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Abstract
Perennial ryegrass (Lolium perenne L.) was planted in uranium-contaminated soil mixture (river sand and
vermiculite mixed with equal volume ratio) supplemented with different amounts of citric acid (0, 1, 5,
and 10 mmol/kg) and divided into 4 treatments (Con+0, Con+1, Con+5, and Con+10) to investigate the
effects of citric acid concentrations on the remediation e�ciency and enhanced mechanism of perennial
ryegrass in the lab. The uranium content in the plant tissues showed that the roots were the predominant
tissue for uranium accumulation, and the subcellular distributions of uranium in the root cells was in the
order: cell wall fraction > cytosol fraction > organelle fraction. However, in the shoot cells the order was
cell wall fraction > organelle fraction > cytosol fraction. In this study, the optimal concentration of citric
acid added was 5 mmol/kg, and the removal e�ciency of U in the shoots and roots increased by 47.37%
and 30.10% respectively. The treatment with 5 mmol/kg citric acid had the highest contents of
photosynthetic pigment and soluble protein, the highest activity of antioxidant enzymes, and the lowest
content of MDA (malondialdehyde) and relative electrical conductivity. Moreover, the damage to the cell
ultrastructure of perennial ryegrass observed by TEM (transmission electron microscope) was
signi�cantly alleviated when 5 mmol/kg citric acid was added. All results indicate that perennial ryegrass
can accumulate uranium with elevated uranium tolerance and enrichment ability when 5 mmol/kg citric
acid is added under uranium stress. These results suggest that citric acid has signi�cant effects on
improving the uranium phytoremediation potential of perennial ryegrass.

Introduction
Uranium pollution in soil commonly results from uranium mining and milling activities in the nuclear
industry (Sha et al. 2019). Uranium is regarded as radioactive and toxic, which poses a serious threat to
the ecosystems and human health (Ye et al. 2020). Therefore, it is urgent to remediate uranium-
contaminated soil.

Phytoremediation, which uses the �xation and extraction functions of plants, can effectively remove
uranium from soil and has several advantages, such as environmental friendliness, easy implementation
and cost effectiveness (Burges et al. 2017, Hu et al. 2019, Li et al. 2019). It has become a hot research
topic. Over the last decade, some studies have demonstrated that some plants can remediate uranium-
polluted soil with high uptake capacity, such as Indian mustard and sun�ower (Laurette et al. 2012, Qi et
al. 2014). However, most of these species are not suitable for commercial phytoremediation mainly
because of their low annual harvestable biomass and low growth rate(Nascimento et al. 2020).

Perennial ryegrass (Lolium perenne L.) is a grass from the family Poaceae. It is native to Asia, Europe,
and northern Africa but currently planted worldwide. Perennial ryegrass is widely cultivated in China as
forage grass with the advantages of rapid growth, ease of management, multiple cutting times each year,
and strong regeneration ability (Bin et al. 2019, Grachet &Walker 2016). It has been proven that the
enrichment of heavy metals in perennial ryegrass is highly e�cient (Gunawardana et al. 2011, Zhao et al.
2018). Studies on the restorative effect of perennial ryegrass on uranium-polluted soil are so far rare
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(Gramss &Voigt 2014, Qi et al. 2019). Thus, it is necessary to investigate whether perennial ryegrass is
feasible in the process of uranium remediation and how to improve the restorative effect.

The e�ciency of metal uptake by plants is associated with the bioavailability of metals of concern for the
root uptake (Newete et al. 2016). Chelating agents can enhance the solubility of the metals in the
contaminated soil, which increases the bioavailability for plant root uptake and translocation to the
leaves of the plant(Gunawardana et al. 2011). Researchers also proposed that repeated applications of
chelates could increase the bioaccumulation of uranium in M. cordata (Hu et al. 2019)..Chelating agents
may be useful to chelate heavy metals in soil repair by perennial ryegrass, since they can produce a
water-soluble metal-chelating agent and alter the existing form of heavy metals in soil. As an
environmentally friendly chelating agent, citric acid can signi�cantly improve the e�ciency of
phytoremediation and enhance the resistance of plants to heavy metals when it is added at proper
concentrations (Duquène et al. 2008, Monroy-Figueroa et al. 2015). It was reported that the uranium-
citrate complex could be photodegraded in 3 days, but in the process of phytoremediation the complex
existed in the soil, which could avoid the photo-degradation (Dodge &Francis 1994). To the best of our
knowledge, whether citric acid can improve the enrichment of uranium by perennial ryegrass is scarce
(Liu et al. 2018). It is essential to study the enhancement of the applications of citric acid to increase the
uranium bioaccumulation in perennial ryegrass.

