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• TBECH diastereomers specifically in-
duced ROS production andDNAdamage
in maize tissues.

• Antioxidant enzyme genes were selec-
tively expressed under the influence of
TBECH diastereomers.

• TBECH significantly affected the molec-
ular diversity of maize root exudates.

• Among the four groups of isomers with
diastereoselectivity, β-TBECH had the
greatest impact.
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The phytotoxicities of TBECH diastereomers to plants at the biochemical and molecular levels were investigated
in a hydroponic study by using maize as a model plant. The results showed that TBECH could induce the produc-
tion of two species of reactive oxygen species (ROS), O2

•− andH2O2, inmaize tissues. The accumulation of ROSwas
the highestwhenmaizewas exposed toβ-TBECH. TBECHenhanced the phosphorylation of plant histone, and the
contents of γ-H2AX in maize followed the order β-TBECH > αβ-TBECH > γδ-TBECH > γ-TBECH. Transcriptome
profiling revealed that antioxidant enzyme genes (AEGs) were over-expressed in maize when stressed by tech-
nical grade TBECH. The RT-PCR detection further validated that three typical AEGs, including CAT, SOD, and POD
genes, were time-dependent and selectively expressed under the influence of TBECH diastereomers. Molecular
compositions of maize root exudates characterized by FT-ICR-MS were significantly different among the four
groups of TBECH diastereomer treatments. TBECH diastereomers specifically affected the chemical diversity
and abundance of root exudates. New insights into the biochemical effects of TBECH on plants are provided in
this work, which is helpful to deepening the understanding of their stereo-selectivity.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

1,2-dibromo-4-(1,2-dibromoethyl) cyclohexane (TBECH) is a novel
brominated flame retardant (NBFR) additive of commercial interest. In
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certain applications, TBECH is regarded as a possible replacement
for legacy BFRs including polybrominated diphenyl ethers (PBDEs)
and hexabromocyclododecanes (HBCDs) (Newton et al., 2015). It has
now been globally detected in the environment and biota (Ruan et al.,
2018; Xiong et al., 2019), and concentration levels of TBECH are increas-
ing substantially (Zhao et al., 2020). More and more evidence indicates
that TBECH is persistent, bioaccumulative, and can undergo long-
distance migration in the environment (Howard and Muir, 2010;
Bergman et al., 2012). Therefore, TBECH has been listed as a compound
of environmental concern by the US EPA (Hoh and Hites, 2005).

Toxicities of TBECH are now receiving increasing attention. It has
been proved by a variety of in silico modeling, in vitro ligand binding
and in vivo methods that TBECH exhibits endocrine disruption as well
as reproductive and developmental toxicities (Khalaf et al., 2009;
Asnake et al., 2014, 2015; Liu et al., 2017; Marteinson et al., 2017). Al-
though some progress has been made in understanding the toxicity of
TBECH, most of the studies have focused on humans or animals.
What's more, the stereochemistry of TBECH is complex. There are four
chiral carbon atoms in the molecular structure of TBECH, forming four
diastereomers, namely α-, β-, γ- and δ-TBECH (Wong, 2006). To the
best of our knowledge, the reported biological effects have mainly
been based on the sum of all stereoisomers (ΣTBECH) (Gemmill et al.,
2011; Porter et al., 2014). Information on the toxicity of individual
TBECH diastereomers has not been given enough attention. The limited
available reports demonstrated that γ- and δ-TBECH could activate
androgen receptors much more effectively than α- and β-TBECH
(Larsson et al., 2006; Khalaf et al., 2009), and γδ-TBECH was more
embryotoxic than αβ-TBECH in D. rerio fertilized eggs (Pradhan et al.,
2013). These studies emphasized the significance of studying the rela-
tionship between the stereochemistry and biotoxicity of TBECH. Fur-
thermore, the underlying mechanisms urgently need to be explored.

