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A B S T R A C T

Under controlled laboratory conditions, toxicity data tend to be less variable than in more realistic in-field
studies and responses may thus differ from those in the natural environment, creating uncertainty. The vali-
dation of data under environmental conditions is therefore a major asset in environmental risk assessment of
chemicals. The present study aimed to validate the mode of action of a commercial fungicide formulation in the
soil invertebrate F. candida, under more realistic exposure scenarios (in-field bioassay), by targeting specific
molecular biomarkers retrieved from laboratory experiments. Organisms were exposed in soil cores under
minimally controlled field conditions for 4 days to a chlorothalonil fungicide dosage causing 75% reduction of
reproduction in a previous laboratory experiment (127mg a.i. kg−1) and half this concentration (60mg a.i.
kg−1). After exposure, organisms were retrieved and RNA was extracted from each pool of organisms. According
to previous laboratorial omics results with the same formulation, ten genes were selected for gene expression
analysis by qRT-PCR, corresponding to key genes of affected biological pathways including glutathione meta-
bolism, oxidation-reduction, body morphogenesis, and reproduction. Six of these genes presented a dose-re-
sponse trend with higher up- or down-regulation with increasing pesticide concentrations. Highly significant
correlations between their expression patterns in laboratory and in-field experiments were observed. This work
shows that effects of toxicants can be clearly demonstrated in more realistic conditions using validated bio-
markers. Our work outlines a set of genes that can be used to assess the early effects of pesticides in a realistic
agricultural scenario.

1. Introduction

In the international agreement between European Union (EU)
member states, known as Treaty of Lisbon, it is stated in Article 191 that
“the protection of the environment shall be based on the precautionary
principle and on the principles that preventive action should be taken”
(EU, 2007). Such a statement means that efforts must be made to es-
tablish new methodologies and develop predictive tools protective of
environmental contamination. Predictive ecotoxicology aims to in-
tegrate the effects of stressors across different levels of biological or-
ganization, from molecular level to whole communities and ecosystems
(van Gestel, 2012). This way, a generalized overview can be considered

and regulated, based on biomarker endpoints or statistical models
predicting real emerging scenarios, as a decision supporting system (De
Coen et al., 2009). Most of the current ecotoxicological testing methods
applied by regulatory agencies focus on apical endpoints with con-
servative standard laboratory toxicity tests, from which arbitrary ap-
plication factors are applied and extrapolated to real ecosystems
(Birnbaum et al., 2016; De Coen et al., 2009; Vighi and Villa, 2013).
These traditional methodologies are still very valuable tools from a
protective point of view but drag with them large margins of un-
certainty to real scenarios of contamination. To circumvent this lim-
itations, technological advances have now enabled an increased, faster,
and more realistic understanding on the relationship between
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contaminants and organisms (toxicity pathways), boosting also our
ability to classify and characterize chemicals according to their mode of
action (MoA), grouping them according to their specific toxicity and
potential risk to the environment and human health. High-throughput
technologies such as transcriptomics, proteomics, metabolomics or in
vitro analysis allowed a dramatic increase of the data obtained from
tissue and sub-cellular levels and link this data to higher levels of
biological organization, resulting in faster, reliable and significantly
more efficient approaches and methodologies to be considered in eco-
toxicological studies. Allied to our improved ability to analyse, in-
tegrate, and model complex data, it is therefore possible to provide a
more accurate scientific basis to predict early effects at a higher scale,
which is of major concern in environmental risk assessment (Villeneuve
and Garcia-Reyero, 2011). The European Commission (2012) has al-
ready recognized that advances in the identification and use of novel
biomarkers for exposure are now possible and of major importance.
Gene expression profiles have been a useful resource to use as bio-
markers in human health for several years, but have also been gaining
relevance in ecotoxicological studies (Chaousis et al., 2018). Chip-based
technology is also an innovative pathway under development for risk
assessments in the environment, using sensitive molecular biomarkers
(Campana and Wlodkowic, 2018). Using biomarkers in risk assessment
methods may therefore create the bridge between predicted and mea-
sured biological effects of contaminants in the environment.

Current laboratory studies in regulatory ecotoxicology are not per-
formed on the molecular level but acute or even chronic laboratory tests
are required in the lowest tier. Molecular studies are not yet required in
a regulatory document. Although lower-tier laboratory studies (mole-
cular level) are essential to unravel modes of action of chemical com-
pounds, higher-tier studies (e.g., in situ) are crucial as a validation cri-
terion in environmental risk assessment trials. This way the ecological
relevance is increased, in order to better describe the actual con-
sequences for ecosystems (Van Straalen, 2003). The main goal of the
present study was to validate previous transcriptomics results obtained
in the laboratory (Simões et al., 2018a) by exposing the collembolan
Folsomia candida to a commercial fungicide formulation through an in-
field bioassay, by targeting specific molecular biomarker genes. These
genes were selected according to the previous biological effects ob-
served under laboratory conditions. By binding to -thiol rich molecules,
chlorothalonil is expected to affect normal protein metabolism, cellular
respiration and oxidative stress defense, causing cytotoxicity and ulti-
mately abnormal cell proliferation in the tissues of contact, leading to
impairment in developmental features such as molting and reproduc-
tion. The set of genes for the present study were also selected according
to the adverse outcome pathways (AOP) developed or under develop-
ment for other chlorinated chemicals and fungicides, available in the
international repository AOPWiki (https://aopwiki.org/) and compiled
in Table A.1. The replicability of results was also one of the main goals,
to evaluate the suitability of these markers, to assess the early effects of
fungicide formulations in a real scenario of pesticide application. The
tested species F. candida is a widespread arthropod that occurs in soils
throughout the world and has been used as a standard test organism in
past decades for estimating the effects of pesticides and environmental
pollutants on non-target soil arthropods.

2. Materials and methods

2.1. Organisms, test soil and pesticide

The test species Folsomia candida (Isotomidae: Collembola) was
obtained from cultures maintained at the Soil Ecology and
Ecotoxicology Laboratory of the Centre for Functional Ecology,
University of Coimbra (Portugal). The animals were cultured in vessels
filled with a wet mixture of plaster of Paris and activated charcoal
(11:1, w/w) in a climatic chamber at constant temperature of
20 ± 2 °C, and with a 16:8 h light:dark photoperiod and fed with

baker's yeast (Vahiné, Mccormick, Italy). The eggs were isolated and
culture media was renewed every 2–3 days until enough synchronized
(10–12 days) organisms for the exposure were obtained.

The test soil was located in an agricultural area from the lower
Mondego valley in Coimbra, Portugal (40°12′44.0″N; 8°27′02.4″W).
Prior to soil collection, the vegetation was cut to about 50mm of the
top soil layer (organic) and 54 soil cores were collected from this field
area to be defaunated. Each soil core consisted in a rounded PVC tube
50mm wide and 150mm long. Each core was forced 100mm in the
ground and then removed, maintaining soil structure intact inside the
core. Soil cores were then defaunated in the laboratory using two
consecutive freeze-thaw cycles (48 h at −20 °C followed by 48 h at
25 °C). After defaunation, cores were kept at 4 °C for no longer than one
week before the start of experiments. The physicochemical and mi-
neralogical characterization of this natural soil can be consulted in
Simões et al. (2018b).

The fungicide formulation Bravo500® used in the present study was
acquired from Syngenta, Portugal, with chlorothalonil as active in-
gredient (40%, a.i.).

2.2. Exposure conditions

All defaunated soil cores were placed back (buried 100mm deep) in
the exact same location where they were previously collected. Soil
moisture content was maintained in all soil cores by spraying artificial
rain, prepared according to Velthorst (1993), on a daily basis (30mL).

