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Abstract

Introduction

In intensive agriculture areas the use of pesticides can alter soil properties and microbial
community structure with the risk of reducing soil quality.

Materials and Methods

In this study the fatty acid methyl esters (FAMESs) evolution has been studied in a factorial
lab experiment combining five substrates (a soil, two aged composts and their mixtures)
treated with a co-application of three pesticides (azoxystrobin, chlorotoluron and epoxicona-
zole), with two extraction methods, and two incubation times (0 and 58 days). FAMEs
extraction followed the microbial identification system (MIDI) and ester-linked method (EL).

Results and Discussion

The pesticides showed high persistence, as revealed by half-life (t;») values ranging from
168 to 298 days, which confirms their recalcitrance to degradation. However, t;» values
were affected by substrate and compost age down to 8 days for chlorotoluron in S and up to
453 days for epoxiconazole in 12M. Fifty-six FAMEs were detected. Analysis of variance
(ANOVA) showed that the EL method detected a higher number of FAMEs and unique
FAMEs than the MIDI one, whereas principal component analysis (PCA) highlighted that
the monosaturated 18:1w9c and cyclopropane 19:0w10c/19w6 were the most significant
FAMEs grouping by extraction method. The cyclopropyl to monoenoic acids ratio evidenced
higher stress conditions when pesticides were applied to compost and compost+soil than
solely soil, as well as with final time.

Conclusion

Overall, FAMEs profiles showed the importance of the extraction method for both substrate
and incubation time, the t,,, values highlighted the effectiveness of solely soil and the less
mature compost in reducing the persistence of pesticides.

PLOS ONE | DOI:10.1371/journal.pone.0145501

December 22,2015 1/13


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0145501&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Fatty Acid Methyl Ester Succession Affected by Three Pesticides

Introduction

Pesticides are widely used in conventional farming systems for plant protection [1,2]. They
guarantee high production levels and quality standards, but their toxic effects can extend to
non-target soil microorganisms causing changes in microbial community structure and soil
quality [3]. The fate of pesticides in soils varies widely, being either destroyed by soil microor-
ganisms over a period of a few days or accumulated steadily from year to year [4]. Soil proper-
ties (total organic carbon content, pH, texture, mineralogy and structure), land use and
management (crop rotations, pesticide application rate and timing, tillage), and climate play a
decisive role in this [5]. Although the soil type and organic carbon content greatly influence the
mobility of pesticides through leaching [6], the microbial community has been reported to be
usually reduced after the application of pesticides [7,8,9]. A modification in the microbial com-
munity structure, towards one more adapted to breaking down complex molecules, has been
found to be induced by the addition of three pesticides (i.e., azoxystrobin, chlorotoluron and
epoxiconazole) to a compost mixture [10], although compost amendment on its own might
induce changes in the soil microbial community [11,12]. Differences in the microbial commu-
nity structure were also found after the application of azoxystrobin, fludioxonil and pencona-
zole in biobed organic substrates with changes mostly attributed to an inhibition of fungi [13].
More recently, comparing the differences in the metabolism of some pesticides such as ter-
buthylazine, metribuzin and chlorpyrifos in biobed substrates and soil, it has been reported
that the biomixtures mostly stimulated the degradation of terbuthylazine and metribuzin,
whereas the soil degraded chlorpyrifos faster [14].

Azoxystrobin (AZO), chlorotoluron (CHL) and epoxiconazole (EPO) are widely used in
agriculture [15,16,17]. Azoxystrobin is a broad spectrum fungicide registered for use on over
85 different crops [18]. AZO and its degradation products can be potentially toxic to a wide
range of non-target organisms; they can leach through soils for a long period of time following
application, thereby posing a potential threat to vulnerable aquatic environments and drinking
water resources [19]. CHL is a phenylurea herbicide used in pre and post-emergence of weeds.
It is slightly mobile in soil and likely to reach surface waters following field application. CHL is
moderately persistent in soil but tends to rapidly disappear in water. EPO is a member of the
triazole group of fungicides and acts by inhibiting the biosynthesis of ergosterol, an important
component of fungal membranes. It is thus used in the control of diseases caused by Ascomy-
cetes, Basidiomycetes and Deuteromycetes, which mainly affect cereals and oleaginous plants.
It may persist in both soil and water systems, causing problems to the soil microbial communi-
ties [15].

For a better understanding of the dynamics of microbial community structures after pesti-
cide application it is necessary to elucidate the changes induced in microbial communities that
influence the pesticide biodegradation. In a previous study [10], we investigated the effect of
three pesticides (azoxystrobin, chlorotoluron and epoxiconazole) on the microbial community
structure in a compost biomixture by extracting the fatty acid methyl ester derivatives
(FAMEs) profiles with the microbial identification system (MIDI) and ester-linked method
(EL). The main results were that FAMEs profile was mostly affected by the extraction method
and to a lesser extent by compost age. Thus, the analysis of FAMEs composition might be con-
sidered as tool to provide qualitative and quantitative insights into the structure of the micro-
bial community [11,20,21].

In this study, to further our knowledge on the relationship between pesticide persistence
and microbial response we worked with the three above-mentioned pesticides with the follow-
ing objectives: i) to confirm which extracting procedure, MIDI or EL, is more useful to evaluate
the effect induced by pesticide application, ii) to investigate whether different substrates (a soil,
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two different aged composts and their mixture) are reflected in FAME:s profiles, and iii) to look
into a relationship between FAMEs and pesticide persistence.

Materials and Methods
The trial

This experiment is a lab trial and derive from the co-application of three pesticides in a factorial
combination of five types of substrates, hereinafter called soil (S), 3 and 12 aged month com-
post (3M and 12M) and their mixture with soil (20/80%; v/v) (3M+S and 12M+S), with two
extraction methods, and two times of incubation, organized in a randomized block with three
replicates.

Our study did not require a statement ethics as not involving human participants and/or tis-
sues, animal research or field trials. This study did not involve endangered or protected species
and was conducted entirely by laboratory tests.

