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A B S T R A C T

Animal manure or bio-solids used as fertilizers are the main routes of antibiotic exposure in the agricultural land,
which can have immense detrimental effects on plants. Sulfadiazine (SDZ), belonging to the class of sulfona-
mides, is one of the most detected antibiotics in the agricultural soil. In this study, the effect of SDZ on the
growth, changes in antioxidant metabolite content and enzyme activities related to oxidative stress were ana-
lysed. Moreover, the proteome alterations in Arabidopsis thaliana roots in response to SDZ was examined by
means of a combined iTRAQ-LC-MS/MS quantitative proteomics approach. A dose-dependent decrease in leaf
biomass and root length was evidenced in response to SDZ. Increased malondialdehyde content at higher con-
centration (2 μM) of SDZ indicated increased lipid peroxidation and suggest the induction of oxidative stress.
Glutathione levels were significantly higher compared to control, whereas there was no increase in ascorbate
content or the enzyme activities of glutathione metabolism, even at higher concentrations. In total, 48 differ-
entially abundant proteins related to stress/stimuli response followed by transcription and translation, meta-
bolism, transport and other functions were identified. Several proteins related to oxidative, dehydration, salinity
and heavy metal stresses were represented. Upregulation of peroxidases was validated with total peroxidase
activity. Pathway analysis provided an indication of increased phenylpropanoid biosynthesis. Probable mole-
cular mechanisms altered in response to SDZ are highlighted.

1. Introduction

Antibiotics are drugs used against infections and inflammations.
Since penicillin was first discovered in 1928 (Fleming, 1944, 1946),
antibiotics have been increasingly used worldwide for therapeutic
purposes in both human and veterinary medicine leading to the dis-
persion of these substances in the environment through contaminated
excreta. Wastewaters, landfills and industrial and hospital effluents are
the major sources of contamination of water resources with such drugs
(Karthikeyan and Meyer, 2006; Manzetti and Ghisi, 2014). Soils are
mainly contaminated through the application of livestock slurry,

manure and sewage sludge as a fertilizer to the soil (Boxall et al., 2002;
Sarmah et al., 2006; Carter et al., 2014; Tasho et al., 2016; Thiele-
Bruhn, 2003).

Among the antibiotics, sulfadiazines (SDZ) are a group of synthetic
antibacterial agents that contain the sulfonamide group (R1-SO2NH-R2)
(Huschek et al., 2008). They are used in human medicine and are one of
the most sold classes of veterinary antimicrobial compounds in EU
countries for their low cost and broad-spectrum antibacterial and anti-
coccidian activity (De Liguoro et al., 2007). Because of field application
of contaminated manure and slurry, extractable concentrations of sul-
fonamides up to 0.4 mg kg−1 in soil have been measured (Karcı and
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Balcıoğlu, 2009). The extractability of these compounds from soil de-
creases with time owing to immobilizing processes, which can involve
physical-chemical interactions with soil components (Förster et al.,
2009; Wegst-Uhrich et al., 2014; Wehrhan et al., 2010) as well as re-
actions mediated by oxidoreductase enzymes, such as peroxidases and
laccases (Bialk et al., 2005; Schwarz et al.,2010, 2015). However, the
total contents of sulfadiazine remain high in contaminated soil for
months and years (Rosendahl et al., 2011; Schmidt et al., 2008).

It has been proved that plants are able to incorporate various drugs
(Boxall et al., 2006; Carter et al., 2014; Carvalho et al., 2014), thus
contributing to the entry of these compounds into the food-chain and
spreading antibiotic resistance (Jechalke et al., 2013). Hence, in-
formation on the distribution of antibiotics in manure-applied and
wastewater-irrigated soils and their uptake and accumulation by
plants/crops has been accumulating over the recent years (Kang et al.,
2013; Pan et al., 2014; Rosendahl et al., 2011; Schmidt et al., 2008).
Antibiotics can directly affect plant physiological processes such as
photosynthesis, respiration and root functionality (Carvalho et al.,
2014; Li et al., 2011; Michelini et al., 2012, 2013). Regarding plant
growth, sulfonamides have been shown as either promoting or in-
hibitory substances (hormesis) depending on the plant and the con-
centrations used (Migliore et al., 2010; Michelini et al., 2012; Pan and
Chu, 2016). The comprehensive information on the global changes in
transcriptome, proteome and metabolome in response to antibiotics and
related drugs is vital to understand the stress responses induced and the
tolerance and detoxification mechanisms in plants. Proteomics, being a
powerful tool that yields comprehensive information, it has been ex-
tensively applied to understand the effects of emerging environmental
pollutants and abiotic stress in plants (Mirzajani et al., 2014; Wang
et al., 2019). However, not much is known about the effects of anti-
biotics on the proteome of plants. Hitherto, to the best of our knowl-
edge, there is no information pertaining to the changes in root pro-
teome of Arabidopsis and its correlation with the physiological and
biochemical effects in response to SDZ. Hence, this study investigates
the effects of SDZ on growth, changes in the anti-oxidant metabolites
and enzyme activities and the alterations in the proteome occurring in
Arabidopsis thaliana roots in response to SDZ.

