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Abstract

Tris(2-chloroethyl) phosphate (TCEP), as an organophosphate contaminant, poses a signif-
icant threat to the growth and development of plants, especially roots. This study aimed
to clarify the mechanisms of TCEP’s toxicity and damage to root systems, as well as the
mechanisms of its damage to the respiration and energy metabolism of alfalfa root cells.
The results showed that TCEP obviously affected the root length, root surface area, root
volume, and root diameter of alfalfa. With increasing stress intensity, the total mitochondrial
respiration rate and Cytochrome C Oxidase (COX) pathway respiration rate progressively
declined, while the Alternative Oxidase (AOX) pathway respiration rate and its proportion
of total respiration gradually rose. In addition, adenosine triphosphate (ATP) content and
root vigor were significantly reduced. Moreover, with an increase in TCEP concentration,
root superoxide anion radical content in alfalfa root cells was significantly elevated, while
superoxide dismutase (SOD) and catalase (CAT) activities were significantly lowered, and
ascorbate peroxidase (APX) and peroxidase (POD) activities were significantly enhanced. The
present study indicated that respiration was disrupted, causing a lack of ATP in root cells
under TCEP. Both the overproduction of reactive oxygen species (ROS) from the mitochondrial
respiratory electron transport chain (mECT) and the deficiency of ROS-scavenging enzymes
caused ROS accumulation, which led to the destruction of the cell membrane structure and
exacerbated the disruption of the respiratory metabolism. The disruption of the conversion
and reuse of energy by TCEP affected root growth and development.

Keywords: organophosphate; root morphology; respiratory metabolism; antioxidant; alfalfa

1. Introduction
Tris(2-chloroethyl) phosphate (TCEP) is a commonly used organophosphorus compound

that is widely used for its excellent flame-retardant properties [1]. However, it is very toxic
and is easily enriched, which causes ecological and environmental safety issues [2–6]. Large
amounts of TCEP have been detected in wastewater [7], sludge [8], and even in Lake Taihu [9].
TCEP readily accumulates in soil and is difficult to degrade [10]. Current studies primarily
focus on elucidating the absorption, transport, and accumulation patterns of this substance
within plants [11–14]. Organophosphorus esters (OPEs) can induce oxidative stress responses
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in wheat (Triticum aestivum L.), thereby affecting its growth, development, and hormonal bal-
ance [15,16]. However, critical gaps remain in our understanding of the specific physiological
mechanisms and toxicological principles governing their effects on root systems.

The root system serves as the primary organ for nutrient uptake in plants and is the
first to sense and respond to the soil environment [17]; its growth and developmental
status directly affect the aboveground biomass [18]. However, the morphological structure
and physiological metabolism of roots are highly sensitive to environmental stress [19,20],
which is closely linked to their inherent stress resistance [21]. Whether plants can adapt to
TCEP stress by altering root morphology has yet to be demonstrated.

Respiration not only provides energy for root cells but also plays a crucial role in
maintaining the redox balance within these cells; however, it is sensitive to stress [22].
Consequently, TCEP poses a direct threat to root growth and development by damaging
root system conformation, inhibiting respiration, or inducing oxidative damage to root cells.
The mitochondrial respiratory electron transport chain (mETC) in plants is divided into the
cytochrome respiration pathway (CP) and the alternate respiration pathway (AP). In the
CP, electron transfer is coupled with proton translocation, which promotes ATP production,
whereas the AP lacks this property [23]. Whether TCEP stress interferes with CP and
affects energy supply to the root system remains unclear. Furthermore, it has been shown
that organophosphorus compounds induce oxidative stress in wheat, and AOX-catalyzed
AP plays an important role in redox homeostasis [24]. When subjected to TCEP stress, it
is uncertain whether the AP can mitigate stress-induced oxidative damage and thereby
enhance plant resistance.