Pesticides

The commercial products Amistar (Syngenta Crop Protection, UK), Alpha Chlortoluron

500 (Makhteshim-Agan, UK) and Opus (BASF, New Zealand) were used, containing 23.1%
(wt/wt), 43.9% (wt/wt), and 5.4% (wt/wt) azoxystrobin (AZO) [methyl (E)-2-{2-[6-(2-cyano-
phenoxy)pyrimidin-4-yloxy]phenyl}-3-methoxyacrylate], chlorotoluron (CHL) [3-(3-chloro-
4-methylphenyl)-1,1-dimethylurea], and epoxiconazole (EPO) {(2RS,3SR)-1-[3-(2-chlorophe-
nyl)-2,3-epoxy-2-(4-fluorophenyl)propyl]-1H-1,2,4-triazole}, respectively. Pesticide chemical
characteristics are reported in S1 Table.

Compost and soil substrate

The tested substrate was a mixture of urban waste and garden compost from a compost pro-
duction plant (GESENU) in Pietramelina, Perugia, Italy. Composts aged 3 and 12 months (3M
and 12M, respectively) were used. Even if the microbial activity in the early stages of compost-
ing is of importance, only 3M and 12M composts were used because this is the age range of
industrial composts supplied by production plants and allowed for agricultural use and bio-
beds. Physical and chemical characteristics of the composts were (n = 3, standard deviation,
SD): pH (H,0), 7.8+0.50 and 8.4+0.54; density (g cm™), 0.43+0.09 and 0.5720.06; OC (%),
30.2+2.20 and 29.0+3.30; N (%), 2.4+0.33 and 3.1+0.70; mineral matter (%), 42+4.20 and
46+3.18 for 3M and 12M, respectively.

The soil, a Calcic Cambisol according to the FAO classification system [22], was sampled
from the top 15 cm of an agricultural field of the experimental farm of the University of Padua
(Italy). Physical and chemical characteristics of the soil were (n = 3, £SD): textural classifica-
tion, clay; pH (H,0), 7.9+0.25; CaCOj3 (%), 11.1£1.52; OC (%), 1.2+0.31; CEC (cmol kg’l),
25.5+1.80; clay (%), 59.2+3.45; silt (%), 33.5+2.20; sand (%), 7.3+1.12. The two composts and
soil were sieved at 2 mm and taken to 60% of their water-holding capacity.

Degradation study

For the degradation study, one kilogram of soil or compost or soil-compost mixture, in tripli-
cates, was mixed with the three pesticides at the rate of 100 mg of active ingredient in a kg of
substrate and incubated in the dark at 20°C. The pesticide rate was selected as being high
enough to cause detectable differences in FAME content until the end of the sampling period.
Moisture was maintained by addition of the required amount of water at weekly intervals as
determined by gravimetric analysis. The treatments were sampled after 0, 1, 3, 7, 14, 21, 32 and
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58 days by taking 20 g sub-samples that were each analyzed for pesticides by adding 50 mL of
methanol and shaking them for 1 h using a reciprocal shaker. The solutions were separated
from the compost by centrifugation (3,490 x g for 15 min at 4°C) and analyzed by high-pres-
sure liquid chromatography (HPLC). Percentage recovery rates (means+SD) of the method
were 87+6.1 for AZO, 87+8.1 for EPO, and 103+5.8 for CHL. The analysis was performed
using an Agilent 1100 series HPLC equipped with a C18, 15 cm x 4.6 mm, 5 pm column. The
operating conditions were as follows: solvents, water with 0.1% orthophosphoric acid and ace-
tonitrile (66/34%); flow rate, 1 mL min™’; run time, 35 min. Retention times were 7.7, 30.5, and
32.5 min for CHL, AZO, and EPO, respectively. The detection limit was 0.1 pg kg'1 for each
pesticide. Fatty acid extraction by the EL or MIDI method was done after 0 and 58 days of incu-
bation on 1 g of compost or soil placed in a screw-cap test tube. The procedures used derived
from a previous similar study with slight modifications necessary for compost. The EL and
MIDI procedures are explained in detail elsewhere [10].

FAME nomenclature

FAMEs were named in accordance with standard nomenclature and as in reference 10: the
total number of carbon atoms, followed by a colon and the number of double bonds. The posi-
tion of the first double bond is indicated by w followed by the number of carbon atoms from
the aliphatic end. The suffixes c and t refer to cis and trans isomers, respectively. Methyl
branching at the iso and anteiso positions and that at the 10th carbon atom from the carboxyl
end are designated by the prefixes i, a, and 10Me, respectively. The prefix or suffix cy denotes
cyclopropane fatty acids. When present, the number of hydroxyl substitutions is also given.
Selected FAMEs were used as microbial markers according to previous researches [23,24,26]
and included gram positive (Gram+) bacteria with iso or anteiso branching, gram negative
(Gram-) bacteria with ¢y17:0, 16:1w7¢, 17:1w7¢, 18:1w7¢, and actinomycetes with 10Mel6:0,
10Me18:0. Fungal markers included saprophytic fungi (18:1w9c¢ and 18:2w6,9¢), and arbuscular
mycorrhizae (16:1w5¢). FAME 20:406,9,12,15¢ was used as a marker for soil microfauna (pro-
tozoa and nematodes) and mesofauna [27]. The 16:0 fatty acid is usually considered the most
abundant saturated fatty acid in nature and is widely spread among the three microorganism
groups. The ratio of the cyclopropyl fatty acids to monoenoic precursors was used as an indica-
tor [25].

Statistical analysis

Pesticide half-life was calculated according to a first-order kinetic degradation with the module
nonlinear estimation of Statistica 7.1 (Statsoft Inc., Tulsa, OK). The dataset is reported in S1
Dataset.