The objective of this study is to investigate the effects of different concentrations of citric acid on the
remediation e�ciency of perennial ryegrass in uranium-contaminated soils. Antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) and glutathione reductase (GR)
in perennial ryegrass may be expressed in response to various environmental stresses, which may play
important roles in protecting the organelles and minimizing tissue injury (Garg &Kaur 2013). The
physiological index of perennial ryegrass and the activities of 4 types of antioxidant enzymes in perennial
ryegrass were measured. The uranium enrichment ability of perennial ryegrass was determined. TEM was
used to image the changes in cell ultrastructures in the phytoremediation process to gain insights into the
mechanisms that perennial ryegrass utilizes to cope with the increased uranium accumulation driven by
the citric acid addition to soil.

Materials And Methods

Materials
The seeds of perennial ryegrass (Lolium perenne L.) were provided by the specimen laboratory of
Northwest Agriculture and Forestry University (Yangling, China). Full and uniform seeds without damage
by moths were used in this study.

A U(VI) stock solution of 1 g/L was prepared by dissolving UO2(NO3)2·6H2O in 1 mol/L HNO3 and
subsequently diluted to the desired concentration for the experiment. To monitor the contents of uranium,
photosynthetic pigments, soluble proteins, and malondialdehyde (MDA) in different treatments, dithio-bis-
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nitrobenzoic acid (DTNB), Coomassie brilliant blue G-250, trichloroacetic acid (TCA), dithiothreitol (DTT),
nicotinamide adenosine denucleotide hydro-phosphoric acid II (NADPH2), 2-thiobarbituric acid(TBA), 1.2-
ring of ethylenediaminetetraacetic acid(EDTA),and 2-(4-diethylamino-2-hydroxyphenylazo)-5-
bromopyridine (Br-PADAP) were used and purchased from Hongjin Chemical Co., Ltd., Hengyang, China.
Unless stated otherwise, all chemical reagents were of analytical grade.

Experimental design
The experiment was performed in triplicate and the process was as follows: river sand and vermiculite
were mixed with equal volume ratio to obtain the soil mixture, which was inert material to release
interfering ion. Flowerpots (150 mm × 190 mm × 160 mm) containing 1.0 kg of the soil mixture were
used. The uranyl nitrate solution was evenly sprayed into the soil mixture to obtain a uranium-soil mixture
with a concentration of 5 mg/kg in a week. Then, 30 perennial ryegrass seeds were planted in each
�owerpot; 25 plants with uniform growth vigor were selected one week after the seed germination. These
plants were watered 1–2 times per day. Modi�ed Hoagland’s nutrient solution, a standard medium made
from distilled water enriched with speci�ed nutrients for plant growth studies, was added once a week.

Four series of experiments were performed to measure the effects of different citric acid concentrations
on the e�ciency and physiological characteristics of perennial ryegrass under uranium-induced stress:
Con + 10 (10 mmol/kg citric acid), Con + 5 (5 mmol/kg citric acid), Con + 1 (1 mmol/kg citric acid) and
Con + 0 (0 mmol/kg citric acid). The solution pH of citric acid at different concentrations was adjusted to
6.5 with NaOH and HCl solutions and added to the experimental treatments a week before the harvest.
Equal volumes of distilled water (pH 6.5) were added to the control group (Con + 0).

After 60 days, the plants were harvested and separated into shoots (aboveground parts) and roots. The
shoots were �rst washed with tap water and subsequently with distilled water twice. The roots were
washed with abundant tap water until they were free of soil particles and subsequently washed with
distilled water three times (Hu et al. 2019, Nezami et al. 2016). After being dried naturally, the shoots and
roots were placed in a drying oven to be dried at a constant temperature of 80°C for 12 h. Then the plant
samples were ground and �ltered through an 80-mesh sieve, and stored in small sample bags for later
use.

The related physiological indices and uranium enrichment in the shoots and roots of perennial ryegrass
were investigated in the following experiments.