Alfalfa (Medicago sativa L.) is a perennial leguminous forage crop extensively cultivated
in China. Its aboveground biomass and root system possess a high capacity for accumu-
lating harmful substances, making it a valuable resource for ecological restoration [25,26].
In this study, Xinmu No. 4 was selected to investigate the changes in root morphology,
respiration, ATP content, reactive oxygen species (ROS) production, and the responses
of the antioxidant system under exogenous TCEP stress. The primary objective of this
research is to elucidate the mechanisms underlying TCEP’s toxicity and its detrimental
effects on the plant root system. Furthermore, the findings of this study will contribute
to a more accurate understanding of TCEP’s environmental behavior and facilitate the
assessment of its ecological risks in soil.

2. Materials and Methods
2.1. Test Materials

The test plant used in this study was “Xinmu No. 4” alfalfa (Medicago sativa L. Xinmu
No. 4). The seeds were obtained from the College of Grass Industry at Xinjiang Agricultural
University, while TCEP (98% purity) was sourced from Shanghai Aladdin Biochemical
Science and Technology Co. (Shanghai, China).

2.2. Experimental Design

Due to its resistance to degradation, TCEP accumulates in the environment. To elucidate
the mechanisms underlying TCEP’s toxicity and its detrimental effects on plant root systems,
concentrations of TCEP treatments were established at 0, 5, 10, 20, and 40 mg/L.

In this study, we employed a substrate culture method utilizing plastic pots measuring
10 cm in height and 10 cm in diameter. These pots were thoroughly washed and dried
with deionized water before being filled with vermiculite to facilitate the assessment of
the entire root system. Healthy alfalfa seeds were sown into the pots, and after sowing, a
mixed solution containing the corresponding TCEP concentration and Hoagland’s nutrient
solution was applied bi-daily at a volume of 150 mL.
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The experiment included four independent biological replicates (n = 5). Within each
replicate group and TCEP concentration, 20 alfalfa seedlings were designated as indepen-
dent statistical units for cultivation. Morphological analyses were conducted on roots from
15 to 18 randomly selected seedlings per group.

After 14 days of cultivation, alfalfa roots were harvested and rinsed with distilled
water. High-resolution two-dimensional images were obtained using an Epson Expression
1200XL root scanner (Shanghai, China). Root geometric parameters—such as total root
length, average diameter, surface area, and volume—were measured using WinRHIZO. The
remaining root tissue was promptly immersed in liquid nitrogen for rapid cryopreservation.

2.3. Measurement Indicators and Methods
2.3.1. Root System Geometric Configuration Parameters

The plants were removed from their pots to wash the roots. A desktop scanner (Epson
Expression 1200XL, Shanghai, China) was utilized to scan the alfalfa root systems for each
treatment, and the images were stored on a computer for analysis of the planar geometrical
configuration parameters of the root system, including root volume (RV), total root surface area
(RSA), average diameter (AD), total root length (TRL), number of root tips, and number of nodes.

The cleaned root systems were scanned using the same desktop scanner (Expression
1200XL, Shanghai, China) to obtain digital images, which were subsequently saved to
a computer. WinRHIZO 2019 root analysis software was then employed to analyze the
root geometric configuration parameters, including total root volume (RV), total root
surface area (RSA), average root diameter (AD), total root length (TRL), root tip count, and
internode count, as described by Arsenault et al. in 2019 [27].

The drying method was utilized to determine the fresh weight of alfalfa roots by
randomly selecting 20 alfalfa roots, rinsing them several times with distilled water, and
measuring their fresh weight. Subsequently, the roots were placed in an oven at 105 ◦C for
30 min and then dried at 70 ◦C for 12 h. By weighing their dry weights, we calculated the
specific root length (SRL) and specific surface area (SRS), where SRL (cm/g) = TRL/root
biomass and SRS (cm2/g) = RSA/root biomass [28].