Thirty-six cores were used for gene expression evaluation, consisting
in twelve replicates from each treatment: 1) control (Ct); 2) a low
concentration (1/2 EC50, 60mg a.i kg−1); 3) a high concentration
(EC50, 127mg a.i. kg−1). The pesticide concentrations correspond to
the estimated EC50 value for reproduction under laboratory conditions
(Simões et al., 2018a) and sensibly half this value, respectively. Syn-
chronized organisms were placed into the soil cores (220 organisms per
core) and allowed to acclimate for 4 h. After this period, the cores were
sprayed (using a commercial sprayer system) with the fungicide for-
mulation to achieve the desired nominal concentrations of 60 and
127mg a.i. kg−1 soil. The inner volume of soil inside the cores and soil
density (1300 g L−1) were used to calculate total soil weight inside each
core. The fungicide formulation concentrations were diluted to a vo-
lume of 50mL at the appropriate dose level using distilled water and
added to each core. After dosing of soil cores, a plastic mesh tarp was
placed above the experimental site to avoid excess exposure to sun
resulting from the removal of vegetation. The organisms were exposed
to those conditions for 4 days and collected at the end of that period.
The disposition of the soil cores in the exposure site can be seen in
Fig. 1.

The last 18 cores were used to follow compound migration during
the exposure. These cores were handled in the same procedures as the
other cores (6 cores for control, 6 cores sprayed with 60mg kg−1 and 6
cores sprayed with 127mg kg−1 of the fungicide), but no organisms
were added. These cores were destructively sampled immediately after
contamination, and after 2 and 4 days. Three soil cores were sampled
per treatment in each sampling date. During destructive sampling, each
of the eighteen cores was divided into three sections for compound
migration analysis: 0–25mm, 25–50mm and 50–100mm. Soil samples
were kept at −20 °C until chemical analysis.

2.3. Pesticide analysis

Analytical determinations of the active ingredient chlorothalonil
present in exposed soil samples followed the methodology described by
Singh et al. (2002), with some adaptations. All solvents used were LC
grade and were filtered through 0.45 μm Whatman nylon membrane
filters (Whatman, Maidstone, USA) prior to degassing in ultrasonic
bath. Ultrapure water was obtained daily from a Milli-Q water pur-
ification system (Millipore, Bedford, MA, USA). Nitrogen was generated
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in-house with a nitrogen generator from Peak Scientific Instruments
Ltd. (Chicago, IL, USA).

From each sample, 5 g of soil were weighed into polypropylene
centrifuge tubes, to which 4.5 mL of acetonitrile and 0.5 mL of ultra-
pure water were added. Samples were then vortex mixed and placed in
an orbital shaker for 1 h. After this time, tubes were centrifuged at
5000g, for 5min, the supernatant filtered and injected to the HPLC
system.

HPLC–UV determination was conducted with a Gilson modular
system (Gilson, Middleton, WI, USA) equipped with a pump (Gilson
321) and an automatic injector (Gilson 234) coupled to an UV/Vis
detector (Gilson 155). The chromatographic column used for separation
was an ACE C18 column (Advanced Chromatography Technologies
Ltd., Aberdeen, Scotland) and a NewGuard C18 pre-column
(PerkinElmer, Norwalk, USA) equilibrated at 25 °C. Scanning a solution
of chlorothalonil allowed the selection for the most accurate wave-
length for elution monitoring. Maximum absorption was achieved at
325 nm. Chlorothalonil was analyzed in isocratic mode with a mobile
phase constituted by 0.1% formic acid in water (70%) and acetonitrile
(30%). Twenty μL of sample was injected, flowing a rate of 1.2 mL/min
for a total run time of 17min. Limits of detection (LOD) and quantifi-
cation (LOQ) were established at 0.17 and 0.5mg kg−1, respectively.

2.4. Sample collection and RNA isolation

Each core with the exposed organisms was retrieved from the site
and placed in a tray with water. The organisms were floated to the
surface, collected to RNase free microtubes and immediately placed in
dry ice to be transported to the laboratory. Samples were kept at
−80 °C until further analysis. Total RNA from each sample was ex-
tracted with the TRIZOL® extraction method (Invitrogen, Belgium),
following the manufacturer's instructions. Organisms were homo-
genized mechanically, after adding 0.5 mL of TRIZOL® reagent. After
the first RNA precipitation, wash and resuspension steps, total RNA was
submitted to a DNase treatment using the RQ1 RNase-Free DNase kit
from Promega (Madison, USA). RNA integrity was validated in a 1% gel
electrophoresis for every sample before proceeding with the qPCR as-
says. Total RNA content and purity along with gDNA contamination
were determined with Nanodrop 2000 (Thermo Scientific, USA) and
Qubit® 2.0 Fluorometer (ThermoFisher Scientific, USA), respectively.
Taking into consideration RNA yield, integrity and quality (Table A.2),
the best six samples from each treatment (plus control) were then se-
lected for a second DNase purification treatment and further gene

expression evaluations.

2.5. cDNA synthesis and gene expression analysis

Total RNA (200 ng) was reversely transcribed into first-strand cDNA
using the iScript™ cDNA Synthesis kit from Bio-Rad, containing a
modified Moloney murine leukemia virus (MMLV) reverse transcriptase
and both oligo (dT) and random hexamer primers in its reaction mix-
ture. Synthesis was performed according to the manufacturer's in-
structions in a total volume of 20 μL for each sample.

The fungal non-systemic mode of action (MoA) of chlorothalonil is
by binding to glutathione, inhibiting glutathione-dependent enzymes
(Cox, 1997). Several other reports correlate chlorothalonil with other
-thiol rich molecules activities (McMahon et al., 2011; Zhang et al.,
2016). For the present study, targeted genes were based on a combined
criterion between the fungicide's MoA, detoxification mechanisms of F.
candida, and the verified results from a previous laboratorial exposure,
where gene expression and reproduction of F. candida were evaluated
upon exposure to the fungicide (Simões et al., 2018a). This previous
laboratorial data was obtained from whole F. candida transcriptome
sequencing, using Illumina HiSeq 2000 platform (Illumina, USA). Dif-
ferential gene expression was evaluated using Limma and edgeR
packages in R (version 3.1.3), following a GLM (Generalized Linear
Model) regression, and data was deposited in NCBI SRA under accession
SRP152014 (Bioproject PRJNA477642). Only differentially expressed
genes identified during the laboratory exposure were considered. From
these, twelve specific genes were used in the present study (Table 1).
For the amplification reactions, the iTAQ™ Universal SYBR® Green
Supermix was used. Each reaction (final volume of 20 μL) consisted of:
2 μL of DNA template, 2 μL of forward primer, 2 μL of reverse primer,
4 μL of nuclease-free water, and 10 μL of the reaction mix. The thermal
cycling protocol comprised an activation step of 30 s at 95 °C and
40 cycles of a combined denaturation (5 s at 95 °C) and annealing (30 s
at 60 °C) step. Melt curves were generated by measuring fluorescence
after each temperature increase of 0.5 °C for 5 s over a range from 65 to
95 °C to verify the presence of the desired amplicon. Each assay was 3×
technically replicated and amplification was performed on a CFX
Connect™ Real-Time PCR System (Bio-Rad). Primer sequences were
designed using Oligo Explorer software (version 1.1.2, Gene Link™),
according to the annotated transcriptome of F. candida (Faddeeva et al.,
2015) and are presented in Table 1.

All primer sets were tested for their efficiency and specificity. Real-
time PCR amplification efficiencies (E) were calculated from the given

Fig. 1. Field disposition of the soil cores, sprayed
with the chlorothalonil-based formulation in two
different nominal concentrations (60 and 127mg a.i.
kg−1 soil): A – real disposition; B – schematic re-
presentation. Replicates R1 to R12 were used to
follow the targeted gene expression effects on
Folsomia candida. Replicates M1 to M3 were used to
evaluate chlorothalonil vertical migration in soil.
Ct= Control (0mg a.i. kg−1 soil);
EC50= concentration causing 50% reduction in re-
production under laboratory exposures (127mg a.i.
kg−1); 1/2 EC50=half the concentration causing
50% reduction in reproduction under laboratory ex-
posures (60mg a.i. kg−1).
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slope of the standard curve according to equation: E= (10(−1/

slope)− 1)× 100. Simultaneously, a melting curve analysis was con-
ducted to assess the specificity of each primer to produce a single,
specific amplification product. Possible gDNA contaminations and
primer dimers formation were also verified by using –RT controls (re-
plicates without reverse transcriptase) and non-template control re-
plicates (NTC), respectively.