Plants are important biological media in the terrestrial eco-
environment. Exposure to organic contaminants such as pesticides,
bisphenol analogs and flame retardants, often cause toxicities to plants
at genetic,metabolic and physiological levels (Qian et al., 2011; Liu et al.,
2012; Zhang et al., 2016; Subramanian et al., 2017; Sun et al., 2018),
which in turn affect their transmission in the food chain. To better un-
derstand the biochemical and molecular responses of plants to organic
contaminants, examination of their phytotoxicities is essential. Re-
cently, the phytotoxicities of the major legacy BFRs, PBDEs and HBCDs,
have become well understood. PBDEs can exert various toxicities
toward plants, for example, inducing excessive ROS in plant cells, caus-
ing membrane lipid peroxidation, protein carbonylation and DNA
damage (Xu et al., 2015), inactivating functional enzymes (Xie et al.,
2013;Wang et al., 2014), affecting the normal physiologicalmetabolism
process of plant tissues and cells (Chen et al., 2018), finally leading to
the inhibition of plant growth and even death (Källqvist et al., 2006).
Moreover, oxidative stress and DNA damage induced by HBCDs (Wu
et al., 2012, 2016; Zhu et al., 2017), as well as the metabolic profiles in
plants influenced by HBCDs, were all diastereomer-specific (Zhang
et al., 2018). However, so far, the effects of NBFRs like TBECH on plants
remain unknown.

Based on the above background, we speculate that TBECH, as one of
the NBFRs with complex stereochemistry, may have specific biochemi-
cal effects on plants. Here, using maize (Zea mays L.) as a model plant,
the phytotoxicity of TBECH at the diastereomer level was investigated
by a hydroponic study and the selective mechanisms were elucidated
at themolecular level. To evaluate the oxidative stress andDNA damage
of TBECH to plants, reactive oxygen species (ROS) generation in plant
tissues was monitored in situ by laser scanning confocal microscopy
(CLSM), and γ-H2AX formation was detected. The transcriptome
of maize was determined by RNA-Seq technology and the typical anti-
oxidant enzyme gene (AEG) expressions were validated by RT-PCR.
The molecular compositions of maize root exudates were identified
through Fourier transform ion cyclotron resonance-mass spectrometry
(FT-ICR-MS). The results will clarify the environmental behavior and
selective biological toxicity mechanisms of TBECH diastereomers in ter-
restrial ecosystems.

2. Materials and methods

2.1. Standards and chemicals

TBECH is a hydrophobic organic compound with water solubility of
69 μg L−1 and an estimated log Kow value of 5.25. Alfa- and β-isomers
are the major components of commercial TBECH, and they are also the
main TBECH diastereomers that have been detected in environmental
samples (Wong, 2006). Although there are only traces of γ- and
δ-TBECHs in the technical product, both are still thought to be closely re-
lated to environmental pollution due to their formation in industrial
heat treatment processes (Arsenault et al., 2008). So, four groups of
commercially available TBECH diastereomers (purity >98%), β-TBECH,
αβ-TBECH (1:1 mol ratio), γ-TBECH and γδ-TBECH (1:1 mol ratio)
were selected as the test compounds. As confirmed byGC–MS, technical
TBECH purchased from Carbott Pharmtech Inc. (Yantai, Shandong,
China) is an equimolar mixture of α- and β-TBECH. The purity of the
probes dihydroethidium (DHE) and 2′,7′-dichlorofluorescein diacetate
(DCFDA) was >99.9%. A plant γ-H2AX ELISA Kit (RB, USA) was pur-
chased from Shanghai ELISA technology Co., Ltd. A plant RNA extraction
Kit and PCR reaction mixture were obtained from QIAGEN Company
(Dalian, China). Primers and RNA enzyme inhibitors were provided by
Invitrogen (California, USA).

