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Abstract

The toxicity of chlortetracycline (CTC) on maize (Zea mays L.) growth and reactive oxygen species (ROS) generation was studied.
The root and shoot lengths and fresh weights of maize seedlings were inhibited by CTC treatment (p < 0.05). Root length was more
sensitive than other parameters with the EC;, value of 0.064 mg/L. The spin trapping technique followed by electron paramagnetic
resonance (EPR) analysis was used to quantify the ROS production. The ROS generated in maize roots after exposure to CTC was
identified as hydroxyl radical (-OH). The EPR signal intensity correlated positively with the logarithm of CTC concentrations exposed
(p < 0.05). The dynamic changes of malondialdehyde (MDA) contents and the antioxidative enzyme activities in maize roots were
also determined. As compared to the control group, CTC was found to significantly increase MDA content. Treatment of maize roots
with the -OH scavenger sodium benzoate (SB) reduced the MDA content and enhanced the antioxidative enzyme activities. The results
demonstrated the harmfulness of CTC at high dose to maize in the early developmental stage, and clarified that the inducement of -OH
is one of the mechanisms of CTC toxicity.

Key words: maize (Zea mays L.); chlortetracycline; electron paramagnetic resonance (EPR); spin trapping; hydroxyl radical (-OH);

antioxidant enzyme
DOI: 10.1016/S1001-0742(11)60901-7

Introduction

Antimicrobials are widely used to treat diseases and
protect both human and animal health. They are also
incorporated into animal feed to improve growth rate and
feed efficiency. Hence a large percentage of the antibiotics
are excreted and released into the environment (Jggensen
and Halling-Sgnsen, 2000). Although many antibiotics
have been reported to have relatively short environmental
half-lives, they are assumed to possess the qualities of
highly persistent pollutants because they are continually
introduced into the environment. As a result, much atten-
tion has been paid to the ecological risk of antibiotics in
the environment (Sarmah et al., 2006).

As well as the occurrence and fate of antibiotics in the
environment (Kim and Carlson, 2007; Mompelat et al.,
2009), the impacts of antibiotics in the environment on
human and animal health, such as the promotion of the
spread of antibiotic resistance or the triggering of adverse
immunological reactions, have gained major attention (Hu
et al., 2008; Matyar et al., 2008); however, knowledge of
antibiotic uptake and toxicity to non-target organisms, such

* Corresponding author. E-mail: bwen@rcees.ac.cn

as plants, is incomplete.

A few studies have reported the uptake and toxicity
of antibiotics to plants. Results obtained by Boxall et al.
(2006) showed that florfenicol, levamisole, and trimetho-
prim could be taken up by lettuces, whereas diazinon,
enrofloxacin, florfenicol, and trimethoprim were detected
in carrot roots. The uptake of antibiotics in corn, green
onion and cabbage increased with increasing amounts of
antibiotics present in applied manure (Kumar et al., 2005).
Oxytetracycline was observed to inhibit the growth of
alfalfa shoots and roots by up to 61% and 85%, respec-
tively (Kong et al., 2007). Uptake and phytotoxicity of
enrofloxacin on crop plants were reported by Migliore et
al. (2003) and a toxic effect was induced by enrofloxacin
at the concentration of 5000 pg/L.

Chlortetracycline is one of the most widely used antimi-
crobials and has been found in a variety of environmental
samples (Sarmah et al., 2006). Although the toxic effects of

CTC to plants have been reported (Farkas ptat5;2067;
et al., 2009), to our knowledge there is cufrently no study
of the toxic mechanisms of CTC to plants|available in the
literature. The objective of this study wqs to investigate
the potential oxidative stress induced by feactive oxygen
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species (ROS) in vivo. The contents of malondialdehyde
(MDA), and the activities of antioxidative enzymes, in-
cluding peroxidases (POD), superoxide dismutase (SOD),
and catalase (CAT) in maize seedlings were also deter-
mined.

1 Materials and methods

1.1 Chemicals

Chlortetracycline (purity > 99%), a-phenyl-N-fert-
butylnitrone (PBN, purity > 98%), dimethylsulfoxide
(DMSO, purity > 99.9%), methyl gallate (MG), methanol,
acetonitrile, dichloromethane, isopropanol, and sodium
benzoate (SB) were purchased form Sigma-Aldrich, USA.
Other reagents obtained domestically were of analytical
grade (Sinopharm Chemical Reagent Co., Ltd., China).