To evaluate the effects of the fungicide in the exposed F. candida,
relative expressions of the 10 selected target genes described in Table 1,
were assessed in this study. Expression values were normalized with
two housekeeping genes (HK). A ribosomal protein S18 (Rps18) and G-
protein coupled receptor (Mth2) were tested and used as HK genes,
based on previous results from Simões et al. (2018a). Rps18 and Mth2
revealed an amplification variability of less than one cycle between
non-treated and treated samples (ΔCT= 0.90 and 0.34, respectively).
Gene expression calculations were performed according to the metho-
dology proposed by Hellemans et al. (2007). This is an adaptation from
the Pfaffl (2001) methodology, using the equation: Relative fold change
(RFC)= (EGOI)ΔCt GOI/GeoMean[(EREF)ΔCt REF], where E is the efficiency
of the primer for each gene of interest (GOI) and for the housekeeping
gene (REF). The geometric mean (GeoMean) between HK genes relative
quantities was used, accordingly. Results were considered as RFC to
control and were log2 normalized.

2.6. Data analysis and statistics

To assess differences of chlorothalonil migration in soil, Student t-
test analysis or one-way analysis of variance (ANOVA) followed by
Tukey post hoc, were performed. For the statistical differences on the
survival of F. candida after the in-field exposure bioassay, multiple
comparisons between treatments were performed using Kruskall-Wallis,
followed by post hoc Games-Howell tests. For the differential gene ex-
pression analysis, ANOVA was performed, followed by Dunnett's test.
Correlation tests between laboratory and in-field gene expression da-
tasets were performed using Pearson's correlation coefficient. Data
normality was checked (through Kolmogorov-Smirnov test) before
evaluating the correlations.

3. Results

Weather conditions during the exposure period consisted in tem-
peratures ranging from 16 ± 0.8 °C and 31.3 ± 2.6 °C, with no pre-
cipitation events registered. After the exposure period, organisms were
collected in the entire core, individuals in each soil core were counted
and percentage survival was estimated. On average, 77.9, 79.5 and 55.4
organisms were collected in control, 1/2 EC50 and EC50 treatments,
respectively, corresponding to recovery percentages of 35%, 36% and
25% from the initial 220 organisms added in every replicate from the
different treatments (control and contaminated). The observed mor-
tality was significant in all treatments (Games-Howell, p < 0.001) but
not statistically different between them (F2,33= 1.363, p=0.270).

3.1. Vertical migration of chlorothalonil

To evaluate the downward migration of chlorothalonil (applied as a
commercial formulation), residues of the fungicide were determined at
different depths in the soil columns and at different time-points, as
mentioned in Section 2.2. The vertical migration of chlorothalonil over
4 days (sprayed as a formulated product in two different concentra-
tions) is presented in Fig. 2.

The chlorothalonil migration was distinct between applied chemical
concentrations, with a faster migration when a higher concentration
(EC50; 127mg a.i. kg−1) was applied, after spraying the pesticide
formulations (Day 0). This can be inferred by the difference in average
concentrations observed between the top layers 0–25 and 25–50mm
after spraying the lower formulation concentration (t=3.4, df= 4,
p=0.03). The same result was not observed for the higher con-
centration tested, presenting no differences in the top layers (t=1.04,
df= 4, p=0.37). Moreover, two days after exposure, the samples with
the high concentration presented a more homogeneous distribution
along the soil column (0 to 100mm), while the samples with the low
concentration (1/2 EC50; 60mg a.i. kg−1) presented higher con-
centrations in the top and middle layers (0 to 50mm) comparatively to
the bottom layer (F2,6= 7.59, p=0.02). This is evidence of a slower
vertical migration of chlorothalonil when the lower concentration was
applied. However, at the end of the experiment (after 4 days), high
amounts of chlorothalonil were also found in the bottom layer

Table 1
Primer sequences and efficiencies of the selected genes from F. candida, evaluated by qPCR. Analysis was performed after exposing the organisms under minimally
controlled field conditions to the formulated fungicide.

Gene abbreviation Functional description Accession number Primer sequences (5′→ 3′) Efficiency r squared

Rps18 40S ribosomal protein S18 GAMN01000369 FW: TCCCTGACTGGTTCCTCAAC
RV: GTGGGCTCGGATCTTCTTCA

97.0 0.998

Mth2 G-protein coupled receptor GAMN01017015 FW: AACTAAGGATGACACCCAGC
RV: CAGAGCCAGAAATAACCCAC

98.4 0.999

Hsp23 Heat shock protein 23 GAMN01004140 FW: GCTCCGAAGAAGGTGGTAG
RV: TATCCCCAGTTTCTCCGTC

99.5 0.999

Hspβ1 Heat shock protein beta-1 GAMN01000935 FW: CGACGATCTCCTTGGGGTTT
RV: GCAGCACTCATGTCACGTTC

100.0 0.978

GST Glutathione S-transferase GAMN01000417 FW: CCACTCCGTCATGAACCCAA
RV: CTGTCCTCCCTAAAGCGTGG

99.1 0.994

RDH12 Retinol dehydrogenase 12 GAMN01003999 FW: CGACTCTGCCAGCTTTCTCA
RV: GAAGAAGTCCTCGGCGTGAA

97.0 0.983

Ctns Cystinosin GAMN01037779 FW:ACTGAGGGGCAAATTGGGAG
RV: TCTCACATGGCCCCTGTTTC

99.6 0.977

Cyp4C1 Cytochrome P450 4C1 GAMN01025638 FW: GTGGTTGCTAGGCGAAGGAT
RV: CCAGGAATCCGTCGAAGCTT

99.7 0.957

VMO1 Vitelline membrane outer layer protein 1 GAMN01016071 FW: AGAAATGGAGCTGTGCCCTC
RV: TGTTCCGCTGTTTACTCGCT

97.9 0.987

PDI-2 Disulfide-isomerase 2 GAMN01002621 FW: TTCTACTTTGTGCCCTCGCC
RV: GGCAGATGTCAGAGTGTCCC

91.7 0.987

CTSL Cathepsin L1 GAMN01028105 FW: AAGTATCCCTGCTGACCCCA
RV: TGGTGGTTGGATATGGTGCC

95.3 0.997

celD Endoglucanase E-4 GAMN01014347 FW:AGGACTACGTGGCAAATGAG
RV: ACGTGCGACAGTAGATGTTG

90.2 0.998
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(50–100mm) for both concentrations tested (no significant differences
observed between layers), demonstrating a uniform distribution of the
contaminant along the soil column. The fungicide migrated along the
entire depth of the soil cores, for both tested concentrations, during the
exposure period.

3.2. Gene expression

In the present study, transcript abundance was evaluated by qPCR
analysis. All products showed a single peak in the melting curve ana-
lysis. The calculated amplification efficiency for primers ranged from
90.2% to 100%, r2≥ 0.957 (Table 1).

Relative fold change expression results for the 10 selected targets
can be seen in Fig. 3, where results for untreated (control) and con-
taminated samples (1/2 EC50 and EC50) are displayed. For a com-
parative purpose, also average expression results obtained for these
specific genes under previous laboratorial exposure conditions (after
4 days exposed to the EC50 concentration, 127mg kg−1), are presented
in Fig. 3.