2.2. Plant exposure and sample preparation

Seeds (Zhengdan no.108) ofmaize (Zeamays L.) were obtained from
theChineseAcademy of Agricultural Sciences. After normal germination
for 4 days, five uniform seedlingswere transferred to each colored vitre-
ous pot containing 150 mL of exposure solution to investigate the bio-
chemical effects of TBECH on maize. Exposure solutions of β-, αβ-, γ-,
and γδ-TBECH were prepared by dissolving standards in methanol,
and then gradually dilutingwith sterile half-strength Hoagland nutrient
solution. The content of methanol in the final solutions was always
below 0.05% (v/v) to minimize cosolvent effects (Xu et al., 2015). The
concentrations of the exposure solutions were set at 0, 30.0, 70.0, and
100 μg L−1 for each group of tested compounds. Two controls, including
a blank control containing deionizedwater and a cosolvent control con-
taining deionized water with 0.05% (v/v) methanol, were designed. All
treatments were set up in triplicate. No observed adverse effects
occurred in maize in the cosolvent control treatment. The control
group compared with the exposure group mentioned in the following
paragraphs refers to the cosolvent control treatment. Maize seedlings
were harvested at intervals of 0, 12, 24, 36, 48, and 96 h. Plants exposed
to TBECH were rinsed thoroughly with distilled water, blotted with fil-
ter paper, and separated into leaf, stem, and root, and their fresh weight
wasmeasured. ROS generation in maize was measured immediately by
Confocal laser scanning microscopy (CLSM). The remaining plant
samples were frozen in liquid nitrogen and stored in a refrigerator at
−80 °C for the determination of γ-H2AX and the gene expressions
in maize.

2.3. Imaging of reactive oxygen species

Fluorescent probes are powerful and convenient tools for the deter-
mination of ROS because of their high sensitivity and temporal and
spatial resolution. Visualization of superoxide anion radical (O2

• −) and
hydrogen peroxide (H2O2) accumulation in the root, stem, and leaf of
maize was realized using the fluorescent probes of DHE and DCFDA
according to Xu et al. (2015). A confocal laser scanning microscope
(CLSM) (Leica TCS SP5, Leica Inc., Germany) was used for in-situ imag-
ing of O2

•− and H2O2. Detailed experimental procedures are given in the
Supporting Information.



Table 1
Primer sequences for RT-PCR amplification of typical SOD, POD and CAT genes.

Genes Gene ID Primer Sequence (5′ to 3′) Tm

Superoxide dismutase [Mn] 3.1 NM_001112272
SOD F GCCACCTACGTCGCCAACTACA

60
SOD R ACCACCGCCGTTGAACTTGATG

Peroxidase 39 isoform X1 NM_001112570
POD F TCGGCGTCATCGTCAGTGCT

60
POD R GGCGAGGTTGAGGCTCTTGTTC

Catalase
isomer 3

NM_001152957
CAT F AATCGCCTCACGAATCGGTCCT

60
CAT R CGCACCACAACAACCACTACGA

Actin2 EU958048
Actin F TGAAACCTTCGAATGCCCAG

60
Actin R GATTGGAACCGTGTGGCTCA
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2.4. Histone extraction and γ-H2AX foci analysis

Histone extraction and γ-H2AX detection were carried out as previ-
ously performed in our group's research (Wu et al., 2012, 2016). Plant
samples were homogenized in phosphate buffer in an ice bath, and
then centrifuged. The supernatant was collected. γ-H2AX foci were
tested with plant γ-H2AX ELISA kits.

2.5. RNA sequencing (RNA-Seq) and RT-PCR analysis for the gene
expression

The gene profile of maize root exposed to technical TBECH was
measured by RNA-Seq technology. RNA extracted with a RNeasy
Plant Mini Kit was used to synthesize cDNA in duplicate, and the
cDNA library was constructed and sequenced by a BGISEQ-500 plat-
form in Beijing Genomics Institute (Shenzhen, China). 24.03 M raw
reads were obtained and a total of 34,586 genes were detected. The
raw reads were filtered. Statistical results for RNA-sequencing
reads after quality filtering are summarized in Table S1. Classification
of clean reads and distribution of base quality are given in Fig. S1a
and Fig. S1b. The proportion of bases with low quality (Quality
<20) was <0.34%, which indicates that the sequencing results are
reasonable and credible. Significantly expressed AEGs in maize
after exposure to TBECH were screened out and summarized in
Table S2 through bioinformatics analysis (Du et al., 2016).