2. Materials and methods

2.1. Arabidopsis seed sterilization and growth

Arabidopsis Col-O seeds were surface sterilized by 70% ethanol for
2min followed by 5% hypochlorite solution for 15min in microfuge
tubes. The seeds were rinsed with sterile water 5 times to ensure that all
bleach residues were removed. Then they were grown for 3 weeks, in
sterilized half-strength Murashige and Skoog medium at 6% sucrose
and 1.4% agarose with SDZ antibiotics at the concentrations 0 μM
(Control), 0.5 μM, 1 μM and 2 μM. The exposure concentration was
chosen in resemblance to the concentrations of sulfonamide measured
in soil (Karcı and Balcıoğlu, 2009). Also in a preliminary experiment,
SDZ concentration at 5 μM was tested but resulted in the death of all
treated seedlings. Based on Rosendahl et al. (2011), the easily ex-
tractable concentration of SDZ and its main metabolites decreases ra-
pidly in the environment, with DT50 of around 2–3 weeks. Based on
this, 21 days were chosen as exposure time in this experiment. Seeds
were incubated in vertically oriented Petri dishes in a growth chamber
under short day condition (8.5/15.5 h of light/dark cycle) at a tem-
perature of 22/18 °C, at 50% relative humidity and with a light in-
tensity of 120 μE m−2 s−1. Root samples were harvested and stored for
further analysis.

2.2. MDA content determination

The level of lipid peroxidation in roots was determined by the
quantification of malondialdehyde (MDA) based on the

spectrophotometric method reported by Heath and Packer (1968) with
some modifications. The root tissue sample from five replicates was
ground in liquid nitrogen and homogenized with extraction buffer (TCA
0.1% (w/v) in H2O) in 1:10 ratio. The supernatant was collected after
centrifugation at 10000g for 10min. The reaction mix was prepared
with sample extract and Thiobarbituric acid (TBA) solution (TCA 20%
(w/v) in H2O, TBA 0.65% (w/v)). The samples were incubated for
15min at 95 °C, cooled down on the ice and centrifuged at 10000 g for
10min. The absorbance was read at λ 532 nm, which was subtracted
with the unspecific absorbance measured at λ 600 nm. MDA con-
centration was calculated using the extinction coefficient
(157mM−1 cm−1).

2.3. Extraction for determination of GSH and ascorbate content

The root samples from at least five replicates were harvested,
weighed and ground to a fine powder with liquid nitrogen. Extraction
buffer was 0.1M HCl and 1mmol/L Na2EDTA in ratio of 1:4 (w/v).
After homogenisation, samples were centrifuged at 4 °C at 10000 g for
10min and the supernatant was collected and immediately used for
ascorbate determination and for thiol derivatisation. The ascorbate
content was determined spectrophotometrically by measuring the ab-
sorbance at λ 265 nm, according to the method of Hewitt and Dickes
(1961) that provides total ascorbate, reduced ascorbate and dehy-
droascorbic acid (Trentin et al., 2015).

Thiol derivatisation followed by isocratic separation and determi-
nation by HPLC was carried out as described by Masi et al. (2002) with
some minor modifications. 50 μl of thiols extract was derivatized with
the ammonium 7-fluoro 2,1,3-benzooxadiazole-4-sulfonate (SBD-F)
fluorophore. The derivatized samples were further separated by re-
versed phase HPLC using a Luna 3 μ C18 (2) 150×4.60mm column
(Phenomenex), in isocratic conditions with 97% of 75mM ammonium
formate, pH 2.9 and 3% methanol, at a flow rate of 0.3ml/min at RT.

2.4. Protein extraction and enzyme activity analysis

Proteins were extracted from 150mg of root samples ground in li-
quid nitrogen and thereafter the extraction buffer (40mM Tris-HCl pH
8,3% Triton, 1mM PMSF, 1mM Benzamidine, 1M NaCl) was added in
1:5 (mg/μl) ratio and homogenized thoroughly with the root powder.
The mixture was incubated for 1 h in agitation, followed by cen-
trifugation at 10,000 g for 12min at 4 °C. The protein concentration in
the supernatant was quantified by Bradford's method (Bradford, 1976).

The GGT activity was assayed spectrophotometrically according to
Huseby and Strömme (1974), where the release of p-nitroanilide by the
GGT from γ-glutamyl-p-nitroanilide (GPNA) substrate was measured.
The reaction mix was prepared with protein extract, solution A (4.6mM
GPNA in 100mM NaH2PO4 pH 8.0) and solution B (575mM gly-gly in
100mM NaH2PO4 pH 8.0) directly in the cuvette. Therefore, the ab-
sorbance at λ 407 nm was measured every 5min for 1 h.

For GST enzyme assays, total protein extracts were prepared as
described above. The collected root samples were made fine powder
and were homogenized in 1:10 ratio of extraction buffer containing 1%
of Polyvinylpolypyrrolidone. The collected extract was then mixed with
reaction mixture of PO4 (200mM), 1-chloro-2, 4-dinitrobenzene
(CDNB) 100mM, Glutathione (GSH) (100mM),
Ethylenediaminetetraacetic acid (EDTA) 100mM, was then incubated
at 30 °C for 5min. The absorbance was measured at λ 340 nm (Giaretta
et al., 2017).

The activity of syringaldazine POD was determined by measuring
the increase in absorbance at λ 530mm of the reaction mixture con-
taining leaf extracts with 100mM Na-K phosphate buffer, pH 6.0,
2.5 mM H2O2 and 2mM syringaldazine (Ranieri et al., 2000).

Data from all the technical replicates of biochemical assays were
tested for statistical significance (at p < 0.05) using ANOVA followed
by Post Hoc analysis with Van der Waerden (Normal score test) and
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Friedman's test using R studio.