Expression values were in agreement for all the tested genes (up- or
down-regulated) between laboratory and in-field bioassay exposures,
although the expression fold changes were in general less pronounced
in the in-field experiment. From the selected and tested genes, six were
differentially expressed in the in-field bioassay experiment. Ctns, RDH,
and GST were significantly up-regulated for the two tested concentra-
tions of the formulated fungicide. The same number of genes were

significantly down-regulated (VMO1, PDI-2, and CTSL), although CTSL
was differentially expressed only for the higher concentration tested.
From the detoxification and stress-related genes, glutathione S-trans-
ferase (GST) was the only differentially expressed gene and for both
concentrations. Cystinosin (Ctns) presented the highest average level of
over-expression, followed by retinol dehydrogenase gene (RDH12). The
reproductive related gene, VMO1, was the most down-regulated gene,
followed by a protein disulfide isomerase (PDI-2) and cathepsin L1
(CTSL). Despite the trend of increased average expression levels with
contamination, heat shock stress related genes (HSPb1, HSP23) and
cytochrome Cyp4C1 did not reveal differential expressions upon ex-
posure of F. candida to any of the tested concentrations of the for-
mulation. It is important to mention that all the six differentially ex-
pressed genes increased their average expression patterns, positively or
negatively, when fungicide concentration was increased, in a clear
dose-response pattern. Overall, gene expression levels in the two in-
field treatments (considering all the genes tested) proved to be highly
correlated (rp=0.84, p < 0.001, r2= 0.71). All data passed normality
test (Kolmogorov-Smirnov, p > 0.05) and therefore normal distribu-
tions were assumed.

For comparison and validation purposes, the relations between da-
tasets from the different environments (laboratory and field) were also
tested here (Fig. 4), correlating expression levels from 2 and 4 days
exposure in laboratory with expression levels from the in-field bioassay
(4 days exposure), using the same concentration used in the lab
(127mg kg−1, EC50) and half this concentration (60mg kg−1, 1/2
EC50).

All datasets from the different environments have shown to be
significantly and positively correlated. The most significant correlation
was observed between 2 days exposure in the lab and field higher
concentration (Lab_2 days EC50 vs Field EC50; Fig. 4A). However, when
considering the same time and concentration of exposure between the
different environments (Lab_4 days EC50 vs Field EC50), also highly
significant correlations were observed (Fig. 4B). Datasets from two days
of exposure in the lab and field lower concentration were also sig-
nificantly correlated (Lab_2 days vs Field 1/2 EC50; Fig. 4C) and the
lower correlation, although still significant, was registered between the
datasets from 4 days exposure in the lab and field lower concentration
(Lab_4 days EC50 vs Field 1/2 EC50; Fig. 4D). Overall correlations in-
dicate that biological responses of F. candida to the fungicide were
highly conserved for the selected genes, despite the potential variability
resulting from different environments, time-points and pesticide con-
centrations.

Fig. 2. Vertical migration of chlorothalonil in soil after 0, 2, and 4 days of
application, using two sprayed formulated concentrations (1/2 EC50–60 and
EC50–127mg a.i. kg−1). Results are presented as average (3 biological re-
plicates) residual concentrations in each layer, plus standard deviation.

Fig. 3. Relative fold change (log2) in expression of
targeted Folsomia candida genes, after exposure to
two sprayed concentrations of a chlorothalonil-based
formulation (1/2EC50 and EC50) during four days in
an in-field bioassay. For comparative purpose,
average laboratorial fold changes (Lab_4 days EC50)
for each gene were included. (*) differentially ex-
pressed genes compared to the respective laboratorial
or in-field control.
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4. Discussion

The in-field bioassay exposing F. candida to the fungicide formula-
tion for four days was based on transcriptomics and proteomics results
obtained in a previous experiment, where organisms were exposed to
similar concentrations of the formulation, under laboratorial conditions
(Simões et al., 2018a). The main objective in the present work was
therefore to validate the applicability of a set of genes, criteriously
selected and assumed to be linked to the mode of action of the fungi-
cide, to be used as ecotoxicological markers under more realistic field
exposure scenarios for chlorothalonil-based formulations.

As realism increases in chemical exposures, much more variability is
expected, comparatively to laboratorial environment, where conditions
are much more controlled and stable (Rivas et al., 2016; Römbke et al.,
2006; Scott et al., 2009). This variability results from several factors
that cannot be controlled in the field. Thus, despite the minimally
controlled conditions (physical confinement and moisture), environ-
mental factors could have originated the low recovery rates observed at
the end of the exposure. Therefore, variables such as the daily tem-
perature ranges or predation from higher invertebrates must be in-
dicated here as possibilities, since arachnids, mites and annelids were
found in the exposure site and inside soil cores (data not shown).

In a real environment, the activity of contaminants may be affected,
as it may be the case for migration in the soil column or degradation
rates, due to environmental factors such as eg. puddling that affect the
soil properties and consequently contaminant activities (Kah and
Brown, 2006). Collembolan species such as F. candida can be found in
the litter or top soil layer, feeding on the surface of organic or mineral
materials and the water film (Kaneda and Kaneko, 2002). However,
these arthropods can migrate vertically in soil (Aldaya et al., 2006) and
therefore are able to avoid surface stressful conditions. Considering the
above-mentioned possibilities, a compound migration assessment was
carried out to exclude the possibility of no contact between the pesti-
cide and the test organisms due to avoidance behavior, considering that
the effective damage of the pollutant in F. candida was intended as
primary objective. Since chlorothalonil is a fungicide with reported low
solubility (Sw=0.85mg L−1 at 25 °C) and high organic‑carbon nor-
malized sorption coefficient (Koc) of 1600–14,000 (Bending et al.,
2007), low vertical mobility rates are expected in the soil column, as
reported by Van Scoy and Tjeerdema (2014). Results, however, in-
dicated that the active ingredient in the formulation migrated to the
lower level of the soil column. While chlorothalonil concentrations

were not quantified in the organisms themselves, results are demon-
strative that the organisms were in contact with the pesticide along the
soil core. The announced co-formulant in the formulation, propylene
glycol (propane-1,2-diol), is miscible with a wide range of solvents
(including water) and could therefore drag the free chlorothalonil
downward. Chlorothalonil is a very low to moderately persistent fun-
gicide in soil, with reported half-life (DT50) in the range from a few
days to 2months (EFSA, European Food Safety Authority, 2018). Singh
et al. (2002) reported that the half-life of chlorothalonil in a natural soil
was 8.6 days, applied at a concentration of 10mg a.i. kg−1 dry soil.
Since the concentrations tested in the present study were 6 to 12 times
higher, significant degradation (DT50) would be less likely to occur
within the time window applied in this study (4 days).

4.1. Gene expression

From the set of genes tested in the present study, the majority re-
vealed significant expression responses to the pesticide.

Four of the selected genes, namely GST, Ctns, CTSL, and PDI-2, were
initially selected as they are potentially implicated in the mechanisms
of toxic action of the chemical, chlorothalonil. GST catalyzes the con-
jugation of glutathione with xenobiotic substrates during detoxification
metabolism. Since glutathione is also targeted by chlorothalonil, an up-
regulation of glutathione synthesis and glutathione dependent enzymes
such as GST was anticipated and these results were confirmed here.
Similar expression results for GST were reported in the literature for
other non-target organisms (Elskus, 2012). The most up-regulated gene,
Ctns, codes for a cystinosin protein that functions as an active trans-
porter of cystine out of the lysosome. Cystines are oxidized dimers from
two cysteine molecules. Any deficiency in cystinosin activity may lead
to kidney disorders, as described with COS cells by Kalatzis et al. (2001)
or with rodents (Wilkinson and Killeen, 1996). Considering the re-
ported affinity of chlorothalonil to these simple -thiol molecules, Ctns
up-regulation was, much likely related to the fungicide. Chlorothalonil
could affect normal cysteine metabolism, especially in the detoxifica-
tion and excretion systems in the gut of F. candida, as previously dis-
cussed in Simões et al. (2018a). In opposition, CTSL gene (Cathepsin
L1) was down-regulated. The protein encoded by this gene is a lyso-
somal cysteine protease, playing a major role in intracellular protein
catabolism. The active site of cathepsin L is composed of a reactive
cysteine (Siklos et al., 2015). The interaction mechanism between the
enzyme and chlorothalonil is not yet well explored, but the presence of

Fig. 4. Correlation and regression analysis between
gene datasets from laboratory and in-field bioassay
exposures, using average expression levels (fold
change, log2) from each of the 10 selected genes,
represented by x and y axis. 1/2 EC50, (60mg a.i.
kg−1); EC50, (127mg a.i. kg−1). Confidence inter-
vals (95%) presented by trace lines.