1.2 Plant culture

Maize (Zea mays L. TY?2) seeds obtained from the Chinese
Academy of Agricultural Sciences (Beijing, China) were
surface-sterilized with 2.5% sodium hypochlorite for 15
min followed by thorough washing in distilled water, and
placed in 9 cm Petri dishes containing 25 mL of distilled
water at 37°C in darkness. After 5 days of incubation,
uniformly germinated seeds were selected and transferred
to vitreous pots containing 20 mL of test solutions of 0.05—
50 mg/L CTC. Each pot contained 20 germinated seeds,
and was kept at 25°C for 5 more days. Controls were
maintained with 20 mL deionized water. Each treatment
was replicated three times. A standard solution was pre-
pared by dissolving 100 mg CTC in 100 mL methanol
containing 0.02 mol/L sodium hydroxide, and stored in
the dark at 0—4°C. Working solutions of CTC (0, 0.05,
0.5, 5, and 50 mg/L) were prepared daily by diluting
stock solution with deionized water. The pH was adjusted
to 5.8. The culture solutions were renewed every day.
During the 5-day exposure, maize roots were sampled,
and MDA content and antioxidative enzyme activities were
analyzed every day. After 5 days, the length of shoots and
roots was measured. The biomass of roots and shoots was
weighed after separation. Electro paramagnetic resonance
(EPR) determination on roots was performed immediately.
The remnant materials were frozen in liquid nitrogen
immediately and stored at —80°C for subsequent analysis.

CTC concentrations of exposure solutions were assessed
by high performance liquid chromatography (HPLC).
Measured concentrations were within 5% of nominal con-
centrations. Thus, calculated exposure levels were based
on nominal concentrations.

1.3 ROS inhibitor treatments

For inhibitor experiments, maize seedlings were treated
with a mixture of 200 pmol/L SB and 50.0 mg/L CTC
and cultured for 5 days. Sodium benzoate was dissolved
in distilled water. The MDA contents and antioxidative
enzyme activities in maize roots were determined every
day.

1.4 PBN adduct extraction and Fenton reaction

The spin trapping-EPR method was used for detection of
ROS, for which PBN was applied as a spin trap. PBN
adduct in maize roots was determined according to the
method described by Shi et al. (2005) with some modifica-
tions. The whole operation was conducted under nitrogen.
After being rinsed with ice-cold 0.1 mol/L CaCl, solution,
the maize roots were cut into small pieces, weighed (0.8 g),
placed in a mortar and homogenized quickly with 0.8 mL
freshly prepared solution of 100 mmol/L. PBN (dissolved
in DMSO). The homogenates were then centrifuged at
4500 r/min for 3 min at 4°C. The supernatant was collected
and incubated at 37°C for 15 min. The supernatant 30 uL.
was transferred to a capillary tube with a diameter of 1.0
mm for EPR analysis.

Fenton reactions were conducted under both aerobic and
anaerobic conditions to identify the original free radicals of
free radical adducts. One milliliter of air-saturated solution
of 125 mmol/L PBN and 5 mol/L DMSO in 50 mmol/L
phosphate-buffered saline (PBS, pH 6.5) was mixed with
20 pL of 100 mmol/L H,O, and 100 puL of 1 mmol/L
FeSOy, then incubated in air for 15 min. For the anaerobic
reaction, PBN and DMSO in phosphate buffer purged with
nitrogen was mixed with H,O, and FeSO4 and reacted
under nitrogen atmosphere.

1.5 EPR analysis

The EPR spectra were recorded with a Bruker ESP 300
spectrometer (Bruker, Germany) at room temperature. The
operational conditions were: microwave power 20 mW,
microwave frequency 9.7 GHz, center field, 3470 G; scan
range, 100 G; modulation frequency, 100 kHz; modula-
tion amplitude, 2.5 G; receiver gain, 2x10* scans. The
intensities of free radicals were calculated according to the
heights of the central peaks of EPR signals.