2.5. Protein Extraction for iTRAQ labelling and MS analysis

The method described in Tolin et al. (2013) was followed to obtain
total root proteins. After quantification, 50 μg of samples were loaded in
a 12% homemade gel. The electrophoretic run was stopped when the
protein extracts entered the running gel, single bands were excised, cut
in small pieces, washed with 50mM triethylammonium bicarbonate
(TEAB), and dried under vacuum. Protein reduction, alkylation and
trypsin digestion were carried out as described in Resmini et al. (2017).
Peptides were extracted from the gel with 3 changes (50 μL each) of
50% acetonitrile in water and samples dried under vacuum.

2.6. iTRAQ labelling

The method described by Tolin et al. (2013) was followed with few
modifications. Labelling was done with an iTRAQ® Reagents 4-plex Kit
(AB Sciex, MA, USA). The iTRAQ experiment was performed on protein
samples derived from roots collected from 1 μM SDZ concentration and
control. Peptides from control and treated samples were re-suspended
in an iTRAQ-compatible buffer (TEAB 0.5M, SDS 0.1%) to a final
concentration of 2 μg/μL and labelled with the iTRAQ tags according to
manufacturer's instructions. Before mixing the samples, LC-MS/MS
analysis was performed on each sample to assess labelling efficiency.
All peptides were correctly iTRAQ-modified at the N-terminus and at
each lysine residue. Samples were finally pooled and dried under va-
cuum.

2.7. Strong cation exchange fractionation

Strong cation exchange chromatography (SCX) was performed on a
SCX cartridge (AB Sciex). Labelled sample was dissolved in 500 μL of
buffer A (10mM KH2PO4, 25% acetonitrile, pH 2.9) and loaded onto
the cartridge using a syringe pump with a 50 μL/min flow rate, ac-
cording to Trentin et al. (2015). The cartridge was washed with 500 μL
of buffer A and peptides were eluted in a stepwise manner with 500 μL
of KCl in buffer A at the following concentrations: 25, 50, 100, 200, and
350mM. Samples were desalted using C18 cartridges (Sep-Pack, C18,
Waters, Milford, MA, USA) according to the manufacturer's instructions
and dried under vacuum.

2.8. LC-MS/MS analysis and database search

Each sample was suspended in H2O/0.1% formic acid and LC-MS/
MS analysis was performed with an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) coupled online with a nano-HPLC Ultimate
3000 (Dionex-Thermo Fisher Scientific). Chromatographic and instru-
mental conditions were as described in De Rosa et al. (2015).

Raw files were analysed using Proteome Discoverer 1.4 (Thermo
Fisher Scientific). The software was connected to a Mascot Search
Engine server, version 2.2.4 (Matrix Science, London, UK). Spectra were
searched against an A. thaliana database (downloaded from UniProt,
version October 2015). Trypsin was selected as enzyme with 1 missed
cleavage allowed. Peptide and fragment tolerances were 20 ppm and
0.6 Da, respectively. Methylthiocysteine, 4-plex iTRAQ (N-term and
Lys) were set as fixed modifications, while methionine oxidation was
selected as variable modification. False discovery rates (FDR) were
calculated by the software with the algorithm Percolator and data were
filtered to keep only proteins identified with at least two unique pep-
tides with high confidence (FDR 1%). The quantification was performed
normalizing the results on the median value of all measured iTRAQ
reporter ratios. The ratios of treated-to-control values were averaged
and subjected to a two-tailed Z-test (p≤ 0.05). A ratio of treated to
control ≥1.5 or ≤0.67 was set as the threshold for increased and de-
creased abundance, respectively.

2.9. Bioinformatic analyses

All identified proteins were functionally categorized based on
UniProt (https://www.uniprot.org/). Pathway analysis using KEGG
Mapper - Search & Colour Pathway (Kanehisa et al., 2017) was per-
formed using UniProt accessions against A. thaliana database. The
amino acid sequences of the identified proteins obtained from UniProt
were subjected to multiple bioinformatic servers DeepLoc-1.0 (http://
www.cbs.dtu.dk-/services/DeepLoc/) and SignalP (http://www.cbs.
dtu.dk/services/SignalP/) to predict sub-cellular localization and pro-
teins secreted by classical (with signal peptide). SecretomeP (http://
www.cbs.dtu.dk/services/SecretomeP-2.0/) was used to predict pro-
teins secreted by non-classical pathways (without signal peptide). In-
tegrated Interactome System (IIS) platform 3 (Carazzolle et al., 2014)
was used to build the protein interactomes with only differentially
regulated proteins limiting to only first neighbours' nodes. Cytoscape
3.5.1 software (Shannon et al., 2003) was used to visualise and analyse
the interactome data output from IIS as reported in Roomi et al. (2018).

3. Results and discussion

3.1. Effects on seedling growth, leaf biomass and root length

There was no significant difference in the seed germination per-
centage with respect to the SDZ concentrations studied. The effect of
different concentrations of SDZ (0.5, 1 and 2 μM) on Arabidopsis growth
was evaluated after three weeks of treatment. Morphologically, there
was a reduction in the overall growth and a considerable decrease in
the number of leaves and root growth in a dose-dependent manner
(Fig. 1A). A significant decrease in lateral root growth was also noticed.
Root growth and length were notably reduced in plants treated with
1 μM and 2 μM SDZ already after 10 days of treatment (Fig. 1B). There
was a noticeable reduction in overall growth with poorly developed
roots during the treatment at the highest SDZ dose (2 μM).