Analytical method
The contents of photosynthetic pigments, soluble proteins, and MDA were determined by the ethanol
extraction method, Coomassie brilliant blue method, and TBA method, respectively (Chaturvedi et al.
2015). Enzyme activities were measured as previously reported (Dixon et al. 2009).

The cellular and subcellular distributions of uranium in plant epidermal cells were observed by the 5-Br-
PADAP method using a Hitachi H-7650 transmission electron microscope (TEM). Brie�y, the plant tissues
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were �xed with 4% glutaraldehyde, and treated with acetone dehydration (30%, 50%, 70%, 80%, 90%, and
100%). The samples were embedded in Epon 812 and cut into 70-nm-thick slices by a Leica microtome
(Leica Microsystems, Co., Ltd., Germany). A UV-vis spectrophotometer (Beijing Purkinje General
Instrument Ltd., Beijing, China) was used to detect the uranium content in perennial ryegrass (Ge et al.
2020, Yang et al. 2020).

Calculation formula
The translocation factors (TFs) were calculated using Eq. (1). Where Croot is the uranium content in the

root (mg kg− 1 in dry weight), and Cshoot is the uranium content in the shoot (mg kg− 1 in dry weight) (Al
Mahmud et al. 2018, Chen et al. 2020b).

TFs =
Cshoot
Croot

1

Data analysis
All experimental data (mean ± SD) were analyzed with GraphPad Prism for Windows version 5.0
(GraphPad Software, La Jolla, USA).The single factor analysis of variance was performed. Values of p < 
0.05 were considered signi�cant.

Results And Discussion

Biomass of perennial ryegrass and uranium enrichment with
different concentrations of citric acid
The repair e�ciencies on the uranium contaminated soil with perennial ryegrass were positively
correlated with the biomass and uranium enrichment in the plants. The uranium concentrations in the
roots of all treatments were higher than those in shoots, which demonstrates that the translocation factor
of uranium from roots to shoots was less than 0.165 (Table 1). Similar �ndings were found by some
researchers (Newete et al. 2016, Nezami et al. 2016, Nie et al. 2014).
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Table 1
Biomass changes and uranium concentrations in different tissues of perennial ryegrass in the presence

of citric acid.
Treatment

groups

Dry biomass
of

Shoots
(g/plant)

Dry biomass
of

Roots
(g/plant)

uranium in

shoots
(mg/kg)

uranium in

roots (mg/kg)

Transfer
coe�cient

Con + 0 0.718 ± 0.010 0.262 ± 
0.002

59.043 ± 
2.316

528.745 ± 
33.033

0.112 ± 0.011

Con + 1 0.757 ± 0.034 0.273 ± 
0.009

69.569 ± 
3.004

539.371 ± 
15.476

0.125 ± 0.012

Con + 5 0.843 ± 0.020* 0.294 ± 
0.015*

87.014 ± 
5.187*

687.910 ± 
4.299*

0.165 ± 0.008*

Con + 10 0.748 ± 0.010 0.284 ± 
0.020

46.356 ± 
2.879*

440.630 ± 
19.358*

0.105 ± 0.010

Notes: Values are given as the mean ± SD, n = 3.

*, P < 0.05: signi�cant difference compared to the control (Con + 0) group.

The biomass and uranium enrichment in the shoots and roots of perennial ryegrass increased when citric
acid was not more than 5 mg/kg (Table 1). The highest values of biomass in the shoots and roots of
perennial ryegrass were detected in the Con + 5 treatment, which increased by 17.41% (P < 0.05) and
12.21% (P < 0.05), respectively, compared to those in the control group (Con + 0). However, many
researchers have indicated that most chelating agents added to soil increase the concentration of heavy
metal ions in the soil solution, which will inhibit the plant growth and reduce biomass(Begum et al. 2012,
Hseu et al. 2013, Xin et al. 2009). In several reports, the addition of organic acids in the phytoremediation
process promoted the uptake of heavy metals and the biomass production (Han et al. 2016, Najeeb et al.
2009, Wang et al. 2019). In addition, the shoots and roots of the Con + 5 treatment had the highest
uranium concentrations, which increased by 47.37% (P < 0.05) and 30.10% (P < 0.05), respectively. As a
result, the transfer coe�cient signi�cantly increased in the Con + 5 treatment (p < 0.05). The reason for
this may be that the applications of citric acid in�uenced the sorption of uranium by soil mixture,
enhanced the mobility and the bioavailability of the uranium, thus increased the capability of plants to
transfer the U from roots to shoots (Hu et al. 2019, Li et al. 2014). Introducing citric and oxalic acid
treatments into the phytoremediation process can increase the 226Ra uptake by a factor of 1.5 compared
to the control with corn (Nezami et al. 2016). Ping Wang et al. (Wang et al. 2016) noticed that citric acid
promoted the absorption of 241Am by barley roots and its transport in the plants. However, a higher citric
acid concentration (10 mmol/kg) will decrease the accumulation of uranium, although citric acid can
substantially enhance the bioavailability of uranium by improving the solubilization of soil-bound
uranium(Chen et al. 2020b). Thus, the toxic effects of citric acid may damage the physiological structure
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of perennial ryegrass and cause a decrease in plant biomass when the citric acid concentration reaches
10 mmol/kg(Duquène et al. 2008, Monroy-Figueroa et al. 2015).