1.6 Determination of CTC in maize roots

Chlortetracycline was extracted from maize according to
the method of Spisso et al. (2007) with some modifications.
The germinated seed roots (3—4 g) were weighed and
ground. Two sequential volumes (5 mL for each) of 0.1
mol/L EDTA in Mcllvaine buffer (pH 4.0) were used. After
shaking for 5 min and sonication for 10 min, the mixture
was centrifuged at 4000 xg for 10 min, the supernatant was
transferred to a clean tube and the extraction was repeated.
The combined extracts were filtered through a 0.45 pm
filter and the filtrate was applied to a previously activated
Oasis HLB cartridge (6 mL/300 mg, Waters, MA, USA).
After washing three times with 1 mL methanol (15% in
water) and twice with 1 mL of acetonitrile (5% in water),
the cartridge was vacuum-dried, and the retained CTC was
eluted with two 1 mL dichloromethane:isopropanol 80:20
(V/V). The eluted solution was collected, and evaporated to

dryness with N, at 45-55°C. The residue wasTeconsttuted
with 1 mL mixed solution of 85% solve‘:lt A (0.1 mol/L
malonate, 50 mmol/L. MgCl,, pH 6.5) and 15% solvent B
(methanol) before injection.

All measurements were performed adcording to the
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method of Schneider et al. (2007) using a HPLC instru-
ment (Agilent 1200, Agilent Technologies, Wilmington,
DE, USA) equipped with fluorescence detector. The
chromatographic separation was carried out in an Atlantis-
dC18 ODS HPLC column (4.6 i.d. x 150 mm, 5 pm,
Waters, MA, USA). Isocratic elution was performed at
a flow rate of 0.6 mL/min using the mobile phase 85%
solvent A and 15% solvent B. The excitation and emission
wavelengths for detection were 379 and 528 nm, respec-
tively. Under these conditions CTC showed a single peak
at the retention time of 9.1 min. The quantification limit
was 2.5 ng/L.

1.7 Determination of MDA and antioxidative enzymes

MDA was measured by a colorimetric method (Heath
and Packer, 1968). The absorbance of thiobarbituric acid-
reactive substances in the reactive mixture was measured
at 532 and 600 nm. The absorbance of the MDA was
read at 532 nm and the nonspecific absorption at 600 nm
was subtracted. The concentration of MDA was calculated
using its extinction coefficient (155 mmol/(L-cm)).
Enzyme solutions were extracted from the fresh seedling
roots under liquid nitrogen. Fresh seedling roots (1.0 g)
were homogenized in 10 mL of extraction buffer (0.05
mol/L NaH,PO,4 + Na,HPO, in 1% polyvinylpyrrolidone,
pH 7.8). The details were described by Polle et al. (1997).
After filtration through four layers of cheesecloth to re-
move debris, the homogenate was centrifuged at 10,000
xg for 10 min. All steps were performed at 4°C. The
supernatant was used for enzyme activity and soluble
protein assays. Protein level were measured by the method
of Bradford (1976) using bovine serum albumin as a
standard. The SOD activities were assayed on the basis
of its ability to inhibit the photochemical reduction of
nitro blue tetrazolium (Beauchamp and Fridovich, 1971).
The reaction mixture contained 50 mmol/L phosphate
buffer (pH 7.8), 13 mmol/L methionine, 75 mmol/L nitro
blue tetrazolium, 2 mmol/L riboflavin, 100 nmol/L EDTA,
and 0-200 puL of enzyme extract. The riboflavin was
added last. The reaction mixture was read at 560 nm.
One unit of SOD activity (U) was defined as the amount
of enzyme that caused 50% inhibition of the initial rate
of the reaction in the absence of enzyme. Total SOD

14 a a A
12+
g
E 10 ~ b
£y
2 gL l
ER I S
< c
wn 6 | e
‘B P
&~ f
4 m Root length i %
2 A Shoot length g i
i h
1 1 1 1 1
Control 0.05 0.5 5 50

CTC concentration in solution (mg/L)