The detection result for each FAME was expressed as a percentage of the total amount of
FAME:s. Barlett’s test was used on the data to test the homogeneity of variance. Angular trans-
formation was used when required to normalize the data. FAMEs present in only one replicate
of one substrate within the data set were deleted prior to ANOVA; the deleted FAMEs were
10:0 20H, 10:0 30H, 12:1, 11:0 20H, i14:1 E, a14:0, 13:0 20H, 713:0 30H, i15:1w9c¢, 16:1w7c
alcohol, 16:0 N alcohol, 16:0 20H, 15:0 20H, 15:0 30H, i17:0w10c, 18:3w6¢, i17:0 30H,
19:1w11¢/19:1w9c¢, i19:0, a19:0, 10Me19:0, 18:1 20H, 18:0 30H and 20:1w7c. A three-way
completely randomized ANOVA was used to compare treatment effects. The factors consid-
ered were method, substrate and incubation time. The Student-Newman-Keuls test was
applied to compare the differences between group means. To identify the structure of the inter-
dependences between FAMEs, a joint Principal Component Analysis (PCA) was performed on
the dataset reported in S2 Dataset. Before PCA, selected FAMEs were obtained by discriminant
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analysis (data not shown). The standardized variables were submitted to PCA; rotated orthogo-
nal components (varimax rotation method) were extracted and the relative scores were deter-
mined. Only Principal Components with eigenvalue >1 were considered for the discussion.
ANOVA, discriminant analysis and PCA were performed with SPSS 19 (SPSS, Chicago, IL).

Results
Pesticide persistence

The experimental half-life (t,/,) values for the three pesticides in the five substrates are reported
in Table 1. The degradation process of AZO, CHL and EPO appeared to follow the first-order
kinetic equation, C, = C, e where, C, represents the concentration of the pesticide residue at
time t; Cy represents the initial concentration and k is the rate constant per day. In general, the
kinetics showed high coefficients of correlation (* ranged from 0.83 to 0.97, p < 0.001) with
ty/, values significantly (p < 0.001) affected by pesticide and substrate.

Concerning pesticides, t;, significantly (p < 0.05) decreased on average from EPO (298
days) to AZO (217 days) and CHL (168 days). Regarding substrates, t;,, was significantly
(p <0.05) higher in 12M (357 days) than 3M, S and 3M+S (163, 166, 191 days, respectively),
while it exhibited an intermediate (p < 0.05) value in 12M+S (262 days). The
pesticide x substrate interaction was also significant. In particular, t;, had the highest value in
EPO x 12M (453 days) and the lowest in CHL x S (8 days) (p < 0.05).

FAME analysis

The FAME profiles consisted of 80 fatty acids identified by the two extracting methods, in the
five substrates and the two incubation times. Out of these, 56 were consistently present in the
samples and used for the data set. These fatty acids ranging in carbon chain length from C9 to
C20 consisted of saturated, mono- and polyunsaturated, branched, hydroxy, methylated, cyclo-
propane and mixed fatty acids. The percentage of FAMEs was variable across detections and
ranged from 0.03 to 100% whereas the variability between replicates was very low.

Changes in the community structure determined by ANOVA in response to extraction
method, substrate and incubation time were all significant (p < 0.001).

The EL method gave a higher number of detections than MIDI (1,301 and 405). There were
54 and 28 FAMEs for EL and MIDI methods, respectively. Twenty-six were detected by both
methods, while 28 and 2 were found only in EL and MID], the so-called unique FAME:s.
Within the common fatty acids (Table 2), monounsaturated 18:1w9c¢, 18:1w7¢/18:1w6c,
18:1w5c¢ and 16:1w5c, saturated 18:0, polyunsaturated 18:0/18:2w6,9¢ and branched i14:0,

Table 1. Half-life (t;,2) and r# values of the degradation of the three pesticides co-applied in soil (S), compost (M) and their mixture (M+S) (n = 3).

Substrate
Pesticide S 3M 12M 3M+S 12M+S ti2
ti2 IS ti2 ? ti2 ? ti2 ? ti2 IS mean
AZO 247d* 0.83 114f 0.95 317b 0.97 150e 0.97 258d 0.94 217B
CHL 8g 0.89 142e 0.90 301b 0.97 152e 0.97 240d 0.96 168C
EPO 242d 0.83 234d 0.95 453a 0.86 272c 0.96 288c 0.93 298A
mean 166¢ 163c 357a 191c 262b

AZO, azoxystrobin; CHL, chlorotoluron; EPO, epoxiconazole; 3M, 3 month aged compost; 12M, 12 month aged compost.
*The differences among values were at p < 0.05 by Student—-Newman—Keuls test.

doi:10.1371/journal.pone.0145501.t1001
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Table 2. Common FAMESs grouped by extraction method: microbial identification system (MIDI) and ester-linked procedure (EL) expressed as a
percentage (n = 30).

FAMEs METHOD
Type Name MIDI EL
Saturated 12:0 5.73a 1.46b
18:0 0.66b 5.28a
Monounsaturated 16:1w5c 0.41b 1.24a
16:1w7c/16:1w6e 8.29a 3.3%b
18:1w7c/18:1wbe 0.46b 4.69a
18:1w9c 5.21b 17.79a
18:1w5c 1.55b 4.28a
Polyunsaturated a18:0/18:2w6,9¢ 1.21b 4.92a
Branched ai3:.0 2.17a 0.20b
i14:0 0.15b 1.18a
i15:0 1.35b 3.42a
al5:0 1.77b 4.49a
i16:0 0.14b 3.54a
i20:0 0.74a 0.12b
Hydroxy 12:0 30H 0.57a 0.03b
18:0 20H 2.31a 0.26b
Cyclopropane cy19:0w10c/19w6 30.95a 0.47b
Mixed ails:i1 A 0.13b 0.87a
al7:1 B/i17:1 | 1.05a 0.78b

Different letters in the same row indicate differences at p < 0.05 by the Student-Newman-Keuls test.

doi:10.1371/journal.pone.0145501.1002

i15:0, a15:0 and i16:0 were high (p < 0.05) in EL, whereas cyclopropane cy19:0w10¢/19w6,
monounsaturated 16:1w7¢/16:1w6c, saturated 12:0, hydroxy 18:0 20H and 12:0 30H and
branched a13:0 and i20:0 were high (p < 0.05) in MIDI. Among the unique FAMEs (S2 Table),
EL showed a slight presence of saturated 20:0, 17:0 and 10:0, branched a17:0 and i17:0, cyclo-
propane cy19:0 w8c, whereas MIDI had noticeable amounts of monounsaturated 15:1w8¢ and
17:1w7c. Methylated FAMEs were present only in EL method.