2.3.2. Determination of Alfalfa Root Vigor and Cellular ATP Content

Root vigor was measured using the triphenyltetrazolium chloride (TTC) method,
with differences in root vigor among treatment concentrations expressed as root reducing
power. First, a standard curve was prepared. Roots of similar length and thickness were
selected, and 0.1 g of the root system was cut off and placed in a 50 mL beaker. Then, 5 mL
each of 0.4% TTC solution and 0.1 mol·L−1 phosphate-buffered solution (pH 7.0) were
added. The mixture was thoroughly mixed to ensure that the root tip segments were fully
immersed in the solution. The samples were incubated at 37 ◦C for 1 h to allow the root tip
segments to develop color. After 1 h, 2 mL of 1 mol·L−1 H2SO4 solution was immediately
added to terminate the reaction. The roots were removed, excess moisture was blotted
with filter paper, and the roots were placed in a mortar. They were ground with 3–4 mL
of ethyl acetate (without quartz sand). The extracted red TTF was carefully transferred to
a graduated test tube, and the residue was washed with ethyl acetate 2–3 times until the
washings were colorless. All washings were combined into the test tube and diluted to
20 mL with ethyl acetate. After thorough mixing, colorimetry was performed at 485 nm
using ethyl acetate as the blank, and the OD value was recorded. The result was calculated
using the standard curve [29].

ATP content was determined using an ATP bioluminescence assay kit purchased
from Suzhou Keming Biotechnology Co. (Suzhou, China). Following the manufacturer’s
instructions, approximately 0.1 g of the sample was weighed, and 1 mL of the extraction
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solution was added. The sample was homogenized in an ice bath, extracted by heating at
100 ◦C for 5 min, and centrifuged at 8000× g at 4 ◦C for 15 min, and the supernatant was
collected for analysis. The supernatant was combined with the corresponding reagents
from the kit. Subsequently, the ATP content was measured using the UV-1800 visible
spectrophotometer T2600S (Youke, Shanghai, China) with the wavelength set to 700 nm.
Enzyme activity was calculated according to the provided instructions [30].

2.3.3. Root Respiration Measurements

Under dark conditions, the oxygen consumption rate of root tissues was measured us-
ing an OXYTHERM oxygen electrode (Hansatech, UK). The procedure involved immersing
0.1 g (fresh weight) of root tissue in 2.6 mL of PBS buffer within a reaction cup. After the
oxygen consumption rate stabilized, the total respiration rate (Rtotal, µmol/g/min) was
calculated based on the linear decrease in oxygen concentration.

The oxygen consumption for COX respiration was assessed following the addition of
a salicylhydroxamic acid (SHAM) solution at a working concentration of 20 mmol/L. The
respiration rate of the AOX pathway was determined using the equation RAox = Rtotal − RCox.

2.3.4. Superoxide Anion (O2−), Hydrogen Peroxide (H2O2) Content, Malondialdehyde
(MDA), and Free Proline Content Determination

The contents of superoxide anion radicals, H2O2, MDA, and free proline in alfalfa
roots were quantified using a kit obtained from Suzhou Keming Biotechnology Co. Fol-
lowing the manufacturer’s instructions, 0.1 g of the sample was weighed, and 1 mL of
extraction solution was added before homogenization in an ice bath. The homogenate
was then centrifuged at 8000× g for 10 min at 4 ◦C. The supernatant was collected, and
kit-specific reagents were added. Absorbance values for superoxide anion (O2

−, 530 nm),
hydrogen peroxide (H2O2, 415 nm), and malondialdehyde (MDA, ∆A = ∆532 − ∆A600)
were measured using a UV–visible spectrophotometer (T2600S Youke, Shanghai, China).
To determine proline content, 0.1 g of the sample was weighed, and 1 mL of extraction
solution was added before homogenization in an ice bath. The homogenate was subjected
to shaking extraction at 90 ◦C for 10 min, followed by centrifugation at 10,000× g for 10 min
at 25 ◦C. The supernatant was collected, and kit-specific reagents were added. Proline
content (PRO, 520 nm) was measured using the same UV–visible spectrophotometer T2600S
(Youke, Shanghai, China). Enzyme activity was calculated according to the manual [31].

2.3.5. Determination of Antioxidant Enzyme Activity

The activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and peroxidase (POD) were measured using kits obtained from Suzhou Keming
Biotechnology Co. Following the manufacturer’s protocol, 0.1 g of the sample was weighed,
and 1 mL of extraction solution was added. The mixture was then homogenized in an ice
bath. Subsequently, the homogenate was centrifuged at 8000× g for 10 min at 4 ◦C. The
supernatant was transferred, and the corresponding reagents from the kit were added. Ab-
sorbance values for SOD (450 nm), POD (470 nm), and CAT (240 nm) were measured at their
respective wavelengths using the UV–visible spectrophotometer T2600S (Youke, Shanghai,
China). Enzyme activity was calculated according to the provided instructions [31].