To verify the sequencing results and study the expression variation
of the AEGs, RT-PCR analysis was carried out. Dynamic changes of the
expression of three typical AEGs including Superoxide dismutase [Mn]
3.1 (SOD), Peroxidase 39 isoform X1 (POD) and catalase isomer 3
(CAT) in maize roots treated with β-TBECH at different exposure time
points of 0, 6, 12, 24, 48, and 96 h were selected for examination, and
expression differences among the four groups of TBECH diastereomers
were evaluated at the final point of exposure. Transcript ID and primers
for antioxidant genes designed by Primer Premier 6 for each of the
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Fig. 1. Imaging the production of O2
• −(A) and H2O2(B) in plant tissues by CLSM after e
genes are shown in Table 1. Processes of reverse transcription reaction
and RT-PCR detection are given in the Supporting Information. Levels
of AEG relative expression were assessed by the 2 − ΔΔCt method.
Three biological replicates were performed for each experiment.
2.6. Molecular diversity of maize root exudates characterized by FT-ICR-MS

At the last harvest time, the plants were removed, leaving the water
as a root exudate solution. Root exudates collected from plants not ex-
posed to TBECH diastereomers were set as controls. Samples were
pretreated based on the method shown by Mönchgesang et al. (2016).
In brief, root exudate solutions were filtered (0.22 μm pore size), then
desalted and condensed by PPL-SPE cartridges (1 g/6 mL, Varian), and
dried with nitrogen. The compositions of root exudates dissolved in
methanol were determined by FT-ICR-MS (Bruker Solari X). The detec-
tion conditions for theMS systemwere adapted from those ofMiao et al.
(2020), and details can be found in the Supporting Information. Spec-
trum peaks were recognized by Bruker Data Analysis software. After
matching, the Van Krevelen (VK) diagram was set up for component
analysis. According to the combination of different H/C and O/C values,
the VK diagram is divided into 7 regions representing different compo-
nents (Hockaday et al., 2009; Lv et al., 2018), including lipids, proteins,
lignins, tannic acids, aromatics, and others, respectively. The partitioned
VK list for root exudate components is shown in Table S3.
2.7. Data analysis

All data were generated in triplicate and expressed as mean ± stan-
dard deviation (S.D.). SPSS software (ver. 16.0) was used for statistical
analysis. Statistically significant differences among samples were
assessed using one-way analysis of variance (ANOVA) with Duncan's
multiple-comparison test at P < 0.05.
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xposure of maize to 70 μg L−1 β-, αβ-, γ-, and γδ-TBECH diastereomers for 96 h.
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3. Results and discussion

3.1. ROS generation in maize induced by TBECH diastereomers

No apparent visible damage, such as plant biomass or seed
germination inhibition, was observed in the present study. By using
CLSM, images of two species of ROS, O2

• − and H2O2, were clearly ob-
served in-situ in maize exposed to TBECH diastereomers (Fig. 1). The
green fluorescence intensities inmaize tissues were significantly higher
than those of the controls, indicating that TBECH exposure led to the
formation of O2

•− and H2O2, and brought about oxidative stresses to
maize. A fluorescence intensity gradient was observed in maize, with
the strongest intensities in the roots, the second in the stems, and the
weakest in the leaves (Fig. S2). Roots were in direct contact with con-
taminants in this planting medium and were more sensitive to the
L
L
L

L

Fig. 2.γ-H2AX contents in plant tissues after exposure ofmaize to 0, 30, 70 and, 100 μg L−1