T. Simões, et al. Environment International 127 (2019) 522–530

527



the fungicide significantly inhibited the normal expression of the
coding gene when a higher chlorothalonil concentration was used.

Disulfide isomerase proteins (PDIs) are tangled in the progression
and maturation of secretory proteins in the lumen of the endoplasmic
reticulum (ER) (Ellgaard et al., 2018). PDIs catalyze the formation,
reduction and rearrangement of disulfide bonds between cysteine
monomers in proteins of eukaryotes, also acting as molecular chaper-
ones in assisting polypeptide folding under stress conditions (Peng
et al., 2017). Peng et al. (2017), also working with a polychlorinated
compound (trichlorophenol), demonstrated that the molecule binds to
and inactivates PDI. With such arguments, it would be expected for PDI-
2 coding gene to be over-expressed upon fungicide exposure to com-
pensate for PDI inactivation by the fungicide. However, since the op-
posite was consistently observed here, the probable cause of this down-
regulation might be questioned. In a study conducted by Winter et al.
(2007), using the soil nematode worm Caenorhabditis elegans, the au-
thors analyzed the PDI family of enzymes and they found that unlike
the other disulfide isomerases, PDI-2 has an essential independent
catalytic activity related to normal morphological (collagenous cuticle)
and post-embryonic developments. In a more recent study, other au-
thors described a PDI-2 enzyme to strongly interact with a nuclear
embryo transcription factor (MEE8) with a role in regulating genes in
maternal tissue necessary for normal embryo development (Cho et al.,
2011). It is therefore possible that this particular PDI is also more re-
lated to developmental and reproductive features in F. candida, and less
to protein folding (often associated to stress) and trafficking. This could
explain the constant down-regulation of this gene, indicating a devel-
opmental impairment and a reproductive suppression upon fungicide
exposure, which was previously demonstrated for F. candida under the
same concentrations (Leitão et al., 2014; Simões et al., 2018a) and
other non-target species (Du Gas et al., 2017; Yu et al., 2013). In this
study, the reproductive related VMO1 gene was also intentionally se-
lected as target, since reproduction is of upmost ecological interest and
normally addressed in classical ecotoxicological studies. VMO1 protein
is found in the outside layer of the egg, in the vitelline membrane,
acting as a barrier between the egg yolk and the outside environment.
As expected, it was consistently suppressed in all tested conditions.

RDH12 presented an invariable significant up-regulation in all la-
boratorial time-points (2 to 10 days) after exposure to the same fungi-
cide concentration as the higher concentration tested in this study (Field
EC50). Based on these laboratory results it was selected for the in-field
bioassay as a stress marker. This gene codes for a retinol dehy-
drogenase, responsible for the retinoid metabolism. Retinoids such as
vitamin A are involved in a wide range of physiological processes such
as oxidative stress response and immune function (Chen et al., 2015). In
fact, these compounds have become widely used biomarkers of ex-
posure to environmental pollutants and there are several reported
studies indicating that the oxidative stress caused by chemical pollu-
tants induces retinol metabolism (as in the present study) and storage to
prevent oxidative damage (Novák et al., 2008). The other stress related
genes evaluated here (Hspβ1, Hsp23 and Cyp4C1) proved to be weak
markers for F. candida exposure to chlorothalonil in the field, since their
expression levels were not significantly different from control treatment
(Fig. 3). Similar results were reported for heat shock proteins, using
temperature as a stressor to F. candida (de Boer et al., 2010), although
the authors conducted their tests under lab conditions and discuss the
adaptability of F. candida to different temperature conditions. One
should mention that the organisms were transposed from laboratory
conditions to the exposure site and were not from a “natural field”
population. By including natural conditions, like in the present study, it
is probable that control organisms were also stressed due to other en-
vironmental factors and confinement in soil cores. Therefore, there was
no significant difference between control and exposed organisms.

The overall effects of the tested concentrations of the fungicide
formulation in expressions of targeted genes were positive and highly
correlated, with the majority of the tested genes presenting differential

expression patterns. It is also worth mentioning that these genes de-
monstrated a very evident dose-response pattern, when considering the
different fungicide concentrations tested here. This was particularly
clear for Ctns, RDH, GST, VMO1, PDI-2, and CTSL genes.

4.2. Laboratory and in-field comparisons

The expression patterns of the selected genes, between laboratory
and in-field bioassay exposures, also showed positive, significant cor-
relations and this was consistently observed between all selected
treatments (Fig. 4). Interestingly, the best correlation was found be-
tween the results from the 2 days' exposure in laboratory and Field EC50
(after 4 days), and not between expressions after 4 days for both
treatments. These results lead one to believe that under more controlled
conditions, the interaction of the subjects with the fungicide may be
more direct and forward, compared to an in-field scenario, where a
possible initial avoidance may be achieved by the organisms. In the
outdoor experiment, the contamination was made by spraying, while in
laboratory the soil was spiked with the fungicide, allowing a faster
scattering and probably a more efficient organism-chlorothalonil in-
teraction. Other possible explanations may be related to specific me-
tabolic functions related to some of the selected genes, possibly trig-
gered with some delay under field conditions (comparatively to
laboratory), due to the higher constraints presented in this environ-
ment. Such events could also explain the general less pronounced fold
changes in expression found for the in-field experiment (Fig. 4). There
are numerous reports in the literature exploring biomarkers of effect to
pollutants, under laboratory, or controlled field scenarios (in situ ex-
posures). However, results from these studies are often assumed to re-
present different environments without a comparative validation, con-
sidering other possible influencing factors. There are few ambitious
studies from the past few years attempting to validate specific biolo-
gical markers in different environments, revealing however limited
correlating evidence (Baillon et al., 2016; Kleinhenz et al., 2016;
McClain et al., 2003; Quirós et al., 2007). This is more evident when
addressing sensitive endpoints at the sub-cellular level such as gene
expression (Song et al., 2018), probably hampered by background noise
caused by the large variability of results expected from an exposure
under less controlled conditions, with many more influencing factors
(as already discussed), both biotic and abiotic (Li et al., 2010; Mikó
et al., 2015).

In soil ecotoxicology, there are also few standardized tests to be
performed in the field (van Gestel, 2012) and laboratory exposures are
not commonly validated in situ as well, which would logically present
higher ecological relevance. According to Kumpiene et al. (2019) this
could very well be due to conservative institutional structures, con-
tributing to the slow transition from laboratory to higher tier demon-
strations. Regarding soil studies, there are prospective reports in the
literature exploring gene makers and reference genes to be used under
more realistic exposure conditions. However, most of these studies are
performed under controlled conditions in laboratory and from these,
only a fraction mention a naturally contaminated soil matrix (Brulle
et al., 2011; Poynton et al., 2008; Roelofs et al., 2012). The comparative
information between laboratorial and higher tier (semi-field, in-field
bioassays) validation of specific gene markers for anthropogenic soil
exposure is missing in the literature. This goal was attempted here and
provided very compelling results for future natural exposure assess-
ments. From a regulatory point of view, the cross-validation of results
through different methodologies is of major importance (Martyniuk,
2018). The strong correlations observed here resulting from different
methodological approaches also highlight the significance of the pre-
sent work. Despite considering additional abiotic factors (e.g. different
soils) or biotic interactions would benefit the study, the results confirm
the close relation between the tested genes and chlorothalonil, making
them optimal candidates as early warning indicators in field risk as-
sessment schemes for chlorothalonil-based exposures.
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5. Conclusions

A set of differentially expressed genes, Ctns, RDH, GST, VMO1, PDI-
2, and CTSL, were demonstrated as optimal candidates to be used as
early warning indicators in the field for chlorothalonil-based exposures.
These results indicate that laboratory testing to determine sensitive
genes was validated under more realistic exposure scenarios. Thus,
these laboratory approaches have the potential for a more widespread
field use. With the emergence of cost-efficient and sensitive analytical
techniques such as omics or chip-based technologies in the field of
ecotoxicology, this work presents a scientific basis to potentially de-
velop an array to be used under natural chlorothalonil (and possibly
related chlorinated chemicals) exposure scenarios.