2.3.6. Data Analysis

The experimental data were organized using Excel 2010, plotted with Origin 2022,
and statistically analyzed using one-way analysis of variance (ANOVA) with SPSS 20.0.
Multiple comparisons were performed using Duncan’s method, with significant differences
indicated by different lowercase letters in the body graphs and tables (p < 0.05). A minimum
of three biological replicates was conducted for each index determination.
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3. Results
3.1. Effect of TCEP on Alfalfa Root Morphology

TCEP significantly affected the growth of alfalfa. The complete plant phenotype
is shown in Supplementary Figure S1, while the isolated root system is shown in Sup-
plementary Figure S2. The alterations in the root architecture of alfalfa under different
concentrations of TCEP treatments are shown in Figure 1. Compared with the control,
TCEP exposure significantly reduced the total root length (TRL) (p < 0.05), which progres-
sively declined with increasing TCEP stress. At a concentration of 40 mg/L, TRL decreased
by 25-fold relative to the control. The root surface area (RSA) was significantly reduced
under 5 and 10 mg/L TCEP treatments compared to the control, and this difference became
more pronounced with increasing stress intensity. Significantly reduced root volume (RV)
was observed at TCEP concentrations of 5, 10, and 20 mg/L (p < 0.05), while at 40 mg/L,
RV was 35.3-fold lower than that of the control. Average diameter (AD) was significantly
reduced at 20 and 40 mg/L TCEP (p < 0.05), whereas no significant changes were observed
(p > 0.05) at 5 and 10 mg/L.

Figure 1. Effects of TCEP concentration on total root length (B), total root surface area (C), root
volume (D), and average diameter (E) in alfalfa (A). Different letters indicate significant differences
between different TCEP concentrations and the control group (p < 0.05).
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3.2. Effect of TCEP on Root Biomass, Specific Root Length, and Specific Root Surface Area of
Alfalfa Roots

The TCEP treatment significantly reduced alfalfa root biomass and affected alfalfa-
specific root length and specific surface area (p < 0.05) (Figure 2). As the intensity of TCEP
stress increased, both specific root length (SRL) and specific surface area (SRS) of alfalfa
exhibited a gradual decline. Specifically, SRL decreased from a maximum of 504.235 cm/g
to 33.057 cm/g, while SRS fell from 276.736 cm2/g to a minimum of 21.035 cm2/g under
severe stress. This represented reductions of 15.25-fold for SRL and 13.15-fold for SRS
compared to control (CK) values. SRL and SRS are critical morphological traits that
influence the roots’ ability to absorb water and nutrients, indicating that TCEP impacts
water and nutrient uptake by altering alfalfa root morphology. Furthermore, with increasing
treatment concentration, both the number of root tips and nodes showed a gradual decline.
Under the 0 mg/L treatment condition, root tip and node counts peaked at 215.50 and
452.25, respectively. However, when the TCEP concentration was elevated to 40 mg/L,
root tip and node counts decreased by approximately 3.33-fold and 3.53-fold, respectively,
demonstrating a significant inhibitory effect (p < 0.05).

Figure 2. Effect of TCEP treatment on specific root surface area (A), specific root length (B), dry
matter mass per plant (C), alfalfa root system biomass (D), root tip number (E), and node number (F).
Different letters indicate significant differences between different concentrations of TCEP and the
control (p < 0.05).
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3.3. Effect of TCEP on Alfalfa Root Vigor, ATP Content, and Root Respiration

The results indicated that TCEP stress significantly reduced ATP content in alfalfa
roots, as evidenced by a corresponding suppression of root vitality (Figure 3). Compared
to the control group, TCEP treatment induced a concentration-dependent decline in root
vitality (p < 0.05). Under severe stress conditions (40 mg/L), root vitality decreased by
94.4% relative to the control, which corresponds to only 5.6% of the control level. As stress
intensity increased, both the total mitochondrial respiration rate and the CP respiration rate
progressively declined (p < 0.05), while the AP respiration rate and its proportion of total
respiration gradually increased (p < 0.05). The ratio of AP to total mitochondria respiration
at 40 mg/L TCEP reached its peak (p < 0.05), indicating the most severe impairment of
the mitochondrial electron transport chain (mETC). As the direct energy currency for
cellular metabolism, ATP content exhibited a significant decline with increasing TCEP
concentrations (p < 0.05). This indicates that TCEP disrupts the mitochondrial function of
alfalfa roots, indirectly interfering with the activity of the mETC, inhibiting ATP synthesis,
and ultimately depleting intracellular energy reserves.