Within the substrates, 122M+S and S gave the highest (398) and lowest (204) number of
detections (p < 0.05), whereas 3M, 12M, 3M+S and 12M+S had more FAMEs (ca 55) than S
(32) (p < 0.05). S profile was dominated by the saturated 16:0 (Table 3), whereas 3M, 12M,
3M+S and 12M+S profiles were dominated by the cyclopropane cy19:0w10¢/19w6 (S3 Table)
and monounsaturated 18:1w9c¢ (Table 3). Among other common FAMEs (Table 3), the mono-
unsaturated 18:1w7¢/18:1w6¢ and 16:1w5¢, polyunsaturated a18:0/18:2w6,9¢, mixed i12:0 30H,
and i11:0 30H, branched i15:0, a13:0 and i14:0, saturated 13:0, hydroxyl 11:0 30H and meth-
ylated 10Me16:0 were significantly (p < 0.05) higher in S than in 3M, 12M, 3M+S and 12M+S
(Table 3).

On the contrary, the monounsaturated 16:1w7¢/16:1w6¢ and saturated 12:0 were signifi-
cantly (p <0.05) higher in 3M, 12M, 3M+S and 12M+S than in S. Along with the unique
FAMEs (S3 Table), the monounsaturated 18:1w5¢, 17:1w7¢ and 15:1w8¢ were present in 3M,
12M, 3M+S, 12M+S whereas they were absent in S. The saturated 10:0 and 17:0; monounsatu-
rated 16:1w9¢; polyunsaturated 20:4w6,9,12,15¢; branched i18:0; hydroxy 12:0 30H and 17:0
30H; mixed i15:1 G, al5:1 A, i16:1 G, al7:1 A and i19:1 I were found in 3M, 12M, 3M+S and
12M+S.
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Table 3. Common FAMESs grouped by substrate: soil (S), 3 and 12 month aged compost (3M and 12M) and their mixture (3M+S and 12M+S)
expressed as a percentage (n = 12).

FAME SUBSTRATE
Type Name S 3M 12M 3M+S 12M+S
Saturated 12:0 2.69b 3.77a 3.79a 4.12a 3.60a
13:0 2.28a 0.51c 0.51c 1.16b 0.75¢c
14:0 2.91a 2.08ab 1.49b 1.59b 2.15ab
16:0 35.38a 12.20b 11.23b 12.12b 11.11b
18:0 1.79d 3.49a 3.18b 2.73c 3.65a
20:0 0.91a 0.76b 0.52¢ 0.71b 0.51¢c
Monounsaturated 16:1w5c 2.22a 0.60c 0.25d 0.74b 0.34d
16:1w7c/16:1w6ec 4.79b 6.09a 6.55a 5.84a 5.93a
17:1w8c 0.82a 0.23b 0.23b 0.26b 0.25b
18:1w7c/18:1wbc 4.70a 2.28b 1.89c 2.08bc 1.92c
18:1w9c 6.77d 12.27bc 13.88a 11.41c 13.14ab
20:1w9c 0.67b 0.45¢c 1.12a 0.40c 1.16a
Polyunsaturated a18:0/18:2w6,9¢ 3.61a 3.21b 2.43c 3.00b 3.07b
Branched al3:.0 2.22a 0.41d 1.12b 1.37b 0.80c
i14:0 1.14a 0.38c 0.46¢ 0.46¢ 0.88b
i15:0 3.59a 1.61d 2.27c 1.74d 2.70b
al15:0 3.05b 2.84b 3.71a 2.43c 3.63a
i16:0 1.66¢ 2.03a 1.75¢c 1.87b 1.90b
i17:0 0.76a 0.74a 0.58b 0.76a 0.60b
al7:0 1.06c 1.32b 1.40a 1.32b 1.38ab
Hydroxy 11:0 30OH 2.25a 0.12d 0.62c 0.96b 0.64c
Methylated 10Me16:0 2.09a 0.74c 0.82bc 0.87b 0.88b
11Mel18:1w7c 0.42a 0.17b 0.08c 0.15b 0.10c
10Me18:0, TBSA 0.35c 0.75b 1.34a 0.66b 1.35a
Cyclopropane cyl17:0 0.43ab 0.46ab 0.41b 0.47ab 0.48a
cy19:0w8c 1.33a 1.25a 0.94bc 1.06b 0.81c
Mixed i11:0 30H 1.15a 0.07d 0.05d 0.67b 0.36¢
i12:0 30H 3.62a 0.47¢ 0.57¢c 1.22b 0.88bc
al7:1 B/i17:11 1.47a 0.52b 0.79b 0.51b 1.31a

Different letters in the same row indicate differences at p < 0.05 by the Student-Newman-Keuls test.

doi:10.1371/journal.pone.0145501.1003

Concerning the incubation time, the initial (day 0) and final time (58 days) differed
(p <0.05) in the number of detections (915 versus 791, respectively). Out of the 54 common
FAME:s, 14 differed in amount. In particular (Table 4 and S4 Table), the saturated 12:0 and
13:0, the branched: a13:0, i14:0 and i20:0, the hydroxy 11:0 30H and the mixed i12:0 30H
were significantly (p < 0.05) higher at day 0 than 58 days, whereas the cyclopropane cy19:0w8c,
the methylated 10Me17:0 and 11Mel8:1w7c, prevailed (p < 0.05) at 58 days.

PCA analysis

PCA identified the fatty acids that were important in explaining the variability in the FAME
profiles. PCA extracted three factors accounting for 83.91% of the total variance. Factor 1
(eigenvalue = 23.5) explained 58.75% of the variance and was very highly (> 0.9) correlated
(S5 Table) with 10:0, 14:0, 15:1w6c, i16:1 G, 16:1w5c¢, 16:0, al7:1 B/i17:11, al7:1 A, i17:0, al7:0,
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Table 4. Common FAMEs grouped by incubation time (0 and 58 days) expressed as a percentage (n = 30).