TBECH diastereomers for 96 h. A - Root; B - Stem; C - Leaf. Different letters represent
significant differences between four groups of TBECH diastereomers with different
concentrations (P < 0.05).
oxidative damage caused by TBECH than plant stems and leaves. The
gradient distribution of ROSmight also be ascribed to the gradient accu-
mulation of contaminants in plant tissues (Huang et al., 2011). Many
studies have shown that xenobiotics with a variety of chemical struc-
tures have toxic effects on plant growth (Qian et al., 2011; Wu et al.,
2012, 2016; Zhang et al., 2017; Lin et al., 2020). Plants can respond to
external stresses and produce ROS rapidly. ROS are the key contributors
to the phytotoxicity of legacy BFRs (e.g. PBDEs). PBDEs have been re-
ported to trigger excessive ROS formation in plants, resulting in growth
inhibition, peroxidation, membrane damage, and cell biosynthesis (Sun
et al., 2020). Some researchers evidenced that interactions of PBDEs
with plant mitochondrial membranes were very strong (Pazin et al.,
2015), thereby disturbing the mitochondrial function, causing electron
leakage, and producing ROS. This study is the first to report the genera-
tion of ROS in plants yielded by the alicyclic BFRs of TBECH.Mechanisms
of TBECH-induced ROS formation need further exploration.

The stereochemistry of TBECH had a vital influence on ROS produc-
tion. TBECH diastereomers specifically induced the formation of ROS
in maize tissues. Among the four groups of diastereomers, β-TBECH
stimulated the highest production of O2

• − and H2O2 and led to the
greatest oxidative stress in both maize roots and the aboveground
parts (Fig. 1). The fluorescence intensity in maize tissues in αβ-TBECH
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Fig. 3. Time-dependent changes of the relative expression of three typical AEGs in maize
roots treated with β-TBECH (A), * in the figure represents significant difference (*,
P < 0.05; **, P < 0.01; ***, P < 0.001); and the selective expression of AEGs mediated by
β-, αβ-, γ-, and γδ-TBECH diastereomers (B), different letters indicate significant
differences among four groups of TBECH diastereomer treatments.
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treatment was much weaker than that for exposure to β-TBECH alone
(Fig. S2), indicating that the co-existence of α-TBECH decreased the
ROS formation in maize. The fluorescence intensity of maize exposed
to γδ-TBECH was much stronger than that of γ-TBECH (Fig. S2), which
suggested that the co-existence of δ-TBECH increased the production
of ROS. Unfortunately, it was uncertain whether the co-existence of
TBECH diastereomers was antagonistic or synergistic due to no com-
mercial individual α- and δ-TBECH standards being available. TBECH
has a similar stereochemistry to HBCDs. ROS production in organisms
induced by HBCDs has been investigated at the diastereomer level.
Compared with α- and β-HBCDs, γ-HBCD promoted more ROS forma-
tion in zebrafish embryos (Du et al., 2012); whereas, the ROS levels in
the plant of maize treated with HBCDs were α-HBCD > β-HBCD > γ-
HBCD (Wu et al., 2012). Similarly, diastereomer-specific effects on
ROS formation may result in the diastereomer-selective phytotoxicity
of TBECH to maize.

3.2. DNA damage of TBECH diastereomers to maize

Excessive ROS accumulation will trigger various oxidation reactions
of cell membrane unsaturated fatty acids, causing oxidative damage to
major biomacromolecules like DNA in plants (Mittler et al., 2004). The
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double-strand break (DSB) is considered to be the most common seri-
ous form of DNA damage, and γ-H2AX is used as a biomarker of DSB
(Wu et al., 2012). In order to explore DNAdamage induced by TBECHdi-
astereomers, γ-H2AX formation in maize was determined (Fig. 2). The
significantly increased production of γ-H2AX in maize compared with
the control group revealed that TBECH induced DNA damage in maize.
The contents of γ-H2AX in plant tissues followed the order root > leaf
≈ stem, which was consistent with the highest accumulation of ROS
being in maize roots. TBECH at environmentally relevant exposure con-
centrations was able to stimulate DNA damage in maize tissues. For all
the TBECH diastereomer treatments, γ-H2AX formation in maize roots
was progressively aggravated with an increase of TBECH concentration
from 0 to 70 μg L−1, whereas levels of γ-H2AX were slightly deceased
when maize was exposed to 100 μg L−1 TBECH. Except for a few treat-
ments, concentration-related trends for γ-H2AX production were also
observed in maize stems and leaves. Measured by comet assay, it has
been found that organic pollutants such as PCBs, PAHs, and herbicides
could induce DNA damage in plants, which exhibited the same dose-
dependent effects (Suleyman et al., 2010; Tomáš et al., 2007). The con-
tents of γ-H2AX in maize followed the trend γ-TBECH < αβ-TBECH <
γδ-TBECH < β-TBECH, which demonstrated that DNA damage imposed
by TBECH followed a diastereomer-specific mechanism.
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.4