Figure 3. Influence of TCEP treatment on root activity (A), cellular ATP content (B), and root respira-
tion in alfalfa (C,D). Different letters indicate significant differences between different concentrations
of TCEP treatments and control (p < 0.05).

3.4. Effect of TCEP on Redox Balance in Alfalfa Roots

TCEP induces a substantial increase in superoxide levels, resulting in the disruption of
cell membranes (Figure 4). Treatment with 5 mg/L TCEP significantly elevated the MDA
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content in alfalfa roots compared to the control (p < 0.05). As TCEP stress intensified, the
MDA content in alfalfa roots surged, reaching 20.8 µmol/g fresh weight (FW) at a TCEP
concentration of 40 mg/L, which is 2.4 times higher than that of the control. Additionally,
the free proline content, a key regulator of osmotic pressure in plant cytoplasm, significantly
decreased at a TCEP concentration of 40 mg/L, although it remained higher than that
of the control. This indicates that TCEP disrupts the structural integrity of alfalfa root
cell membranes, leading to increased membrane lipid peroxidation under severe stress
conditions. At a concentration of 5 mg/L, the H2O2 levels in the alfalfa root system were
significantly higher than those in the control (p < 0.05). As the stress level increased, the
H2O2 content in the treatment group progressively rose, reaching a peak of 52.56 µmol/g
FW at a TCEP concentration of 40 mg/L. The changes in superoxide anion radical content
in the alfalfa root system mirrored those of hydrogen peroxide, with TCEP treatment
significantly increasing superoxide anion radical levels (p < 0.05). This suggests that
the rapid accumulation of ROS in the alfalfa root system under TCEP stress leads to
oxidative damage.

Figure 4. Effect of TCEP treatment on superoxide anion radical (A), hydrogen peroxide (B), mal-
ondialdehyde (C), and free proline content (D) in alfalfa roots. Different letters indicate significant
differences between different concentrations of TCEP treatments and control (p < 0.05).

3.5. Effect of TCEP on Antioxidant Enzyme Activities of Alfalfa Roots

TCEP significantly reduced the activities of SOD and CAT, as illustrated in Figure 5.
The antioxidant enzyme activities in alfalfa roots exhibited considerable changes under
TCEP stress. Notably, SOD and CAT activities did not show significant differences under the
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5 mg/L TCEP treatment (p > 0.05). However, as the concentration of TCEP increased, SOD
activity significantly decreased compared to the control, while CAT activity also exhibited
a substantial decline following treatments with 10, 20, and 40 mg/L TCEP. APX activity
was significantly elevated at 10 mg/L (p < 0.05) and continued to rise with increasing TCEP
concentrations, reaching its maximum activity at 40 mg/L. POD activity did not differ
significantly from the control at lower TCEP concentrations, but it significantly increased at
concentrations of 10 mg/L or higher (p < 0.05).

Figure 5. Effects of TCEP treatment on SOD (A), CAT (B), APX (C), and POD (D) activities in alfalfa
roots. Different letters indicate significant differences between different concentrations of TCEP and
the control (p < 0.05).