These results suggest that 5 mmol/kg citric acid is the most effective concentration of citric acid to
increase the biomass production (both in shoots and roots) and uranium enrichment in perennial
ryegrass. To illustrate the strengthening mechanism of the citric acid-assisted uptake of uranium in
perennial ryegrass, the effects of different concentrations of citric acid on the subcellular distribution of
uranium, physiological characteristics of perennial ryegrass, activities of antioxidant system enzymes
and cellular ultrastructure under uranium stress are analyzed in the following sections.

Subcellular distribution of uranium in perennial ryegrass
with different concentrations of citric acid
Knowledge of the subcellular distribution of heavy metals in organisms is fundamental to understand the
process of heavy-metal uptake, storage and detoxi�cation (Nie et al. 2015). The distributions of uranium
in the cell wall fraction, organelle fraction and cytosolic fraction in the shoots and roots of perennial
ryegrass were further investigated. As shown in Table 2, low concentrations (1 mmol/kg and 5 mmol/kg)
of citric acid could promote the enrichment of uranium in the subcellular structure of perennial ryegrass
with 5 mmol/kg citric acid being the optimal concentration. In the Con + 5 treatment, the uranium
contents in the cell wall, organelle fraction and cytosolic fraction increased by 51.68%, 36.25% and
42.24% in the shoots and by 32.96%, 18.36% and 34.24% in the roots, respectively. In contrast, the
accumulation of uranium decreased in both roots and shoots in the Con + 10 treatment. These results
further prove that 5 mmol/kg citric acid is the optimal concentration to enhance the enrichment of
perennial ryegrass.
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Table 2
Effect of citric acid on the uranium subcellular distribution of perennial ryegrass

  treatments Uranium contents (mg/kg)

cell wall fraction organelle fraction cytosol fraction Total

Shoots Con + 0 35.16 ± 1.41 10.40 ± 0.66 12.95 ± 0.39 59.043 ± 2.316

Con + 1 42.18 ± 1.68 12.04 ± 0.49 14.92 ± 0.80 69.569 ± 3.004

Con + 5 53.33 ± 3.01* 14.17 ± 0.78* 18.415 ± 1.25* 87.014 ± 5.187*

Con + 10 27.74 ± 1.62 8.424 ± 0.56 9.787 ± 0.62 46.356 ± 2.879*

roots Con + 0 330.21 ± 21.43 105.29 ± 5.65 87.58 ± 7.26 528.75 ± 33.033

Con + 1 342.02 ± 10.77 102.09 ± 3.75 89.93 ± 2.27 539.37 ± 15.476

Con + 5 439.05 ± 5.81* 124.62 ± 0.84* 117.57 ± 1.65* 687.91 ± 4.299*

Con + 10 274.17 ± 11.99 86.41 ± 3.22 75.72 ± 4.52 440.63 ± 19.358

Notes: Values are given as the mean ± SD, n = 3.

*, P < 0.05: signi�cant difference compared to the control (Con + 0) group.