No hormetic effect was observed in the concentration range ana-
lysed. Consistent with our observation, sulfonamide class of antibiotics
have been reported to reduce the root and stem growth, lower the
number of leaves and biomass production in several crops and non-crop
plants (Migliore et al., 1995, 1997, 2010). In addition to observing that
SDZ was mainly stored inside the roots of willow (Salix fragilis L.) and
maize (Zea mays L.), it was reported to decrease stem length, devel-
opment and also result in death in Zea mays at higher concentrations
(Michelini et al., 2012).

3.2. Changes in malondialdehyde content

In order to ascertain if the SDZ treatment induced oxidative stress,
changes in MDA content in response to different SDZ concentrations
were measured. MDA is one of the final products of oxidative mod-
ification of lipids, resulting in damage of membrane integrity and hence
considered as a biochemical marker for oxidative stress (Hodges et al.,
1999). There was a gradual increase in MDA content with response to
SDZ concentration. At 2 μM concentration, the MDA content was sig-
nificantly higher compared to 0.5 μM and control indicating lipid per-
oxidation due to oxidative stress after 21 days of treatment (Table 1).
Increased MDA content was also reported in wheat seedlings treated
with SDZ (Xu et al., 2017).

3.3. Changes in ascorbate and glutathione levels

ROS scavenging system in plants consists of enzymatic and non-
enzymatic antioxidant components (Scandalios, 2005). Ascorbate and
glutathione are non-enzymatic antioxidants that are an integral part of
this system, crucial for the survival of the plant (Mittler et al., 2004;
Foyer and Noctor, 2005). Although ascorbate and glutathione function
invariably in a compensatory and synergistic manner, there is evidence

N. Sharma, et al. Ecotoxicology and Environmental Safety 178 (2019) 146–158

148

https://www.uniprot.org/
http://www.cbs.dtu.dk-/services/DeepLoc/
http://www.cbs.dtu.dk-/services/DeepLoc/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SecretomeP-2.0/
http://www.cbs.dtu.dk/services/SecretomeP-2.0/


that suggests that they are differentially influenced by environmental
stimuli and their interdependence and independence in peroxide me-
tabolism have also been elaborated (Foyer and Noctor, 2011). Here we
quantified both ascorbate and dehydroascorbate, but we found that
ascorbate was 99% reduced. This supports the notion that sulfadiazine
is not altering the ascorbate redox state, at least in our experimental

conditions at the concentrations and exposure times we have used. SDZ
did not induce significant changes to the ascorbate levels but the GSH
content was consistently higher than the control at all concentrations
(Table 1). These results indicate that the GSH could be one of the major
anti-oxidant metabolites in Arabidopsis roots responding to oxidative
stress induced by SDZ.

Fig. 1. A Effects of SDZ on Arabidopsis thaliana growth, leaf biomass and root length after 3 weeks of treatment. Boxes are of same dimensions highlighting the dose-
dependent decrease in leaf biomass, root length and lateral root growth. Fig. 1B Effect of different concentrations of SDZ (0.5, 1, 2 μM) on root length in comparison
to control over a period of 3 weeks. Error bars represent standard error (n= 5).

Table 1
Changes in the different biochemical parameters and enzyme activities in Arabidopsis roots in response to different concentrations of SDZ in growth medium after 21
days of treatment.

Treatment MDA (%) Total ASC (mol∗g−1

FW)
GSH (mol∗g−1 FW) Total Protein (mg

prot∗g−1 FW)
GGT (U∗mg prot−1) GST (U∗mg prot−1) POD (μmol

quinone∗min−1mg prot)

Control 100 ± 25.92ab 0.66 ± 0.22a 50.6 ± 9.10b 3.21 ± 0.54b 0.013 ± 0.003a 22.59 ± 3.07a 0.69 ± 0.15b

0.5 μM 89.67 ± 22.43b 0.51 ± 0.09a 72.10 ± 13.64a 3.63 ± 0.50ab 0.012 ± 0.003a 21.00 ± 5.36a 1.25 ± 0.85ab

1 μM 106.79 ± 20.52ab 0.63 ± 0.22a 74.69 ± 12.25a 3.77 ± 0.53ab 0.012 ± 0.001a 24.84 ± 7.06a 1.10 ± 0.15a

2 μM 125.54 ± 13.12a 0.55 ± 0.16a 78.41 ± 10.52a 4.05 ± 0.46a 0.013 ± 0.003a 23.61 ± 7.72a 0.96 ± 0.24ab

Values after ± indicate standard deviation and different letters indicate statistically significant difference at p < 0.05 according to Van der Waerden (Normal score
test) and Friedman's tests.
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3.4. Changes in the total protein content and enzyme activities of GST and
GGT

An increasing trend in the total protein content in response to SDZ
treatment was observed (Table 1). Increased as well as decreased total
protein content in crops under abiotic stress have been reported
(Hendawey and Kamel, 2015; Jahanbakhsh et al., 2017). Hence, it is
reasonable to presume that the change in total protein content depends
on the plant species, its inherent varietal tolerance to a specific stress,
type of stress and the duration of stress. Nevertheless, it could be cor-
related in general with the proteome level changes that occur in re-
sponse to stress, whereby the majority of proteins were upregulated
several folds in comparison to untreated control plants. Total protein
content is usually considered as a proxy for plant growth. However,
protein content accounts for the protein concentration in a tissue,
which might be at least partially unrelated to higher biomass. In this
study, root growth was reduced in response to SDZ treatment compared
to control, while the root protein content increased. Higher protein
content not necessarily relates to structural proteins needed for plant
growth, it might account for higher levels of proteins related to stress
responses, as evidenced in the proteome analysis.