Fig. 1 Effect of CTC on root and shoot length (A) and biomass (B). Different letters indicate significant differences at

activity was expressed as U/mg protein. Catalase (CAT)
was measured by the method of Aebi (1984). The principle
of the method was based on the hydrolysis of H,O,
and decreasing absorbance at 240 nm. The amount of
enzyme that catalyzes 1 umol of H,O, decomposition
per min was considered as one unit of enzyme activity
(U) and CAT activity was expressed as U/mg protein.
Peroxidase (POD) activity was determined with guaiacol
by spectrophotometry (Lagrimini, 1991). In the presence
of H,0,, POD catalyzes the transformation of guaiacol to
tetraguaiacol. This reaction can be recorded at 470 nm. The
reaction mixture contained 100 mmol/L phosphate buffer
(pH 6.0), 33 mmol/L. guaiacol and 0.3 mmol/L H,0O;.
Activity was calculated using the extinction coefficient of
26.6 L/(mmol-cm) at 470 nm for tetraguaiacol. One unit of
POD was defined as the amount of enzyme that causes the
formation of 1 pmol tetraguaiacol per min.

1.8 Statistical analysis

All data presented were expressed as mean +standard devi-
ation (SD). Statistical analysis was performed using Origin
7.0 and SPSS 11.5. The data represent means calculated
from five replicates. Comparisons between control and
treatments were evaluated by one-way ANOVA using the
least-significant difference. ECs, values (the concentration
causing 50% effect) as well as ECj( values (the concen-
tration causing 10% effect) of the tested antibiotics were
calculated by plotting the logarithm of CTC concentrations
versus plant growth endpoints (roots and shoots length and
biomass).

2 Results and discussions

2.1 Toxic effect of CTC on maize

The effects of CTC on the length and biomass of maize
shoots and roots are presented in Fig 1. CTC treatment
at the level of 0.05 mg/L exhibited no toxic effects on
maize growth. When the concentration of CTC was higher
than 0.5 mg/L, the maize root and shoot lengths and fresh
weights decreased significantly (p < 0.05). A negative
relationship was found between the logarithm of CTC
concentrations in solutions and the root and shoot fresh

18
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Table 1 Inhibition dose of CTC on maize early developmental stages and their relationships (n = 6)

Endpoints ECjo (mg/L) ECs5¢ (mg/L) Equation R?

Root length 0.064 2.287 Yy =-3.06x + 7.02 0.942%

Shoot length 0.298 92.18 Yg=-1.17x + 5.95 0.982%#*

Root biomass 0.158 2.329 Yip =—2.19x +5.42 0.944*

Shoot biomass 0.527 75.75 Yo =-2.64x + 12.13 0.991%*

* and ** represent significance at p < 0.05 and p < 0.01, respectively.

ECs and ECjq values are the concentration causing 50% effect and 10% effect, respectively.
Y: inhibition rate of seedling, Yy;: root length; Y;: shoot length; Y,: root biomass; Yg,: shoot biomass; x: log concentration of CTC.

weights and lengths (p < 0.05), with R values higher than
0.94 (Table 1).

The increases in the concentration of CTC in the growth
medium led to a more pronounced reduction in root length
than the other parameters (Table 1), suggesting that root
length was the best CTC toxicity indicator. Plant roots
were the first point of contact for toxic CTC in the growth
media. When uptake of nutrition was inhibited in roots,
the growth of the whole plant was constrained, and the
plant biomass decreased finally. Liu et al. (2009) also
applied root lengths as endpoint to study the phytotoxicity
of antibiotics to sweet oat, rice and cucumber using a seed
germination test. They found that the phytotoxic effects
varied between plant species. Sweet oat was the most
sensitive species to CTC with the EC value of 0.2 mg/L.
In this study, the ECyy value of maize was 0.064 mg/L,
suggesting that CTC was more toxic to maize seedlings
than to sweet oat.