0.8

1.2

1.6

2.0

tannins

lignins

carbohydratesproteinslipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

condensed aromatics

H
/C

O/C

                        TBECH

0.0 0.2 0.4 0.6 0.8 1.0 1.2

.4

.8

.2

.6

.0

tannins
lignins

carbohydratesproteinslipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

condensed aromatics

O/C

TBECH

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.4

0.8

1.2

1.6

2.0

-TBECH 

tannins
lignins

carbohydratesproteins
lipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

S/N

condensed aromatics

H
/C

O/C

6.000

13.90

32.19

74.56

172.7

400.0

.0 0.2 0.4 0.6 0.8 1.0 1.2

 -TBECH 

tannins

lignins

carbohydrates

proteinslipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

condensed aromatics

O/C

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.4

0.8

1.2

1.6

2.0

tannins
lignins

carbohydrates
proteinslipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

condensed aromatics

H
/C

O/C

-TBECH 

0.0 0.2 0.4 0.6 0.8 1.0 1.2

 -TBECH 

tannins
lignins

carbohydratesproteinslipids

un
sa

tu
ra

te
d

hy
dr

oc
ar

bo
ns

condensed aromatics

O/C

R-MS as influenced by different TBECH diastereomers with different concentrations.



0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

R
el

at
iv

e 
ab

un
da

nc
e

 O thers  

 C o nde n sed  arom atics

 T an n in  

 L ig n in  

 U nsa tu ra ted  hyd rocarb o n

 C arboh yd ra te  

 P ro te in

 L ip id

M a ize  ex p ose d  to  T B E C H

( A ) 3 0  μg  L -1  

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

R
el

at
iv

e 
ab

un
da

nc
e

M a iz e e x p o s ed  to  T B E C H

( B ) 7 0  μ g  L

C o n tro l ß -T B E C H a ß -T B E C H γδ-T B E C H γδ-T B E C H
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

R
el

at
iv

e 
ab

un
da

nc
e

M a iz e e x p o s ed  to  T B E C H

( C ) 1 0 0  μ g  L

-1

-1

C o n tro l ß -T B E C H a ß -T B E C H γδ-T B E C H γδ-T B E C H

C o n tro l ß -T B E C H a ß -T B E C H γ-T B E C H γδ-T B E C H

Fig. 5.Relative abundance profile of the compound types in root exudates identifiedby FT-
ICR-MS after exposure ofmaize to 30 (A), 70 (B), and 100 (C) μg L−1 TBECHdiastereomers.
The proportion of each formula groupwas calculated according to the ratio of the number
of assigned formulas in each group to the total.

6 H. Huang et al. / Science of the Total Environment 753 (2021) 141872
3.3. Maize antioxidant gene responses to TBECH diastereomers

Plants have developed a complete antioxidant system to tolerate the
adverse stresses of oxidative damage. A host of studies have proved that
organic pollutants can induce or inhibit antioxidant enzymes in terms of
protein contents and enzyme activities (Wu et al., 2012, 2016; Zhang
et al., 2016; Chen et al., 2018). To clarify the molecular mechanisms of
the antioxidant stress response of plants to organic pollutants, the
genetic patterns of antioxidative enzymes need to be further explored.
The gene expression profiles of maize exposed to technical TBECH
were determined using by RNA-Seq in this work. The results showed
that AEGs in maize were over-expressed (Table S2). On this basis,
three typical CAT, SOD, and POD genes were screened and verified by
RT-PCR to examine their dynamic changes and the specific effects of
TBECH diastereomers in more detail.