FAMEs IT
Type Name 0 58
Saturated 10:0 0.17a 0.05b
12:0 4.54a 2.65b
13:0 2.05a 0.03b
Branched i11:0 0.04a 0.01b
al3:0 2.22a 0.15b
i14:0 0.88a 0.44b
i20:0 0.78a 0.08b
Hydroxy 11:0 30OH 1.79a 0.05b
Methylated 10Me17:0 0.16b 0.31a
11Mel18:1w7c 0.04b 0.33a
Cyclopropane cy19:0w8c 0.71b 1.45a
Mixed i12:0 30H 2.69a 0.02b
al5:1 A 0.70a 0.30b
i19:11 0.51a 0.07b

Different letters in the same row indicate differences at p < 0.05 by the Student-Newman-Keuls test.

doi:10.1371/journal.pone.0145501.1004

17:1w7c, cy17:0, 10Mel7:0, a18:0/18:2w6,9¢, 18:0, 11Mel8:1w7c, i19:1 I, 17:0 30H, cy19:0w10c/
19w6, cy19:0w8¢, 19:0, 18:0 20H. Factor 2 (eigenvalue = 6.42) accounted 16.05% and highly

(> 0.8) correlated (S5 Table) with 13:0 and i11:0 30H, and (approx. 0.7) with 12:0, i14:0, a13:0
and i13:0. Factor 3 (eigenvalue = 3.64) explained the remaining 9.11% and correlated (54
Table) with 16:1w7¢/16:1w6c, 10Me18:0 TBSA and i20:0. Plotting data according to PC1 and
PC2 (Fig 1) identified two main clusters with narrow points mainly distributed along axis 1,
while few points were distributed along axis 2. In general, axis 1 high values corresponded to
the EL method, whereas axis 1 low values characterized MIDI. Fig 1 also shows that S was
more widely distributed along axis 2 while 3M, 12M, 3M+S and 12M+S resulted in two narrow

1-MDLS_0 40
2=MIDI_S_0
3-MIDLS_0

S=ELS ¢
39-MIDI_3M+5_0 20

10EL S 7

Fig 1. Position of the samples from PCA analysis. Position of the samples by method of extraction
(microbial identification system, MIDI; ester-linked, EL), substrate (soil, S; compost aged 3 months, 3M;
compost aged 12 months, 12M; compost aged 3 months mixed with soil, 3M+S; compost aged 12 months
mixed with soil, 12M+S) and incubation time (0 and 58 days) in the reduced space of the first two principal
components analysis (58.75% and 16.05% of the variance, respectively) (n = 3).

doi:10.1371/journal.pone.0145501.g001
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clusters. Concerning incubation time, both day 0 and 58 days scattered in all three clusters.
Considering all three factors together it is interesting to note that MIDI x 58 days has lower
values in both axis 1 and 2 (sector III) than MIDI x day 0 (sector III and IV). Moreover,

S x MIDI x day 0 and S x EL x day 0 are in the same sector IV while S x EL x 58 days and
S x MIDI x 58 days have opposite values (sector I and III, respectively).

Discussion

The three studied pesticides showed high persistence (t;,, values from 168 to 298 days) which
is consistent with the literature and confirms their recalcitrance to degradation [4,28]. t;, val-
ues resulted as being strongly affected by substrate type. In fact, the pesticide half-life reduces
2.1 fold when comparing 12M with S. Pesticide degradation also depended on the compost age.
Indeed, persistence decreased with the reduction in compost age, as resulted from comparing
12M with 3M, in accordance with our previous work [10]. However, if less mature compost is
better able than mature compost to degrade pesticides, probably due to the greater carbon
sources for microorganisms [29], the abundance of functional groups in a mature compost
might increase the number of interactions with a pesticide and thus its persistence, as shown
between a humic acid and a herbicide [30]. From these considerations, it is likely that 12M+S
substrate showed an intermediate t,/, value between 12M and S. Note that the half-life varied
to a greater extent when the interaction between pesticide and substrate was considered. In
fact, the t;,, value lowered to 8 days for CHL in S, whereas it increased up to 453 days for EPO
in 12M. These results strongly highlight the importance of substrate and compost age as factors
in determining pesticide persistence.

Qualitative differences in FAMEs extracted by the two methods should be considered when
determining which method to use. We found that the abundances of several important marker
FAMEs were dependent on the extraction method (Fig 1 and S1 Fig). For example, 18:1w9¢
and 16:1w5c may be marker for saprophytic and arbuscular mycorrhizal fungi [23] and in agri-
cultural soils their relative amount might be doubled when the EL method was used. Con-
versely, the actinomycetes marker 10Me16:0 and 10Me18:0 [23,24] was more abundant when
soils were extracted with the EL method. Also, abundances of several markers for Gram-nega-
tive bacteria differed between the two extraction methods. Relative amounts of hydroxylated
and cyclopropane FAMEs were greater in MIDI extracts, whereas EL extracts contained rela-
tively greater amounts of iso and anteiso branching FAMEs. This is consistent with the results
found previously in compost [10,31,32]. Overall, our results confirmed that EL had a higher
number of distinguishing FAMEs than MIDI. This is probably due to the fact that MIDI is not
specifically designed for the maximum number of FAME but is adjusted more to groundwater
microbial communities [33]. MIDI also considers free fatty acids in contrast to the EL method
which extracts ester-linked fatty acids. Differences between the two methods might also be due
to FAME losses during saponification and the following incubation that is done with the MIDI
method [31,34,35]. Moreover, both methods are non-specific analyses and fatty acids from
phospholipids, glycolipids and neutral fats are extracted from intact microbial cells as well as
from dead organic material. Nevertheless, the high number of FAMEs in the EL method is a
response to the greater sensitivity than the MIDI one and seems to ensure a good description
of the microbial community structure in both compost and soil.

EL and MIDI methods also showed a ratio of cyclopropyl to monoenoic acids from very low
(0.11) to high (1.28). High values of this ratio are generally indicative of stress conditions, but
in this context seem to confirm that the two methods extract a different microbial population
[10,31]. In line with this hypothesis, the high presence in EL extracts of iso and anteiso
branched FAME:s (i.e., i16:0, al6:0, i17:0, a17:0), biomarkers for Gram-positive bacteria,
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methylated, biomarkers for actinomycetes (i.e., 10Mel6:0, 10Mel7:0, 11Mel8:1w7c), and
a18:0/18:2w6,9¢, biomarker for fungi, highlight high biological activity and microbial growth.