Acknowledgements

This work was supported by the Portuguese Foundation for Science
and Technology (FCT) through the projects UID/MAR/04292/2019,
ENVIRONOME (PTDC/AGR-PRO/3496/2012 - POCI-01-0145-FEDER-
016773), and grants awarded to TS (SFRH/BD/98266/2013), SN
(SFRH/BPD/94500/2013), and TNL (SFRH/BPD/110943/2015).
Project was also partially funded by the Integrated Programme of SR&
TD “SmartBioR” (reference Centro-01-0145-FEDER-000018) cofunded
by Centro 2020 program, Portugal2020, European Union, through the
European Regional Development Fund. DR was also supported by EU
FP7 Sustainable Nanotechnologies Project (SUN, contract number
604305). The authors also acknowledge Luís Alves and Sofia Silva for
the assistance in the experimental procedure.

Declarations of interest

None.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.03.073.

References

Aldaya, M.M., Lors, C., Salmon, S., Ponge, J.F., 2006. Avoidance bio-assays may help to
test the ecological significance of soil pollution. Environ. Pollut. 140, 173–180.
https://doi.org/10.1016/j.envpol.2005.06.011.

Baillon, L., Pierron, F., Pannetier, P., Normandeau, E., Couture, P., Labadie, P., Budzinski,
H., Lambert, P., Bernatchez, L., Baudrimont, M., 2016. Gene transcription profiling in
wild and laboratory-exposed eels: effect of captivity and in situ chronic exposure to
pollution. Sci. Total Environ. 571, 92–102. https://doi.org/10.1016/j.scitotenv.
2016.07.131.

Bending, G.D., Rodríguez-Cruz, M.S., Lincoln, S.D., 2007. Fungicide impacts on microbial
communities in soils with contrasting management histories. Chemosphere 69,
82–88. https://doi.org/10.1016/j.chemosphere.2007.04.042.

Birnbaum, L.S., Burke, T.A., Jones, J.J., 2016. Informing 21st-century risk assessments
with 21st-century science. Environ. Health Perspect. 124, 60–64.

Brulle, F., Lemière, S., Waterlot, C., Douay, F., Vandenbulcke, F., 2011. Gene expression
analysis of 4 biomarker candidates in Eisenia fetida exposed to an environmental
metallic trace elements gradient: a microcosm study. Sci. Total Environ. 409,
5470–5482. https://doi.org/10.1016/j.scitotenv.2011.08.040.

Campana, O., Wlodkowic, D., 2018. Ecotoxicology goes on a chip: embracing miniatur-
ized bioanalysis in aquatic risk assessment. Environ. Sci. Technol. 52, 932–946.
https://doi.org/10.1021/acs.est.7b03370.

Chaousis, S., Leusch, F.D.L., van de Merwe, J.P., 2018. Charting a path towards non-
destructive biomarkers in threatened wildlife: a systematic quantitative literature
review. Environ. Pollut. 234, 59–70. https://doi.org/10.1016/j.envpol.2017.11.044.

Chen, L., Sun, J., Zhang, H., Au, D.W.T., Lam, P.K.S., Zhang, W., Bajic, V.B., Qiu, J.W.,
Qian, P.Y., 2015. Hepatic proteomic responses in marine medaka (Oryzias mela-
stigma) chronically exposed to antifouling compound butenolide [5-octylfuran-
2(5H)-one] or 4,5-dichloro-2- n -octyl-4-isothiazolin-3-one (DCOIT). Environ. Sci.
Technol. 49, 1851–1859. https://doi.org/10.1021/es5046748.

Cho, E.J., Yuen, C.Y.L., Kang, B.H., Ondzighi, C.A., Staehelin, L.A., Christopher, D.A.,
2011. Protein disulfide isomerase-2 of arabidopsis mediates protein folding and lo-
calizes to both the secretory pathway and nucleus, where it interacts with maternal
effect embryo arrest factor. Mol. Cell 32, 459–475. https://doi.org/10.1007/s10059-
011-0150-3.

Cox, C., 1997. Fungicide factsheet: Chlorothalonil. J. Pestic. Reform 17, 14–20.
De Boer, T.E., Holmstrup, M., van Straalen, N.M., Roelofs, D., 2010. The effect of soil pH

and temperature on Folsomia candida transcriptional regulation. J. Insect Physiol.
56, 350–355. https://doi.org/10.1016/j.jinsphys.2009.11.004.

De Coen, W., Huyskens, G., Smolders, R., Dardenne, F., Robbens, J., Maras, M., Blust, R.,
2009. Potential future developments in ecotoxicology. Environmental Toxicity
Testing. https://doi.org/10.1002/9781444305531.ch11.

Du Gas, L.M., Ross, P.S., Walker, J., Marlatt, V.L., Kennedy, C.J., 2017. Effects of atrazine
and chlorothalonil on the reproductive success, development, and growth of early life
stage sockeye salmon (Oncorhynchus nerka). Environ. Toxicol. Chem. 36,
1354–1364. https://doi.org/10.1002/etc.3753.

EFSA, 2018. Peer review of the pesticide risk assessment of the active substance chlor-
othalonil. 16, 1–40. https://doi.org/10.2903/j.efsa.2018.5126.

Ellgaard, L., Sevier, C.S., Bulleid, N.J., 2018. How are proteins reduced in the en-
doplasmic reticulum? Trends Biochem. Sci. 43, 32–43. https://doi.org/10.1016/j.
tibs.2017.10.006.

Elskus, A.A., 2012. Toxicity, sublethal effects, and potential modes of action of select
fungicides on freshwater fish and invertebrates. Open File Rep. https://doi.org/10.
3133/OFR20121213.

European Commission, 2012. Addressing the New Challenges for Risk Assessment.
https://doi.org/10.2772/37863.

European Union, 2007. Consolidated version of the treaty on the functioning of the
European Union. Off. J. Eur. Union 50, 1–272. https://doi.org/10.1007/s11552-006-
9002-6.

Faddeeva, A., Studer, R.A., Kraaijeveld, K., Sie, D., Ylstra, B., Marie¨n, J., Op Den Camp,
H.J.M., Datema, E., Den Dunnen, J.T., Van Straalen, N.M., Roelofs, D., 2015.
Collembolan transcriptomes highlight molecular evolution of hexapods and provide
clues on the adaptation to terrestrial life. PLoS One 10. doi:https://doi.org/10.1371/
journal.pone.0130600.

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., Vandesompele, J., 2007. qBase
relative quantification framework and software for management and automated
analysis of real-time quantitative PCRdata. Genome Biol. 8, R19. https://doi.org/10.
1186/gb-2007-8-2-r19.