The relative gene expressions of CAT, SOD and POD in maize were
time-dependent. When maize was exposed to β-TBECH, three typical
AEG expressions exhibited identical change tendencies with exposure
time (Fig. 3A), which decreased for the first 6 h, and increased
subsequently to reach the peak level at 48 h, then decreased gradually
to constant levels afterward. The expressions of CAT, SOD, and POD
genes at 48 h were upregulated by 5.29, 1.57, and 1.81 times those of
controls, respectively. Furthermore, TBECH selectively mediated the
gene expressions of CAT, SOD and POD (Fig. 3B). All four groups of
TBECH diastereomers could up-regulate the expression of CAT, SOD
and POD genes in maize, of which the up-regulation of the CAT gene
was most significant. β-TBECH induced the largest increase in expres-
sion of the CAT gene (up to 40%), γ-TBECH had the greatest effect on
POD gene expression (increased by 35%), whereas αβ-TBECH induced
SOD gene expression most strongly. Changes in AEG expression can be
considered as indicators of the oxidative stresses triggered by ROS pro-
duction (Mylona et al., 2007), which enhance the tolerance of plants to
xenobiotics. Our results demonstrated that TBECH specifically induced
ROS accumulation and DNA breakage, and initiated the expression of
antioxidant enzymes genes in varying degrees in maize.

3.4. Changes in themolecular diversity ofmaize root exudates due to TBECH
diastereomers

In addition, an altered antioxidant system in response to stresses
would result in qualitative changes in the metabolic pools of plants
(Ahammed et al., 2017). Root exudates are products of plant metabo-
lism released to the root surface or rhizosphere, thereby strengthening
plants to resist environmental pressure (Gargallo-Garriga et al., 2018).
Although root exudate compositions are various and complex, research
on root exudates has mainly focused on the qualitative and quantitative
determination of the compositions of low-molecular-weight acids
(LMWOAs) (Aliferis and Jabaji, 2010). The profiles of some important
components, especially proteins, lipids, and polysaccharides, have
been neglected. FT-ICR-MS can analyze the molecular diversity of root
exudates more comprehensively (Allwood and Goodacre, 2010; Miao
et al., 2020). Thus, the effect of TBECH on the molecular compositions
of maize root exudates was evaluated by FT-ICR-MS in this work
(Fig. S3). Nearly about 461–2893 compositions were identified in the
maize root exudates, of which the treatment of maize exposed to
30 μg L−1 β-TBECH contained the most molecules, while the least mol-
ecules were detected in the 100 μg L−1 γ-TBECH treatment (Fig. S4).
Root exudates had common molecules among all the treatments, and
each treatment had its own unique composition. Taking treatments of
30 μg L−1 β-TBECH and γ-TBECH as an example, 420 compositions in
the γ-TBECH treatmentwere like those detected inmaize root exudates
exposed to β-TBECH; the remaining 390 formulas were unique to the
γ-TBECH treatment.

To highlight the molecular diversity differences, root exudate com-
positions discriminated with FT-ICR-MS were visualized in a VK dia-
gram (Fig. 4). Compared with the control, root exudate compositions
significantly changed whenmaize was exposed to TBECH. The diversity
of root exudates was correlated with ROS accumulation in maize roots
for the four groups of TBECH diastereomer treatments. That is to say,
the more ROS accumulated in maize roots, the higher diversity of root
exudates occurring in the corresponding treatment. Furthermore, the
relative abundance of different compound types of identifiedmolecules
in root exudates was calculated (Fig. 5). The relative abundance of root
exudate compositions was highly dependent on the concentration of
TBECH. Generally, the relative abundance of unsaturated phenolics
and aliphatics (O/C < 0.5) in root exudates increased with the increase
in TBECH exposure dose, while the relative abundance of condensed
aromatics, polyphenols and high unsaturated phenolics (O/C > 0.5) de-
creased. These compositions are antioxidant-related and act as reducing
equivalents to combat excessive ROS, thus protectingplants fromoxida-
tive damage (Li et al., 2018).