Concerning substrates, the FAMEs well distinguished S from all the others. Variation of S
from the other substrates was along axis 2 of the PCA (Fig 1), which correspond to the impor-
tance of the saturated 13:0 and the branched i14:0 and a13:0 (S1 Fig). On the contrary, varia-
tions versus 3M, 12M, 3M+S and 12M+S were mainly along axis 1, with differences in the
cyclopropane cy19:0w10¢/19w6 and monounsaturated 18:1w9c¢ (Fig 1 and S1 Fig). Differently
from the PCA, ANOV A also showed the higher presence of the saturated 16:0 in S than in the
other substrates. Dominance of saturated and monounsaturated fatty acids was previously
found in other treated soils and compost [10,36]. These results highlight that organic matter is
an important factor governing the composition of microbial communities [25,37]. From the
cyclopropyl to monoenoic acids ratio, S exhibited a lower value (0.09) than all the other sub-
strates (approx. 0.67). This demonstrates higher stress conditions when pesticides were applied
to compost and compost+soil than when applied to solely soil. Indeed, monoenoic acids are
considered to be associated with high carbon availability, whereas cyclopropane is produced
under limited carbon source [38,39].

Slight but significant differences were also found in FAMEs percentage between compost
and compost+soil. In fact, the monounsaturated 18:1w9c and branched i14:0, i15:0, a15:0,
al7:0 showed increases from substrate 3M to 12M and from 3M+S to 12M+S. This is in agree-
ment with the increases of Gram-negative bacteria and fungi reported over time during com-
posting [10,11,36,40].

FAMEs were also affected by incubation time. In our previous data [10] the content of
mixed FAMEs decreased regularly as time increased, while those of saturated, branched and
methylated FAMEs fluctuated, when time was intermediate. In the actual study, initial time
resulted more sensitive than final time. In particular saturated, branched, hydroxy FAMEs
decreased over time, whilst methylated and cyclopropane FAMEs increased. These differences
might confirm the relationship between substrate and microbial succession which determine a
different pattern in the fatty acids over time [32]. The ratio cyclopropyl to monoenoic acids
revealed somewhat differences between the two incubation time with a decreasing value from
day 58 to day 0 (0.65 and 0.53). The importance of fatty acids 10Mel7:0 and 10Mel8:1w7c at
day 58 may be partially explained by the increased growth of actinomycetes, since 10Mel7:0
and 10Mel8:1w7c are signature for this bacterial group. On the other hand, the conversion of
monounsaturated like 16:1w5c¢ and 18:1w9c to cyclopropyl 19:0w10¢/19w6 is an indication of a
move from the logarithmic growth phase, in Gram-negative bacteria [32]. Thus, the incubation
is likely traduced with an increasing of stress condition [41].

In conclusion, from these results it is likely that pesticides degradation might be strongly
affected by the type of substrate in which they are applied. Indeed, the soil and less mature
compost seem to be the most active in reducing the degradation time of the three pesticides.
Concerning the microbial community, the FAMEs, resulting from the pesticides addition in
the five substrates, were strongly influenced by the extracting methods. High sensitivity of EL
confirms the use of this method for a wider description of the microbial community, which in
turn may give more information on the pesticides degradation than MIDI. Substrates and incu-
bation time also altered the FAMEs profile. In particular, the monounsaturated and the cyclo-
propyl fatty acids resulted as being important in distinguishing among methods, substrates and
incubation time. Moreover the lowest stress conditions of the microbial community found in
soil and at the initial incubation time degraded the pesticides best.

PLOS ONE | DOI:10.1371/journal.pone.0145501 December 22, 2015 10/13



@’PLOS ‘ ONE

Fatty Acid Methyl Ester Succession Affected by Three Pesticides

Supporting Information

S1 Dataset. Dataset for pollution degradation.
(XLSX)

S2 Dataset. Dataset for PCA.
(XLSX)

S1 Fig. Variables from PCA result. Variables projected in the plane determined by the first
two principal axes (58.75% and 16.05% of the variance, respectively). In the boxes correspon-
dence between label and name of fatty acid follows the y ordinate.

(DOCX)

S1 Table. Selected chemical properties and environmental parameters of the three pesti-
cides (from PPDB, 2015).
(DOCX)

$2 Table. Unique FAMEs and non-significant FAMEs grouped by extraction method:
microbial identification system (MIDI) and ester-linked procedure (EL) expressed as a per-
centage (n = 30).

(DOCX)

$3 Table. Uncommon FAMEs grouped by substrate: soil (S), 3 and 12 month aged compost
(3M and 12M) and their mixture (3M+S and 12M+S) expressed as a percentage (n = 12).
(DOCX)

S4 Table. Non-significant FAMEs grouped by incubation time (0 and 58 days) expressed as
a percentage (n = 30).
(DOCX)

S5 Table. Loadings values of the selected FAMEs on the axes identified by principal compo-
nents analysis for five substrates treated with three pesticides and followed degradation
time.

(DOCX)

Acknowledgments

We thank John Heeney for his technical assistance and Alison Garside for improving the
English of the manuscript.

Author Contributions

Conceived and designed the experiments: AC GZ. Performed the experiments: AC. Analyzed
the data: AC DP. Contributed reagents/materials/analysis tools: GZ. Wrote the paper: AC DP
GZ.

References

1. AndreuV, Picé Y. Determination of pesticides and their degradation products in soil: critical review and
comparison of methods. Trends in Analytical Chemistry. 2004; 23: 772—-789.

2. Ghafoor A, Moeys J, Stenstréom J, Tranter G, Jarvis NJ. Modeling spatial variation in microbial degrada-
tion of pesticides in soil. Environ Sci Technol. 2011; 45: 6411-6419. doi: 10.1021/es2012353 PMID:
21682283

3. Imfeld G, Vuilleumier S. Measuring the effects of pesticides on bacterial communities in soil: a critical
review. Eur J Soil Biol. 2012; 49: 22-30.