Kah, M., Brown, C.D., 2006. Adsorption of ionisable pesticides in soils. In: Ware, G.W.,
Whitacre, D.M., Albert, L.A., de Voogt, P., Gerba, C.P., Hutzinger, O., Knaak, J.B.,
Mayer, F.L., Morgan, D.P., Park, D.L., Tjeerdema, R.S., Yang, R.S.H., Gunther, F.A.
(Eds.), Reviews of Environmental Contamination and Toxicology: Continuation of
Residue Reviews. Springer New York, New York, NY, pp. 149–217. https://doi.org/
10.1007/978-0-387-32964-2_5.

Kalatzis, V., Cherqui, S., Antignac, C., Gasnier, B., 2001. Cystinosin, the protein defective
in cystinosis, is a H+-driven lysosomal cystine transporter. EMBO J. 20, 5940–5949.
https://doi.org/10.1093/emboj/20.21.5940.

Kaneda, S., Kaneko, N., 2002. Influence of soil quality on the growth of Folsomia candida
(Willem) (Collembola). Pedobiologia (Jena) 46, 428–439. https://doi.org/10.1078/
0031-4056-00150.

Kleinhenz, L.S., Nugegoda, D., Verspaandonk, E.R., Coombes, D.C., Howe, S., Shimeta, J.,
2016. Toxicity of an herbicide and adjuvant to saltmarsh invertebrates in the man-
agement of invasive grass; comparative laboratory and field tests. Mar. Pollut. Bull.
109, 334–343. https://doi.org/10.1016/j.marpolbul.2016.05.061.

Kumpiene, J., Antelo, J., Brännvall, E., Carabante, I., Ek, K., Komárek, M., Söderberg, C.,
Wårell, L., 2019. In situ chemical stabilization of trace element-contaminated soil –
field demonstrations and barriers to transition from laboratory to the field – a review.
Appl. Geochem. 100, 335–351. https://doi.org/10.1016/j.apgeochem.2018.12.003.

Leitão, S., Cerejeira, M.J., Van den Brink, P.J., Sousa, J.P., 2014. Effects of azoxystrobin,
chlorothalonil, and ethoprophos on the reproduction of three terrestrial invertebrates
using a natural Mediterranean soil. Appl. Soil Ecol. 76, 124–131. https://doi.org/10.
1016/j.apsoil.2013.12.013.

Li, Y., Wang, N., Perkins, E.J., Zhang, C., Gong, P., 2010. Identification and optimization
of classifier genes from multi-class earthworm microarray dataset. PLoS One 5, 1–9.
https://doi.org/10.1371/journal.pone.0013715.

Martyniuk, C.J., 2018. Are we closer to the vision? A proposed framework for in-
corporating omics into environmental assessments. Environ. Toxicol. Pharmacol. 59,
87–93. https://doi.org/10.1016/j.etap.2018.03.005.

McClain, J.S., Oris, J.T., Burton, G.A., Lattier, D., 2003. Laboratory and field validation of
multiple molecular biomarkers of contaminant exposure in rainbow trout
(Oncorhynchus mykiss). Environ. Toxicol. Chem. 22, 361–370. https://doi.org/10.
1897/1551-5028(2003)022<0361:LAFVOM>2.0.CO;2.

McMahon, T.A., Halstead, N.T., Johnson, S., Raffel, T.R., Romansic, J.M., Crumrine, P.W.,
Boughton, R.K., Martin, L.B., Rohr, J.R., 2011. The fungicide chlorothalonil is non-
linearly associated with corticosterone levels, immunity, and mortality in amphi-
bians. Environ. Health Perspect. 119, 1098–1103. https://doi.org/10.1289/ehp.
1002956.

Mikó, Z., Ujszegi, J., Gál, Z., Imrei, Z., Hettyey, A., 2015. Choice of experimental venue
matters in ecotoxicology studies: comparison of a laboratory-based and an outdoor
mesocosm experiment. Aquat. Toxicol. 167, 20–30. https://doi.org/10.1016/j.
aquatox.2015.07.014.

Novák, J., Beníšek, M., Hilscherová, K., 2008. Disruption of retinoid transport, metabo-
lism and signaling by environmental pollutants. Environ. Int. 34, 898–913. https://
doi.org/10.1016/j.envint.2007.12.024.

Peng, R.H., Qiu, J., Tian, Y.S., Gao, J.J., Han, H.J., Fu, X.Y., Zhu, B., Xu, J., Wang, B., Li,
Z.J., Wang, L.J., Yao, Q.H., 2017. Disulfide isomerase-like protein AtPDIL1-2 is a
good candidate for trichlorophenol phytodetoxification. Sci. Rep. 7, 1–10. https://
doi.org/10.1038/srep40130.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time
RT–PCR. Nucleic Acids Res. 29, 16–21. https://doi.org/10.1093/nar/29.9.e45.

Poynton, H.C., Zuzow, R., Loguinov, A.V., Perkins, E.J., Vulpe, C.D., 2008. Gene

T. Simões, et al. Environment International 127 (2019) 522–530

529

https://doi.org/10.1016/j.envint.2019.03.073
https://doi.org/10.1016/j.envint.2019.03.073
https://doi.org/10.1016/j.envpol.2005.06.011
https://doi.org/10.1016/j.scitotenv.2016.07.131
https://doi.org/10.1016/j.scitotenv.2016.07.131
https://doi.org/10.1016/j.chemosphere.2007.04.042
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0020
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0020
https://doi.org/10.1016/j.scitotenv.2011.08.040
https://doi.org/10.1021/acs.est.7b03370
https://doi.org/10.1016/j.envpol.2017.11.044
https://doi.org/10.1021/es5046748
https://doi.org/10.1007/s10059-011-0150-3
https://doi.org/10.1007/s10059-011-0150-3
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0050
https://doi.org/10.1016/j.jinsphys.2009.11.004
https://doi.org/10.1002/9781444305531.ch11
https://doi.org/10.1002/etc.3753
https://doi.org/10.2903/j.efsa.2018.5126
https://doi.org/10.1016/j.tibs.2017.10.006
https://doi.org/10.1016/j.tibs.2017.10.006
https://doi.org/10.3133/OFR20121213
https://doi.org/10.3133/OFR20121213
https://doi.org/10.2772/37863
https://doi.org/10.1007/s11552-006-9002-6
https://doi.org/10.1007/s11552-006-9002-6
https://doi.org/10.1371/journal.pone.0130600
https://doi.org/10.1371/journal.pone.0130600
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1007/978-0-387-32964-2_5
https://doi.org/10.1007/978-0-387-32964-2_5
https://doi.org/10.1093/emboj/20.21.5940
https://doi.org/10.1078/0031-4056-00150
https://doi.org/10.1078/0031-4056-00150
https://doi.org/10.1016/j.marpolbul.2016.05.061
https://doi.org/10.1016/j.apgeochem.2018.12.003
https://doi.org/10.1016/j.apsoil.2013.12.013
https://doi.org/10.1016/j.apsoil.2013.12.013
https://doi.org/10.1371/journal.pone.0013715
https://doi.org/10.1016/j.etap.2018.03.005
https://doi.org/10.1897/1551-5028(2003)022<0361:LAFVOM>2.0.CO;2
https://doi.org/10.1897/1551-5028(2003)022<0361:LAFVOM>2.0.CO;2
https://doi.org/10.1289/ehp.1002956
https://doi.org/10.1289/ehp.1002956
https://doi.org/10.1016/j.aquatox.2015.07.014
https://doi.org/10.1016/j.aquatox.2015.07.014
https://doi.org/10.1016/j.envint.2007.12.024
https://doi.org/10.1016/j.envint.2007.12.024
https://doi.org/10.1038/srep40130
https://doi.org/10.1038/srep40130
https://doi.org/10.1093/nar/29.9.e45


expression profiling in Daphnia magna, part II: validation of a copper specific gene
expression signature with effluent from two copper mines in California. Environ. Sci.
Technol. 42, 6257–6263. https://doi.org/10.1021/es800262k.