Considering the increase in GSH content, the activities of GST - an
enzyme involved in xenobiotic detoxification using GSH as co-substrate
(Dixon and Edwards, 2010) and GGT - an enzyme related to GSH me-
tabolism (Masi et al., 2015) were determined. Enzyme activities of both
GST and GGT expressed on a protein basis did not show any significant
differences between the control and the SDZ treated roots (Table 1).
This could possibly indicate that there were other alternate routes of
detoxifying the ROS induced by SDZ or that these crucial enzymes were
already present in abundance to regulate and maintain the ROS
homeostasis. Hence, there could be only subtle changes in these en-
zymes under such conditions, which might not have been reflected in
the total enzyme activity assay.

3.5. Proteome level alterations in Arabidopsis roots in response to SDZ

A quantitative iTRAQ experiment was carried out to understand the
alterations that occur at the protein level in Arabidopsis roots in re-
sponse to SDZ. In total, 48 proteins were found to be differentially
abundant, of which 42 were upregulated and 6 were downregulated
(Table 2). List of all the proteins identified with peptides used for
identification and other relevant parameters used for quantification and
statistical testing is provided as supplementary material (Table S1).
Based on the functional categorization, the differentially regulated
proteins represented stress and stimuli response, transcription and
translation, metabolism, transport and other functions (Fig. S1). Sub-
cellular localization prediction indicated that the majority of the pro-
teins were localized in the cytoplasm followed by the nucleus and ex-
tracellular proteins (Fig. S2). It also indicated that several proteins were
intracellularly transported or secreted by non-classical secretory
pathway (Table 2).

3.5.1. Proteins related to stress and stimuli response
3.5.1.1. Proteins related to multiple abiotic stress. Two major latex
protein (MPL)-like proteins 328 and 329 (MLP328 and MLP329)
found to be upregulated in our study were reported to be
differentially regulated in response to plant hormones (Yang et al.,
2015) and various other abiotic stresses (Stanley Kim et al., 2005; Chen
and Dai, 2010; Zhang et al., 2018). Similarly, AIG2-like protein
(AIG2LB) reported to be upregulated in response to water deficit and
salt stress (Reymond et al., 2000; Qiu et al., 2017). Further, AIG2-like
protein also functions as a gamma-glutamylcyclotransferase, which is
involved in protecting Arabidopsis plants from heavy metal toxicity by
ensuring sufficient GSH turnover by recycling glutamate to maintain
GSH homeostasis during stress (Paulose et al., 2013).
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Alpha-toxin and Triacylglycerol lipase) (PLAT2) was found to be up-
regulated 1.6 folds compared to control and it has been reported that
overexpression of PLAT domain-containing proteins conferred toler-
ance to abiotic stress (cold, drought and salt) (Hyun et al., 2014). An
HSP20-like chaperone (HSP20), which was upregulated (1.8 folds)
primarily functions by avoiding protein denaturation, maintaining na-
tive conformation and reorganizing denatured proteins and hence, is
induced largely in response to heat, cold, salinity, oxidative and os-
motic stresses (Park and Seo et al., 2015). The translationally controlled
tumour protein homolog (TCTP) upregulated in this study was reported
to be differentially expressed and regulated in abiotic stress conditions
such as water limitation, cold and salinity (Lee and Lee, 2003; Vincent
et al., 2007).

Universal Stress Protein (USP) was found to be upregulated and
belongs to a class of stress-responsive proteins shown to be differen-
tially regulated in salt, drought, cold, heat, and oxidative stress (Kerk
et al., 2003; Ndimba et al., 2005; Persson et al., 2007). Inorganic pyr-
ophosphatases (PPA6) are involved in germination, development and
stress adaptive responses. Transgenic overexpression of PPA6 has been
shown to enhance tolerance to abiotic stress (Gutiérrez-Luna et al.,
2018). Similarly, a Nascent polypeptide-associated complex (NAC)
protein and a Phospholipase D (PLD) - regulated protein 1 (PLDrp1)
were upregulated, both of which were strongly induced in dehydration
and salt stress (Karan and Subudhi, 2012; Ufer et al., 2017).

A rhodanese-like domain-containing protein, also known as High
Arsenic Content 1 (HAC) protein, was upregulated. In addition, to being
responsive to arsenate, it facilitates efflux of toxic arsenic from roots
thereby preventing its accumulation and transport (Chao et al., 2014).

Glycine-rich RNA binding proteins (GRP7 and GRP8) upregulated in
our study have been shown to be induced during oxidative stress

(Schmidt et al., 2010) and these GRPs confer stress tolerance in Ara-
bidopsis under dehydration and high salt stress conditions (Kim et al.,
2008). Higher expression of transcripts and upregulation of dehydrins,
specifically ERD14 and COR47, upregulated in this study, were re-
ported in response to low temperature, salinity and in response to ab-
scisic acid (ABA) (Nylander et al., 2001).

It is interesting that Jacalin-related lectin protein (JAL22) asso-
ciated with response to various abiotic stresses was downregulated in
our study. Similarly, Abebe et al. (2005) reported its downregulation in
response to drought, dehydration and ABA.

3.5.1.2. Proteins related to ROS scavenging. Increased ROS generation
has been reported in response to various abiotic stresses including
antibiotics (Thounaojam et al., 2012; Xu et al., 2017). Increased MDA
content in our study suggests that there was lipid peroxidation induced
by oxidative stress in response to SDZ (Table 1). The proteome analysis
indicated that several proteins related to oxidative stress with direct
ROS-scavenging roles were upregulated in response to SDZ in
comparison to the untreated control.