PLOS ONE | DOI:10.1371/journal.pone.0145501 December 22, 2015 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145501.s008
http://dx.doi.org/10.1021/es2012353
http://www.ncbi.nlm.nih.gov/pubmed/21682283

@’PLOS ‘ ONE

Fatty Acid Methyl Ester Succession Affected by Three Pesticides

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Ghosh RK, Singh N. Effect of organic manure on sorption and degradation of azoxystrobin in soil. J
Agric Food Chem. 2009; 57: 632—636. doi: 10.1021/jf802716f PMID: 19125578

Arias-Estévez M, Lépez-Periago E, Martinez-Carballo E, Simal-Gandara J, Mejuto J-C, Garcia-Rio L.
The mobility and degradation of pesticides in soils and the pollution of groundwater resources. Agr Eco-
syst Environ. 2008; 123:247-260.

Fenoll J, Garrido |, Hellin P, Flores P, Vela N, Navarro S. Use of different organic wastes as strategy to
mitigate the leaching potential of phenylurea herbicides through the soil. Environ Sci Pollut Res. 2015;
22:4336—4349.

Vischetti C, Monaci E, Cardinali A, Casucci C, Perucci P. The effect of initial concentration, co-applica-
tion and repeated applications on pesticide degradation in a biobed mixture. Chemosphere. 2008; 72:
1739-1743. doi: 10.1016/j.chemosphere.2008.04.065 PMID: 18550145

Coppola L, Comitini F, Casucci C, Milanovic V, Monaci E, Marinozzi M, et al. Fungicides degradation in
an organic biomixture: impact on microbial diversity. New Biotechnol. 2011; 29: 99-106.

Feld L, Hjelmsg MH, Nielsen MS, Jacobsen AD, Rgnn R, Ekelund F, et al. Pesticide side effects in an
agricultural soil ecosystem as measured by amoA expression quantification and bacterial diversity
changes. PLoS ONE. 2015; 10: e0126080. doi: 10.1371/journal.pone.0126080 PMID: 25938467

Cardinali A, Otto S, Vischetti C, Brown C, Zanin G. Effect of pesticide inoculation, duration of compost-
ing, and degradation time on the content of compost fatty acids, quantified using two methods. Appl
Environ Microb. 2010; 76: 6600—-6606.

Bernard E, Larkin RP, Tavantzis S, Erich MS, Alyokhin A, Sewell G, et al. Compost, rapeseed rotation,
and biocontrol agents significantly impact soil microbial communities in organic and conventional potato
production systems. Appl Soil Ecol. 2012; 52: 29-41.

Zhen Z, LiuH, Wang N, Guo L, Meng J, Ding N, et al. Effects of manure compost application on soil
microbial community diversity and soil microenvironments in a temperate cropland in China. PLoS
ONE. 2014; 9: e108555. doi: 10.1371/journal.pone.0108555 PMID: 25302996

Marinozzi M, Coppola L, Monaci E, Karpouzas DG, Papadopoulou E, Menkissoglu-Spiroudi U, et al.
The dissipation of three fungicides in a biobed organic substrate and their impact on the structure and
activity of the microbial community. Environ Sci Pollut Res. 2013; 20: 2546-2555.

Karanasios EC, Tsiropoulos NG, Karpouzas DG. Quantitative and qualitative differences in the metab-
olism of pesticides in biobed substrates and soil. Chemosphere. 2013; 93: 20—28. doi: 10.1016/j.
chemosphere.2013.04.049 PMID: 23689095

Lopes FM, Batista KA, Batista GLA, Mitidieri S, Bataus LAM, Fernandes KF. Biodegradation of epoxi-
conazole and piraclostrobin fungicides by Klebsiella sp. from soil. World J Microbiol Biotechnol. 2010;
26:1155-1161. doi: 10.1007/s11274-009-0283-0 PMID: 24026918

Navarro S, Hernandez-Bastida J, Cazafa G, Pérez-Lucas G, Fenoll J. Assessment of the leaching
potential of 12 substituted phenylurea herbicides in two agricultural soils under laboratory conditions. J
Agric Food Chem. 2012; 60: 5279-5286. doi: 10.1021/jf301094c PMID: 22578198

Daniel DW, Smith LM, Belden JB, McMurry ST, Swain S. Effects of land-use change and fungicide
application on soil respiration in playa wetlands and adjacent uplands of the U.S. High Plains. Sci Total
Environ. 2015; 514:290-297. doi: 10.1016/j.scitotenv.2015.01.066 PMID: 25668281

Rodrigues ET, Lopes |, Pardal MA. Occurrence, fate and effects of azoxystrobin in aquatic ecosystems:
A review. Environ Int. 2013; 53: 18—28. doi: 10.1016/j.envint.2012.12.005 PMID: 23314040

Jargensen LF, Kjeer J, Olsen P, Rosenbom AE. Leaching of azoxystrobin and its degradation product
R234886 from Danish agricultural field sites. Chemosphere. 2012; 88: 554-562. doi: 10.1016/j.
chemosphere.2012.03.027 PMID: 22497784

Haack SK, Garchow H, Odelson DA, Forney LJ, Klug MJ. Accuracy, reproducibility, and interpretation
of fatty acid methyl ester profiles of model bacterial communities. Appl Environ Microbiol. 1994; 60:
2483-2493. PMID: 16349327

Bowles TM, Acosta-Martinez V, Calderén F, Jackson LE. Soil enzyme activities, microbial communi-
ties, and carbon and nitrogen availability in organic agroecosystems across an intensively-managed
agricultural landscape. Soil Biol Biochem. 2014; 68: 252—262.

World Reference Base for Soil Resources: World soil resources reports no. 103. Rome: IlUSS Working
Group, FAO; 2006.

Frostegard A, Baath E. The use of phospholipid fatty acid analysis to estimate bacterial and fungal bio-
mass in soil. Biol Fert Soils. 1996; 22: 59-65.

