient to a concentration gradient.

Conclusion

This study is the first to use microbial biomass C, soil respira-
tion, PLFA and BIOLOG analysis to investigate the effects of
tetraconazole application on the soil microbial community. The
results indicated that the higher concentration tetraconazole
application (T3 and T10) has a significant effect on the soil
microbial biomass, microbial activity, GN bacterial and fungal
abundance and microbial functional diversity. Similarly, the
ecophysiological indices qCO, and Oy of the higher concen-
tration treatments showed a significant difference compared
with the controls, indicating that the application of the high
tetraconazole concentration presented a stressful condition, but
the effects of tetraconazole applied at the recommended field
rate on the function of the soil microbial community were
minor. The soil microbial properties (except for the basal res-
piration) determined using a three-fold and a 10-fold recom-
mended field rate in the tetraconazole-treated soils were not
recovered during the entire experiment. These findings suggest
that, although the residual pesticide concentration in soil de-
grades with an extensive incubation, its non-target effects on
the soil microbial communities and soil health may persist for
significantly longer periods (in our study, >90 days). This fact
highlights the requirement to include ecologically relevant
measurements (complementary to classical toxicological bioas-
says), such as the soil microbial properties determined in this
study, when evaluating the environmental effect and possible
non-target effects of triazole fungicides.
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