In total, there were four type III peroxidases (PODs) (PER 22, PER
32, PER 34 and PER 39) and one stromal ascorbate peroxidase (sAPX)
found to be upregulated, while Annexin D1 (ANN1) with POD activity
was downregulated in response to SDZ (Table 2). PODs are one of the
major classes of antioxidant enzymes that directly catalyse the oxida-
tion of certain electron donors concomitant with the disintegration of
H202. At the transcriptome level, several type III POD genes were highly
expressed in Arabidopsis roots due to oxidative stress in response to
salinity (Jiang and Deyholos, 2006). APX, a class I heme-peroxidases is
one of the key enzymes in the ascorbate-glutathione cycle, one of the
crucial hydrogen peroxide-detoxification systems in plant chloroplasts.

Fig. 2. Fold change variation for peroxidase enzymes in SDZ versus control roots. Error bars indicate standard deviation.

N. Sharma, et al. Ecotoxicology and Environmental Safety 178 (2019) 146–158

152



Hence, is also considered as a marker for oxidative stress (Asada, 1992).
The sAPX identified in our study was upregulated 2 folds compared

to the control (Table 2), supporting our notion of SDZ induced oxidative
stress. Caverzan et al. (2012) reported differential regulation of specific
isoforms of APXs in response to various environmental stress/stimuli.

To obtain an overall profile, fold change values of all the PODs
identified in this study were compared (Fig. 2). In total, sixteen PODs
were identified. Five PODs (PER 22, PER 32, sAPX, PER 39, PER 34)
were found to be upregulated more than 1.5 folds compared to control.
With a less stringent threshold to determine the fold change (> 1.2),
three other PODs (PER 3, APX 1, PER 27) were found to be upregulated,
while other PODs were unaltered and interestingly, not downregulated
(Fig. 2). Thus, it is evident that the expression of several isoforms of
PODs are stimulated in response to SDZ treatment in Arabidopsis roots,
suggesting that PODs could be the major antioxidant enzymes func-
tioning toward mitigating SDZ induced stress.

In addition to PODs, dehydrins ERD14, COR47 and Temperature
induced lipocalin 1 (TIL) were found to be upregulated. Dehydrins are
multifunctional proteins and their role in direct ROS scavenging and
oxidative stress tolerance have been reported (Heyen et al., 2002; Jaffe
et al., 2008).

3.5.1.3. Proteins with cytoprotective function. Abiotic stresses such as
drought, high salinity, high temperature and cold ultimately lead to
reduced free water available in the cell and result in dehydration.
Dehydrins, including ERD14 and COR47 (upregulated 4.2 and 1.5 folds,
respectively), are primarily induced in dehydration stress conditions
and hence, are considered as molecular markers for identifying
drought/dehydration stress and tolerance in plants (Graether and
Boddington, 2014). Like other Late Embryogenesis Abundant (LEA)

proteins, dehydrins are also accumulated in cells to maintain the cell
volume and prevent cell collapse in response to dehydration (Hanin
et al., 2011).

12S seed storage protein CRU1 (CRA1) belongs to the cupin su-
perfamily of proteins. Although it is predominantly considered as a
nutrient reservoir, upregulation in response to abiotic stress has also
been reported (Wang et al., 2014). Considering that CRA1 had the
highest fold change (4.3), we speculate that this protein could have
similar roles to that of LEA proteins like dehydrins in preventing cell
collapse.

3.5.1.4. Proteins related to PCD. TCTP is a multifunction protein that
regulates several cellular processes. This protein, upregulated in this
study, has been reported to prevent or inhibit the progression of
programmed cell death (PCD) in Arabidopsis plants treated with PCD
activators (Hoepflinger et al., 2013). Coherently, a metacaspase 4
(AMC4) was found to be upregulated and Curculin-like (Mannose-
binding) lectin family protein (EP1GP) was downregulated in response
to SDZ. Both these proteins are involved in regulating PCD (Hwang and
Hwang, 2011; Watanabe and Lam, 2011). Regulation of these proteins
suggests that PCD mechanisms are being modulated in response to
stress conditions induced by SDZ.

3.5.2. Proteins related to metabolism
Caffeoyl-CoA O-methyltransferase 1 (CCOAOMT1), a protein re-

lated to phenylpropanoid pathway was upregulated. It catalyses
monolignol formation, thus involved in lignification. It is also a crucial
enzyme in various other phenylpropanoid metabolite biosynthesis in-
cluding scopoletin and suberin, which were directly associated with
abiotic stress response (Döll et al., 2018; Franke et al., 2012; Koeppe

Fig. 3. Interactome analysis of the identified proteins. Colours indicate up regulated (Green), down regulated (Red) and experimentally determined interacting
partners (Grey) from the database. Gene names are displayed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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et al., 1970).
Elevated levels of glucosinolate could be correlated with the accu-

mulation of osmoprotective compounds (del Carmen Martínez-Ballesta
et al., 2013). Thiocyanate methyltransferase 1 (HOL1), a key enzyme in
the glucosinolate metabolism was upregulated in our study.

A glycine cleavage system H protein 2 (GDH2) involved in glyox-
ylate metabolism and glycine degradation and a NADH dehydrogenase
[ubiquinone] iron-sulfur protein 8-A (NADHD) associated with the
mitochondrial respiratory chain complex I assembly were upregulated.
In addition, adenylylsulfatase (HINT1), which belongs to HIS triad fa-
mily protein associated with purine ribonucleotide metabolism and
sulfur metabolism was also upregulated. While a Phosphorylase su-
perfamily protein (PSP) with nucleoside phosphorylase domain related
to nucleoside metabolic process and lactoyl-glutathione lyase (GLX1)
related to methylglyoxal degradation were downregulated.