Zelles L. Phospholipid fatty acid profiles in selected members of soil microbial communities. Chemo-
sphere. 1997; 35:275-294. PMID: 9232001

PLOS ONE | DOI:10.1371/journal.pone.0145501

December 22,2015 12/13


http://dx.doi.org/10.1021/jf802716f
http://www.ncbi.nlm.nih.gov/pubmed/19125578
http://dx.doi.org/10.1016/j.chemosphere.2008.04.065
http://www.ncbi.nlm.nih.gov/pubmed/18550145
http://dx.doi.org/10.1371/journal.pone.0126080
http://www.ncbi.nlm.nih.gov/pubmed/25938467
http://dx.doi.org/10.1371/journal.pone.0108555
http://www.ncbi.nlm.nih.gov/pubmed/25302996
http://dx.doi.org/10.1016/j.chemosphere.2013.04.049
http://dx.doi.org/10.1016/j.chemosphere.2013.04.049
http://www.ncbi.nlm.nih.gov/pubmed/23689095
http://dx.doi.org/10.1007/s11274-009-0283-0
http://www.ncbi.nlm.nih.gov/pubmed/24026918
http://dx.doi.org/10.1021/jf301094c
http://www.ncbi.nlm.nih.gov/pubmed/22578198
http://dx.doi.org/10.1016/j.scitotenv.2015.01.066
http://www.ncbi.nlm.nih.gov/pubmed/25668281
http://dx.doi.org/10.1016/j.envint.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23314040
http://dx.doi.org/10.1016/j.chemosphere.2012.03.027
http://dx.doi.org/10.1016/j.chemosphere.2012.03.027
http://www.ncbi.nlm.nih.gov/pubmed/22497784
http://www.ncbi.nlm.nih.gov/pubmed/16349327
http://www.ncbi.nlm.nih.gov/pubmed/9232001

@’PLOS ‘ ONE

Fatty Acid Methyl Ester Succession Affected by Three Pesticides

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bossio DA, Scow KM, Gunapala N, Graham KJ. Determination of soil microbial communities: Effects of
agricultural management, season, and soil type on phospholipid fatty acid profiles. Microb Ecol. 1998;
36: 1-12. PMID: 9622559

Feng Y, Motta AC, Reeves DW, Burmester CH, van Santen E, Osborne JA. Soil microbial communities
under conventional-till and no-till continuous cotton systems. Soil Biol Biochem. 2003; 35: 1693—1703.

Stromberger ME, Keith AM, Schimdt O. Distinct microbial and faunal communities and translocated car-
bon in Lumbricus terrestris drilospheres. Soil Biol Biochem. 2012; 46: 155—-162.

Pesticide Properties Database (PPDB); 2015. University of Hertfordshire as part of the EU-funded
FOOTPRINT project (FP6-SSP-022704). Accessed: http://sitem.herts.ac.uk/aeru/footprint/.

Wu L, Ma LW. Relationship between compost stability and extractable organic carbon. J Environ Qual.
2002; 31:1323-1328. PMID: 12175053

Roldan ML, Corrado G, Francioso O, Sanchez-Cortes S. Interaction of soil humic acids with herbicide
paraquat analyzed by surface-enhanced Raman scattering and fluorescence spectroscopy on silver
plasmonic nanoparticles. Anal Chim Acta. 2011; 699: 87—95. doi: 10.1016/j.aca.2011.05.001 PMID:
21704762

Steger K, Jarvisa A, Smars S, Sundh |. Comparison of signature lipid methods to determine microbial
community structure in compost. J Microbiol Meth. 2003; 55: 371-382.

Steger K, Eklind Y, Olsson J, Sundh |. Microbial community growth and utilization of carbon constitu-
ents during thermophilic composting at different oxygen levels. Microb Ecol. 2005; 50: 163—171. PMID:
16184337

Glucksman AM, Skipper HD, Brigmon RL, Santo Domingo JW. Use of the MIDI-FAME technique to
characterize groundwater communities. J Appl Microbiol. 2000; 88: 711-719. PMID: 10792531

Schutter ME, Dick RP. Comparison of fatty acid methyl ester (FAME) methods for characterizing micro-
bial communities. Soil Sci Soc Am J. 2000; 64: 1659—1668.

Petersen SO, Frohne PS, Kennedy AC. Dynamics of a soil microbial community under spring wheat.
Soil Sci Soc Am J. 2002; 66: 826—-833.

Verdenelli RA, Lamarque AL, Meriles JM. Short-term effects of combined iprodione and vermicompost
applications on soil microbial community structure. Sci Total Environ. 2012; 414:210-219. doi: 10.
1016/j.scitotenv.2011.10.066 PMID: 22115616

Garcia-Orenes F, Morugan-Coronado A, Zornoza R, Scow K. Changes in soil microbial community
structure influenced by agricultural management practices in a Mediterranean agro-ecosystem. PLoS
ONE. 2013; 8:e80522. doi: 10.1371/journal.pone.0080522 PMID: 24260409

Kieft TL, Ringelberg DB, White DC. Changes in ester-linked phospholipid fatty acid profiles of subsur-
face bacteria during starvation and desiccation in aporous medium. Appl Environ Microbiol. 1994; 60:
3292-3299. PMID: 16349382

Bossio DA, Scow KM. Impacts of carbon and flooding on soil microbial communities: phospholipid fatty
acid profiles and substrate utilization patterns. Microb Ecol. 1998; 35: 265-278. PMID: 9569284

Boulter-Bitzer JI, Trevors JT, Boland GJ. A polyphasic approach for assessing maturity and stability in
compost intended for suppression of plant pathogens. Appl Soil Ecol. 2006; 34: 65-81.

Banks ML, Kennedy AC, Kremer RJ, Eivazi F. Soil microbial community response to surfactants and
herbicides in two soils. Appl Soil Ecol. 2014; 74: 12-20.

PLOS ONE | DOI:10.1371/journal.pone.0145501

December 22, 2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/9622559
http://sitem.herts.ac.uk/aeru/footprint/
http://www.ncbi.nlm.nih.gov/pubmed/12175053
http://dx.doi.org/10.1016/j.aca.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21704762
http://www.ncbi.nlm.nih.gov/pubmed/16184337
http://www.ncbi.nlm.nih.gov/pubmed/10792531
http://dx.doi.org/10.1016/j.scitotenv.2011.10.066
http://dx.doi.org/10.1016/j.scitotenv.2011.10.066
http://www.ncbi.nlm.nih.gov/pubmed/22115616
http://dx.doi.org/10.1371/journal.pone.0080522
http://www.ncbi.nlm.nih.gov/pubmed/24260409
http://www.ncbi.nlm.nih.gov/pubmed/16349382
http://www.ncbi.nlm.nih.gov/pubmed/9569284