4. Discussion
TCEP is known to be environmentally bioaccumulative and persistent [2], exhibiting

cytotoxic properties that can induce cell death [31]. The distribution and accumulation
of TCEP have been documented [14,32–35], revealing its interference with normal phys-
iological metabolism and the growth and development of the plant root system. Root
morphology serves as a crucial phenotypic indicator of plant responses to environmental
stress [36]. Exposure to TCEP surpassed the homeostatic regulatory threshold of the root
system, inhibiting the total length, surface area, volume, and mean diameter of the alfalfa
root system, which led to irreversible morphological and structural damage. Furthermore,
TCEP may impair the water and nutrient uptake efficiency of the alfalfa root system, as evi-
denced by a significant reduction in specific root length, specific root surface area, number
of root tips, and number of nodes [37].
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Respiration is the sole pathway for providing the ATP energy required in root cells.
Under normal conditions, the respiratory rate of the CP was higher than that of the AP,
indicating that the production of a transmembrane plasmonic gradient via the CP drives
ATP synthesis in alfalfa root cells [38]. The proper functioning of respiratory processes
relies on the integrity of cell membranes. Under low-concentration TCEP stress, alfalfa
maintains osmotic balance in root cells by increasing proline content, thus protecting cell
membrane integrity. However, under high-concentration TCEP stress, despite a continued
increase in proline, osmotic balance in alfalfa roots becomes disrupted, ultimately leading
to cell membrane rupture.

The cellular respiration rate and ATP content significantly decrease following
TCEP treatment compared to the control, indicating that TCEP disrupts the electron
respiratory transport chain in cells, impeding ATP production and ultimately affecting
root system growth.

The mitochondrial respiratory electron transport chain (mETC) serves as the primary
site for the production of reactive oxygen species (ROS) in the root system [39]. TCEP
disrupted the cellular respiratory electron transport, resulting in electron leakage and sub-
sequent ROS production [40,41]. The AP is a respiratory pathway that enhances electron
consumption, effectively reducing ROS production [42–44]. Although the cellular respira-
tion rate of alfalfa roots was reduced, the proportion of AP in total respiration increased
compared to the control, indicating that a self-defense mechanism was activated to dimin-
ish ROS production in the alfalfa root system under TCEP exposure. However, the results
of this study reveal that TCEP treatment resulted in a significant accumulation of ROS
in alfalfa roots. Numerous studies have demonstrated that excessive ROS accumulation
can directly or indirectly oxidize biomolecules and damage cell membranes, consequently
accelerating cell death and disintegration [41]. This suggests that the upregulation of AP in
the root system is insufficient to alleviate the oxidative damage to the alfalfa root system
under TCEP conditions.

In addition, the generation and scavenging of ROS in plant root cells are maintained
in a dynamic equilibrium [45]. Under external stress, this balance is disrupted, leading
to ROS accumulation, cellular damage, and an increase in harmful metabolites such as
malondialdehyde (MDA) [46,47]. In the present study, TCEP induced oxidative stress in
alfalfa root cells, disturbed the cellular redox balance, and aggravated oxidative damage.
Plants possess a sophisticated antioxidant defense system to mitigate ROS levels and
prevent oxidative injury, which includes enzymes such as CAT, SOD, and APX. In this
investigation, the activities of APX and POD were elevated to alleviate ROS-induced
oxidative damage in alfalfa root cells; however, this response was insufficient to fully
protect the roots from TCEP-triggered oxidative damage.

5. Conclusions
TCEP exhibited high toxicity to the root system of alfalfa (Figure 6), inhibiting the

mitochondrial electron transport and consequently reducing ATP production in root cells.
The disruption of respiration caused by TCEP led to an overaccumulation of ROS, which
was further exacerbated by the deficiency in the activity of ROS-scavenging enzymes.
The excessive accumulation of ROS results in membrane peroxidation, thereby disrupting
membrane structure and intensifying the impairment of mitochondrial electron transport.
Ultimately, the damage inflicted by TCEP on respiration disrupts the conversion and reuse
of energy in root cells, hindering root growth and development, and may even lead to the
mortality of root cells.
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Figure 6. TCEP toxicity mechanism in alfalfa roots.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agronomy15112483/s1, Figure S1: Complete plant image; Figure S2: Isolated
root system scan.
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POD Peroxidase
mECT Mitochondrial electron transport chain
ROS Reactive oxygen species
OPEs Organophosphate esters
ATP Adenosine triphosphate
RV Total root volume
RSA Root surface area
AD Average root diameter
TRL Total root length
SRL Specific root length
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O−
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H2O2 Hydrogen peroxide
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