In addition to ROS scavenging, type III PODs identified in this study
could also be involved in several physiological, cellular and metabolic
processes including auxin catabolism, lignification, and suberization in
response to stress (Degenhardt and Gimmler, 2000).

3.5.3. Proteins related to transport
Copper transport protein (CCH), upregulated in our study, is in-

volved in copper (Cu) homeostasis and transport. It was reported that
this protein was upregulated in response to salt stress and cadmium
exposure (Sarry et al., 2006; Jiang et al., 2007). Xu et al. (2017) ex-
amined the individual and combined effects of SDZ and copper on
wheat seedlings and suggested that amending Cu at specific

concentrations in soil could alleviate SDZ induced stress. Interestingly,
MDA content was lower in plants treated with SDZ and with Cu at lower
concentrations, indicating that Cu could have reduced the oxidative
stress induced by SDZ. The mechanism underpinning the Cu mediated
alleviation of SDZ induced stress is yet to be understood. Nonetheless,
upregulation of this Cu transport protein in our study could be an in-
dication supporting this observation.

An MD-2-related lipid recognition domain-containing protein
(MRO11.13) associated with intercellular sterol transport was upregu-
lated suggesting a probable increase in sterol transport. The significance
of sterols in drought tolerance and regulation of ROS have been es-
tablished in Arabidopsis (Posé et al., 2009). Inorganic phosphate
transporter 1-1 (PHT1-1) is a transmembrane protein, which acts as a
high-affinity transporter for inorganic phosphate and was shown that
the overexpression of this symporter conferred arsenate sensitivity as it
increased arsenate uptake (LeBlanc et al., 2013). Downregulation of
this protein in our study suggests that altered preference in the trans-
membrane transporters could be one of the many mechanisms em-
ployed by plants to avoid or limit the import of hazardous compounds
including SDZ.

3.5.4. Proteins related to transcription and translation
The protein F17H15.1/F17H15.1 (KHdp) upregulated 3.4 folds in

this study consists of a KH domain with putative RNA binding function
and has been reported to be an important upstream regulator of stress-
responsive gene expression in Arabidopsis (Guan et al., 2013). A Methyl-
CpG-binding domain (MBD) containing protein, found to be

Fig. 4. Conceptual overview highlighting the probable molecular mechanisms modulated in response to SDZ in Arabidopsis roots.
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upregulated in our study, was reported as an important factor that
regulates DNA methylation, which is associated with transcriptional
level silencing (Lang et al., 2015).

Structural constituents of ribosomes (RPS26C, RPL15A, RPL7AB,
RPS12A, RPL23AB, RPL7AA) involved in translation were upregulated
indicating a thrust in the protein synthesis, which can be corroborated
to the observed increase in the total protein content (Table 1) and the
upregulation of several proteins (42) (Table 2).

3.5.5. Proteins with other functions
A SOUL heme-binding-like protein (SOUL-1), which was upregu-

lated is regarded as a cytosolic tetrapyrrole-carrier protein associated
with free heme homeostasis (Lee et al., 2012). Upregulation of CRA1 -
the 12S seed storage protein in response to SDZ in Arabidopsis roots is
intriguing as these proteins are generally regarded as a nutrient re-
servoir for germinating seeds and its possible role as a cytoprotectant is
discussed above. FAM10 family protein (FAM10) related to chaperone
cofactor-dependent protein refolding, Fasciclin-like arabinogalactan
protein 7 (FLA7) and Neurofilament like protein (NPLP) related sec-
ondary cell wall biogenesis and cytoskeleton structure, respectively
were also upregulated.

3.6. Pathway analysis of the identified proteins

Among the identified proteins, CCOAOMT1 and POD superfamily
were mapped to the phenylpropanoid biosynthetic pathway (Fig. S3),
indicating that this pathway could be induced in response to SDZ.
CCOAOMT1 is a crucial enzyme in monolignol biosynthesis catalysing
the formation of feruloyl- CoA (substrate for scopoletin and suberin
biosynthesis) and sinapoyl-CoA (substrate for syringyl lignin biosynth-
esis). Scopoletin accumulates in roots in response to osmotic stress with
proposed function in ROS scavenging and forming a protective barrier
(Döll et al., 2018); while increased deposition of suberin on roots with
protective roles has been reported in drought, osmotic and heavy metal
stress (Franke et al., 2012). PODs are involved in oxidative poly-
merization of monolignols to lignin and a positive association of lig-
nification in response to various abiotic stress has been reported (Le
Gall et al., 2015). Lignification and suberization are one of the primary
responses of the plant, especially in roots, in response to drought,
salinity and heavy metal stress (Franke et al., 2012; Le Gall et al.,
2015). In accordance with the increased lignification observed in the
roots of barley plants exposed to sulfonamide antibiotics (Michelini
et al., 2013), it is probable that lignification and suberization of root
cells could also be involved in the responses to SDZ in Arabidopsis.

3.7. Interactome of the identified proteins

Of the identified proteins, 26 proteins were found to be interacting
with other proteins. Interestingly, several proteins were found to be
interacting with Syntaxins associated with SNARE complex involved in
vesicle fusion and docking - mediated intracellular transport (Fig. 3A).

This, in turn, redirects to the sub-cellular localization data where
several proteins were predicted to be extracellularly secreted and in-
tracellularly transported via the non-classical secretory pathway
(Table 2). In addition, CCOAMT1 catalysing the formation of mono-
lignols interacting with the SNARE complex proteins suggests that the
monolignols could also be trafficked through vesicles to the secondary
cell wall, wherein it is oxidatively polymerised to lignin by peroxidases.