2.2 Free radical generation in maize roots

The exposure of maize to CTC resulted in an increase in
the six-line EPR signal of PBN radical adducts in the maize
roots (Fig. 2 lines a—e). The hyperfine coupling constants
of the PBN adducts were oN = 149 G, o' =29 G, oN =

V Signal of PBN/OCH; ¥ Signal of PBN/*CH;

b ———— AN\, ——N/ | —
c ~ A AN s
d AN/ AN

e NN AN\

f 5

g J\X/\/
Tv

Fig.2 EPR detection of the o-phenyl-N-tert-butylnitrone adducts in
maize root after CTC exposure. Spectra (a)—(f) represent the following
treatments: (line a) 50.0 mg/L CTC; (line b) 5 mg/L CTC; (line c¢)
0.5 mg/L CTC; (line d) 0.05 mg/L. CTC; (line e) control; (line f) PBN
and DMSO without roots. The Fenton reaction was carried out under
anaerobic (line g) and aerobic (line h) conditions; control (line i): 0.2
mL of 100 mmol/L methyl gallate was added before the addition of PBN
and DMSO.

16.2 G, o = 3.5 G and g = 2.0062, which correspond to
those of PBN/methoxy radical (-OCH3) and PBN/methyl
radical (-CH3), respectively (Shi et al., 2005). PBN itself
was examined and no PBN adduct was observed (Fig. 2
line f). It was reported that the reaction of DMSO with
hydroxyl radical (-OH) produced -CHj3 (Takeshita et al.,
2004), and then -CH3 may be oxidized to -OCH3 under
aerobic conditions (Takeshita et al., 2004). In order to
demonstrate the oxidation of -CHj3 to -OCH3, the Fenton
reaction was conducted under both anaerobic and aerobic
conditions. The results of PBN adduct signals showed the
coexistence of -CHj3 and -OCHj free radicals under both
conditions (Fig. 2 lines g—h). However, the signal intensity
of -CHj3 was higher than that of -OCH3 under anaerobic
conditions (Fig. 2 line g), while the signal intensity of
-OCHj3 was higher than that of -CH; under aerobic con-
ditions (Fig. 2 line h). The difference in signals between
samples prepared in different conditions suggested the
oxidation of -CHj to -OCHj in the air, and inferred that
oxygen could not be totally excluded under anaerobic
conditions. When 0.2 mL of 100 mmol/L methyl gallate
was added to the homogenized roots before addition of
PBN and DMSO, the signals of PBN adducts were totally
inhibited (Fig. 2 line i). Methyl gallate could scavenge
-OH but could not scavenge -CHj (Takeshita et al., 2004).
The signal inhibition demonstrated clearly that the ROS in
maize roots stimulated by CTC was -OH.

The ROS level was correlated with the signal intensity
of the second couple of the triplet. The signal intensity
of PBN/-OCH; and PBN/-CH; was used to represent
the -OH intensity. A weak -OH signal was found in the
control (Fig. 2 line e), revealing the -OH generation during
normal cellular functions (Yin et al., 2007). The -OH level
increased with exposure to increasing CTC concentration
(Figs. 2 and 3), and the maximum level (260% of control)
was observed for the CTC concentration of 50 mg/L. The
intensity of -OH in maize roots correlated positively with
the logarithm of CTC concentration exposed (p < 0.05).
These results suggest the ability of CTC to stimulate the
production of -OH in the maize root. The -OH is the most
reactive species among the ROS. It immediately reacts
with surrounding target molecules at the site where it is
generated. The accumulation of -OH in the maize root
demonstrated that CTC could induce oxidative damage.

2.3 Accumulation of CTC in maize roots

The concentrations of CTC in maize foots increased
with increasing CTC concentration in the prowth medium
(Fig. 3). Regression analysis demonstrated a positive rela-
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significant differences (p < 0.05) for the same treatments for different days; different lower case letters indicate significant differpnce (p < 0.05) for

different treatments in the same days).
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indicated possible oxidative stress induced by CTC. The
occurrence and accumulation of MDA in maize demon-
strated the oxidative damage with the stress of CTC. MDA
is the final product of lipid peroxidation and a sensitive
diagnostic index of oxidative injury in cells. Detailed
studies have provided evidence that many species exhibit
an increased MDA content following oxidative stress pro-
duced by both organic (Yin et al., 2007) and inorganic
pollutants (Lin et al., 2007). In this study, the positive
correlation between MDA contents and -OH levels, and
the decreases of MDA contents in the presence of the -OH
scavenger SB indicated that -OH may be involved in lipid
peroxidation in CTC-treated maize roots.