Quirós, L., Piña, B., Solé, M., Blasco, J., López, M.Á., Riva, M.C., Barceló, D., Raldúa, D.,
2007. Environmental monitoring by gene expression biomarkers in Barbus graellsii:
laboratory and field studies. Chemosphere 67, 1144–1154. https://doi.org/10.1016/
j.chemosphere.2006.11.032.

Rivas, G.B.S., Bauzer, L.G.S.d.R., Meireles-Filho, A.C.A., 2016. “The environment is ev-
erything that isn't me”: molecular mechanisms and evolutionary dynamics of insect
clocks in variable surroundings. Front. Physiol. 6. https://doi.org/10.3389/fphys.
2015.00400.

Roelofs, D., de Boer, M., Agamennone, V., Bouchier, P., Legler, J., van Straalen, N., 2012.
Functional environmental genomics of a municipal landfill soil. Front. Genet. 3, 1–11.
https://doi.org/10.3389/fgene.2012.00085.

Römbke, J., Jänsch, S., Junker, T., Pohl, B., Scheffczyk, A., Schallnaß, H.J., 2006.
Improvement of the applicability of ecotoxicological tests with earthworms, spring-
tails, and plants for the assessment of metals in natural soils. Environ. Toxicol. Chem.
25, 776–787. https://doi.org/10.1897/04-584R.1.

Scott, C.P., Williams, D.A., Crawford, D.L., 2009. The effect of genetic and environmental
variation on metabolic gene expression. Mol. Ecol. 18, 2832–2843. https://doi.org/
10.1111/j.1365-294X.2009.04235.x.The.

Siklos, M., BenAissa, M., Thatcher, G.R.J., 2015. Cysteine proteases as therapeutic targets:
does selectivity matter? A systematic review of calpain and cathepsin inhibitors. Acta
Pharm. Sin. B 5, 506–519. https://doi.org/10.1016/j.apsb.2015.08.001.

Simões, T., Novais, S.C., Natal-da-Luz, T., Devreese, B., de Boer, T., Roelofs, D., Sousa, J.
P., van Straalen, N.M., Lemos, M.F.L., 2018a. Using time-lapse omics correlations to
integrate toxicological pathways of a formulated fungicide in a soil invertebrate.
Environ. Pollut. doi:https://doi.org/10.1016/J.ENVPOL.2018.12.069.

Simões, T., Novais, S.C., Natal-da-Luz, T., Devreese, B., de Boer, T., Roelofs, D., Sousa,
J.P., van Straalen, N.M., Lemos, M.F.L., 2018b. An integrative omics approach to
unravel toxicity mechanisms of environmental chemicals: effects of a formulated
herbicide. Sci. Rep. 8, 11376. https://doi.org/10.1038/s41598-018-29662-6.

Singh, B.K., Walker, a., Wright, D.J., 2002. Persistence of chlorpyrifos, fenamiphos,
chlorothalonil, and pendimethalin in soil and their effects on soil microbial

characteristics. Bull. Environ. Contam. Toxicol. 69, 181–188. https://doi.org/10.
1007/s00128-002-0045-2.

Song, Y., Asselman, J., De Schamphelaere, K.A., Salbu, B., Tollefsen, K.E., 2018.
Deciphering the combined effects of environmental stressors on gene transcription: a
conceptual approach. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.
8b00749. acs.est.8b00749.

Van Straalen, N.M., 2003. Peer reviewed: ecotoxicology becomes stress ecology. Environ.
Sci. Technol. 37, 324A–330A.

Van Gestel, C.A.M., 2012. Soil ecotoxicology: state of the art and future directions.
Zookeys 176, 275–296. https://doi.org/10.3897/zookeys.176.2275.

Van Scoy, A.R., Tjeerdema, R.S., 2014. Environmental fate and toxicology of chlor-
othalonil. Rev. Environ. Contam. Toxicol. https://doi.org/10.1007/978-3-319-
06746-9.

Velthorst, E.J., 1993. Manual for Chemical Water Analysis. Department of Soil Science
and Geology, Agricultural University, Wageningen, The Netherlands.

Vighi, M., Villa, S., 2013. Ecotoxicology: the challenges for the 21st century. Toxics 1,
18–35. https://doi.org/10.3390/toxics1010018.

Villeneuve, D.L., Garcia-Reyero, N., 2011. Vision & strategy: predictive ecotoxicology in
the 21st century. Environ. Toxicol. Chem. 30, 1–8. https://doi.org/10.1002/etc.396.

Wilkinson, C.F., Killeen, A.J.C., 1996. A mechanistic interpretation of the oncogenicity of
chlorothalonil in rodents and an assessment of human relevance. Regul. Toxicol.
Pharmacol. 24, 69–84. https://doi.org/10.1006/rtph.1996.0065.

Winter, A.D., McCormack, G., Page, A.P., 2007. Protein disulfide isomerase activity is
essential for viability and extracellular matrix formation in the nematode
Caenorhabditis elegans. Dev. Biol. 308, 449–461. https://doi.org/10.1016/j.ydbio.
2007.05.041.

Yu, S., Wages, M.R., Cobb, G.P., Maul, J.D., 2013. Effects of chlorothalonil on develop-
ment and growth of amphibian embryos and larvae. Environ. Pollut. 181, 329–334.
https://doi.org/10.1016/j.envpol.2013.06.017.

Zhang, M., Xu, Z., Teng, Y., Christie, P., Wang, J., Ren, W., Luo, Y., Li, Z., 2016. Non-
target effects of repeated chlorothalonil application on soil nitrogen cycling: the key
functional gene study. Sci. Total Environ. 543, 636–643. https://doi.org/10.1016/j.
scitotenv.2015.11.053.

T. Simões, et al. Environment International 127 (2019) 522–530

530

https://doi.org/10.1021/es800262k
https://doi.org/10.1016/j.chemosphere.2006.11.032
https://doi.org/10.1016/j.chemosphere.2006.11.032
https://doi.org/10.3389/fphys.2015.00400
https://doi.org/10.3389/fphys.2015.00400
https://doi.org/10.3389/fgene.2012.00085
https://doi.org/10.1897/04-584R.1
https://doi.org/10.1111/j.1365-294X.2009.04235.x.The
https://doi.org/10.1111/j.1365-294X.2009.04235.x.The
https://doi.org/10.1016/j.apsb.2015.08.001
https://doi.org/10.1016/J.ENVPOL.2018.12.069
https://doi.org/10.1038/s41598-018-29662-6
https://doi.org/10.1007/s00128-002-0045-2
https://doi.org/10.1007/s00128-002-0045-2
https://doi.org/10.1021/acs.est.8b00749
https://doi.org/10.1021/acs.est.8b00749
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0220
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0220
https://doi.org/10.3897/zookeys.176.2275
https://doi.org/10.1007/978-3-319-06746-9
https://doi.org/10.1007/978-3-319-06746-9
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0235
http://refhub.elsevier.com/S0160-4120(18)33240-9/rf0235
https://doi.org/10.3390/toxics1010018
https://doi.org/10.1002/etc.396
https://doi.org/10.1006/rtph.1996.0065
https://doi.org/10.1016/j.ydbio.2007.05.041
https://doi.org/10.1016/j.ydbio.2007.05.041
https://doi.org/10.1016/j.envpol.2013.06.017
https://doi.org/10.1016/j.scitotenv.2015.11.053
https://doi.org/10.1016/j.scitotenv.2015.11.053

	From laboratory to the field: Validating molecular markers of effect in Folsomia candida exposed to a fungicide-based formulation
	Introduction
	Materials and methods
	Organisms, test soil and pesticide
	Exposure conditions
	Pesticide analysis
	Sample collection and RNA isolation
	cDNA synthesis and gene expression analysis
	Data analysis and statistics

	Results
	Vertical migration of chlorothalonil
	Gene expression

	Discussion
	Gene expression
	Laboratory and in-field comparisons

	Conclusions
	Acknowledgements
	Declarations of interest
	Supplementary data
	References