Similarly, it has been indicated that constituents for the suberin
biosynthesis are also transported through vesicles (Barros et al., 2015;
Vishwanath et al., 2015). Multiple upregulated proteins were found to
interact with a polyubiquitin protein (UBQ3) (Fig. 3B) suggesting that
there could be ubiquitination-mediated degradation of these proteins to
maintain protein homeostasis. TCTP1 - a multifunctional protein, which
regulates several crucial cellular processes was found to be interacting
with proteins related to auxin signalling and homeostasis, cell redox

homeostasis, proteins involved in regulation of hormonal induction in
response to stress and other proteins with direct/indirect roles in
abiotic stress (Fig. 3C). Dehydrin ERD 14 was found to be interacting
with crucial enzymes related to carbohydrate and lipid metabolism, a
peroxisomal membrane protein and proteins involved in phosphoryla-
tion, jasmonic acid and ABA signalling pathways (Fig. 3D). Dehydrin - a
multifunctional protein is established to interact with proteins and
enzymes and maintain its native confirmation especially during dehy-
dration and other abiotic stresses. Further, proteins involved in Cu
binding and transport were also found to be interacting (Fig. 3E). In the
interactome, several proteins related to ABA, auxin, jasmonic acid and
brassinosteroid signalling pathways with a known interaction with SDZ-
induced proteins evidenced in the present work were found. This sug-
gests that there could be multiple phytohormonal signalling cascades
operating with probable cross-talks at various levels.

3.8. Changes in peroxidase enzyme activity

To substantiate the involvement of PODs in response to SDZ and
validate the proteomic results, the total POD enzyme activity was de-
termined. There was an overall increase in the POD activity in all the
concentrations of SDZ with the highest at 0.5 μM (Table 1), supporting
the observed upregulation of PODs (PER 22, PER 32, PER 34 and PER
39) (Table 2; Fig. 2). Increased anti-oxidant enzyme activities were
observed in plants exposed to antibiotics (Xie et al., 2011; Nie et al.,
2013) and increased POD activity was reported in wheat seedlings
treated with SDZ (Xu et al., 2017). It is ascertained that PODs are in-
volved in the responses to SDZ treatment either in ROS-detoxification
or in other responses such as lignification and suberization. Bialk et al.
(2005) provided direct evidence of PODs-mediated covalent cross-
coupling of the sulfonamide sulfamethazine with phenolic substances.
This leads to the notion if such sequestration mechanisms mediated by
PODs would exist in plants to limit uptake, bioavailability and biolo-
gical activity of SDZ.

4. Conceptual overview and concluding remarks

Results from this study might be depicted as a comprehensive
conceptual snapshot (Fig. 4). There was a significant reduction in leaf
biomass, root length and lateral root growth. Congruently, Xu et al.
(2017) have reported that SDZ adversely affects the leaf biomass, root
formation and length. As a consequence of impaired root growth and
function, water uptake and balance would be disturbed, mimicking
water deficit-like conditions. This could have resulted in excessive ROS
generation as evidenced by increased MDA content, indicating oxida-
tive stress and in turn ROS-induced lipid peroxidation. This was further
substantiated by upregulation of several proteins related to oxidative
stress and increased anti-oxidants (GSH and PODs). ROS could be one of
the primary signalling molecules inducing a cascade of stress responses
resulting in upregulation of several stress-related proteins. Their crucial
role as stress signalling molecules has been well established
(Choudhury et al., 2017).

Comprehensively, in response to SDZ, several proteins related to
drought, salinity and heavy metal stress were upregulated, many of
which had direct ROS-scavenging roles, notably PODs and dehydrins.
Upregulation of dehydrins (ERD14, COR47) and CRA1 - the seed sto-
rage protein with a putative cytoprotective function was also observed.
There was also an indication of phenylpropanoid biosynthesis. The final
outcome of CCOAMT1 and POD is lignification, suberization and ac-
cumulation of stress-responsive metabolites such as scopoletin. Along
with peroxide detoxification and oxidative cross-linking of mono-
lignols, a possible role of POD in cross-coupling SDZ to phenolic com-
pounds as a means of transformation to limit bioavailability and mo-
bility has also been hypothesised. The interactome analysis also
provided an indication of the existing proposed model of lignin
monomers and suberin constituents transported through vesicles to the
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secondary cell wall. Further, there was an upregulation of proteins in-
volved in sterol transport, secondary cell wall architecture and cytos-
keletal organization indicating that there could be rearrangements in
the cell wall, possibly by lignification and suberization in response to
SDZ. Proteins related to Cu binding and transport and proteins asso-
ciated with PCD were also upregulated. We contemplate that these
could be a few of the mechanisms among the intricate, intertwined and
multifaceted responses induced by SDZ in Arabidopsis roots.

SDZ at higher concentrations reduced the overall growth, leaf bio-
mass and root length. Biochemical analysis suggested that there is
oxidative stress in response to SDZ. Taking into considerations the
possible cytotoxic effects of SDZ, the exact mechanism triggering the
oxidative stress upon treatment needs to be determined. Increased GSH
levels and upregulation of several PODs validated with total POD en-
zyme activity suggest that these could be the major anti-oxidants re-
sponding to SDZ treatment. Proteome analysis indicated that the major
proportion of the upregulated proteins were multifunctional stress-re-
sponsive proteins. It is possible that SDZ treatment triggers multiple
stress responsive pathways in Arabidopsis roots.
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