Compared with the control, no significant change of
POD activities was found for all treatments in the first two
exposure days, except for a significant decrease of POD
activity for the treatment of 50 mg/L after 2 days of expo-
sure (Fig. 4b). After 3 days, POD activity for the treatment
of 0.5 mg/LL CTC was higher (p < 0.05), while those for 5
and 50 mg/L CTC treatments were lower (p < 0.05) than
those of the control. After 5 days, POD activities decreased
with increasing CTC concentration. A significant negative
correlation was found between POD activities and the
logarithm of CTC concentrations exposed (p < 0.05, Fig.
4b). Increases (p < 0.05) of POD activities were found for
samples from day 2, 3 and 5 of 50 mg/L. CTC and SB —
treated plants, compared with their corresponding samples
of 50 mg/L CTC-treated plants.

The SOD activities in maize were lower (p < 0.05)
than those of the control when CTC concentrations were
higher than 5 mg/L over the whole exposure time (Fig.
4c). When the CTC concentration was 0.05 mg/L, SOD
activities increased in the first 2 and 3 days, then decreased.
After 5 days, significant decreases of SOD activities were
found for all CTC treatments. SOD activities positively
correlated with the CTC concentrations in solution (p <
0.05). The presence of SB increased the levels of SOD
significantly (p < 0.05).

Among treatments with different CTC concentrations,
significant increases (p < 0.05) of CAT activities were
found for the samples from day 2, 3 and 4 of 0.5 mg/L
CTC-treated plants, compared with their corresponding
control plants (Fig. 4d). The others displayed increased
CAT activities, but not within the range of statistical
significance. Samples treated with the mixture of 50 mg/L
CTC and SB showed significant increases of CAT activities
as compared with the control (p < 0.05), however, the
increases were not significant when compared with those
samples treated with 50 mg/L. CTC alone (p > 0.05).

Plants have antioxidant defense systems comprising
POD, SOD and CAT which play important roles in scav-
enging ROS produced under oxidative stress (Alscher and
Hess, 1993). The changes of these enzymes’ activities may
be considered as circumstantial evidence for enhanced pro-
duction of ROS. The POD enzyme system is important in
plant defense. Its general function is to fortify the cell wall,
thus resisting disease progression (Hirata et al., 2000).
SOD occurs in various cell compartments and catalyzes
the disproportionation of superoxide anion (O,-7) to H,O,

and O, (Salin, 1988), while CAT and POD are important
H,0, scavengers, catalyzing the transformation of H,O,
to water. Both activation and inhibition of SOD, CAT and
POD activities in plants exposed to oxidative stress have
been reported in the literature (Guo et al., 2007; Lin et
al., 2007). The levels of ROS and the extent of oxidative
damage depend largely upon the whole antioxidant defense
system and the co-operation or coordination among the
ROS-scavenging enzymes. When -OH is generated in
excess or the cellular antioxidant defense is deficient, it can
stimulate free-radical chain reactions and cause cellular
damage. Farkas et al. (2007) reported that significant
increases of POD activities occurred in the roots of ten-
day-old maize seedlings grown in 20 mg/kg CTC-treated
soil. Results obtained from this experiment showed that
significant increases of POD activities were only found in
5-day old maize seedling root samples from day 3 of the
0.5 mg/L. CTC treated plants, while insignificant changes
or significant decreases relative to their corresponding
control plants were found for other treatments. These phe-
nomena suggested that the antioxidative enzyme activities
were chemical concentration and exposure time dependent.
Moreover, the sensitivity and toxicity of pollutants to
plants are influenced by the life-stage or biological process.
By comparison, the early seedlings are more sensitive to
pollutants because some of the defense mechanisms have
not been developed. The decreased activities of POD and
SOD, and unchanged activities of CAT after 5 days of
exposure suggested that these antioxidative enzymes could
not scavenge ROS efficiently.

3 Conclusions

In this article, we have demonstrated that CTC can be taken
up by maize and induce -OH production, and provided
strong evidence that -OH production leads to oxidative
damage in maize roots. To our knowledge, this is the
first study to demonstrate that CTC could stimulate -OH
production in plants. However, the mechanisms of CTC
toxicity, including oxidative stress, are far from under-
stood, and further research is needed in order to provide
solid information regarding the mechanism of CTC toxici-
ty to plants.
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