TBECH diastereomers specifically affected the molecular diversity
and abundance of root exudates (Table 2). In detail, the root exudate
compositions in β-TBECH treatments clustered in the regions with
ratios of H/C < 1.6 and O/C < 0.4. The relative abundances of lignin,
protein, and tannin, which were higher than other components, were
47.2–55.1%, 10.3–19.9%, and 5.61–7.03%, respectively; whereas, root
exudates in the αβ-TBECH treatments were mainly comprised of
lignin (34.8–55.4%), condensed aromatics (12.3–27.8%) and protein
(5.56–12.4%), which were located in regions with H/C ratio < 1.6, O/C
ratio < 0.6. It could be observed that the species and intensities of



Table 2
Effect of TBECH diastereomers on the relative abundance (%) of maize root exudate components.a

Lipid Protein Carbohydrate Unsaturated hydrocarbon Lignin Tannin Condensed aromatics Others

Control 5.01 13.1 4.83 7.21 52.9 3.96 12.8 0.16
β-TBECH 5.43–6.69 10.3–19.9 2.81–7.44 1.22–10.2 47.2–55.0 5.61–7.03 2.49–17.1 0–0.26
αβ-TBECH 1.62–5.10 5.56–12.4 2.78–10.1 4.35–15.5 34.8–55.4 4.56–6.88 12.3–27.8 0–0.30
γ-TBECH 3.22–11.2 7.19–11.4 3.80–4.72 5.49–8.80 43.0–52.5 4.61–6.12 7.59–19.4 0–0.21
γδ-TBECH 0.67–6.61 5.50–15.6 3.30–4.22 9.92–10.6 49.5–66.7 2.76–5.50 10.5–19.7 0–0.13

a Components of root exudates characterized by FT-ICR-MS were classified according to references Hockaday et al. (2009) and Miao et al. (2020).
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maize root exudates decreased significantly in the γ- and γδ-TBECH
treatments compared with αβ- and β-TBECH treatments. The results
of root exudate diversity and composition abundance in the present
study indicated that plantswere stimulated to produce differentmetab-
olites to alleviate different oxidative stresses in response to the four
groups of TBECH diastereomers.

4. Conclusions

Studies on the ecological toxicity of TBECH have focused on animals
and mainly based on mixtures of different TBECH isomers with diverse
physiochemical and toxicological properties. The biological effects and
the toxicitymechanismof TBECH in plants, particularly at the diastereo-
mer level, have rarely been examined. Here this study takes a more
differentiated look at four groups of TBECH diastereomers at environ-
mentally relevant concentrations to illustrate their various phytotoxic-
ities, and provided important information on the biochemical and
molecular responses of higher plants to TBECH. TBECH induced the pro-
duction of ROS in maize tissues, and β-TBECH had the strongest oxida-
tive damage effects on maize among the four groups of diastereomers.
The contents of γ-H2AX in maize followed the order γ-TBECH < αβ-
TBECH < γδ-TBECH < β-TBECH. After exposure to TBECH, AEGs were
over-expressed. RT-PCR detection confirmed that the expression of
CAT, SOD and POD genes in maize decreased rapidly at first, then in-
creased more slowly to higher levels during the exposure period. Ex-
pression of AEGs mediated by TBECH occurred in a diastereomer-
specific manner. Significant differences existed in the molecular-
chemical diversity of root exudates among the four groups TBECH dia-
stereomerswith treatments at different concentrations. The phytotoxic-
ity and biochemical response mechanisms of TBECH diastereomers
were revealed from the individual, gene, andmetabolicmolecular levels
in this study, which provides a newperspective to explain the biological
effects of TBECH and can help to deepen the understanding of their
stereo-selectivity.
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