The subcellular partitioning of uranium in plants re�ects its internal processes during uranium
accumulation, which can provide more mechanistic information about the uranium tolerance and the
interaction process between uranium and perennial ryegrass (Nie et al. 2014). The distribution proportion
of uranium in different parts of the same cell in roots was cell wall > organelle > cytosol, while the order in
shoots was cell wall > cytosol > organelle (Table 2). These results demonstrate that a much greater part of
uranium was stored in the cell wall fraction and the proportion was more than 60% in both roots and
shoots, so the cell wall played an important role in the uranium tolerance. This trend is consistent with the
results proposed by other researchers(Nie et al. 2015). Meanwhile, the storage capacity of uranium in the
cell wall and the barrier protecting effect of cytosol improved when low concentrations (1 mmol/kg and 5
mmol/kg) of citric acid were added. Consequently, all distribution proportions of uranium in the cell wall
were higher than those in the control group in both roots and shoots, and all values in organelles were
lower than those in the control group. However, the proportions of uranium in the cytosol of the shoots
contrasted with those in the roots when low concentrations of citric acid were added, which might be
closely related to the buffer capacity of the cytosol (phosphate in the cytosol bioprecipitated with
uranium ) and uranium concentrations in the cell wall of roots and shoots (Pan et al. 2015). A high
concentration (10 mmol/kg) of citric acid decreased the accumulation of uranium in roots and shoots,
and the distribution trends of uranium in different parts were consistent with those in the 5 mmol/kg citric
acid treatment.

Physiological characteristics of perennial ryegrass with
different concentrations of citric acid



Page 9/18

Photosynthetic pigment content, which is a direct indicator of plant photosynthesis, can be used as a
tolerance criterion for heavy metals in plants(Sebastian &Prasad 2018). In order to eliminate the
interference from other ions, As shown in Fig. 1A, 5 mmol/kg citric acid enhanced the photosynthesis of
perennial ryegrass, which indicates an elevated tolerance to uranium. This phenomenon was also
reported in a previous study (Chen et al. 2020b). However, the enhanced effects on the uranium tolerance
of perennial ryegrass with 1 mmol/kg or 10 mmol/kg citric acid were not signi�cant compared to the 5-
mmol/kg citric acid treatment. Compared to the control group (Con + 0), the levels of chlorophyll-a (chl-a),
chlorophyll-b (chl-b), and carotenoids in the 5-mmol/kg treatment (Con + 5) increased by 28.29%, 44.16%,
and 28.99% respectively. In contrast, the levels of chl-a, chl-b, and carotenoids did not signi�cantly
change in the Con + 1 and Con + 10 treatments (p > 0.05). The data indicate that the chl-b content in
perennial ryegrass is signi�cantly correlated with the citric acid concentration (p < 0.05). However, the chl-
a and carotenoid levels were not signi�cantly correlated with the citric acid concentration (p > 0.05).
Further research is required to elucidate the enhanced mechanisms of the associations among the
pigment contents, citric acid concentrations, and uranium tolerance of perennial ryegrass.

The permeability of the cell membrane reportedly increases when it is exposed to uranium, which causes
the leakage of intracellular electrolytes and increases the relative electric conductivity (REC) (Dai et al.
2017). Simultaneously, the peroxidation of cell membrane lipids generates MDA, which reacts with
proteins and nucleic acids, and the cell function is affected (Chen et al. 2020a, Khair et al. 2020).
Therefore, the relative electrical conductivity, MDA content and soluble protein content which are major
indices of the cell membrane permeability, appear to be closely related to the U tolerance. As shown in
Figs. 1B, C and D, the root conductivity and MDA content were generally higher than those in the leaves.
Thus, the degree of damage to the root cells in perennial ryegrass was more severe than that to the leaf
cells. Meanwhile, the Con + 5 treatment had the lowest relative electrical conductivity and MDA. The mean
electrical conductivity values of the shoots and roots in the Con + 5 treatment decreased by 20.19% (p < 
0.05) and 20.26% (p < 0.05) compared to the control group (Fig. 1B). Similarly, the mean MDA values of
the shoots and roots in the Con + 5 treatment decreased by 22.16% (p < 0.05) and 23.63% (p < 0.05)
compared to the control group (Fig. 1C). Thus, citric acid (5 mmol/kg) can signi�cantly decrease the
electrical conductivity and MDA in the shoots and roots of plants, which are negatively correlated with the
uranium tolerance (Li et al. 2019).

Furthermore, the contents of soluble proteins in plants of all treatments were investigated. As illustrated
in Fig. 1D, the contents of soluble proteins in the plant shoots of the Con + 1, Con + 5, and Con + 10
treatments were 1.31-, 1.90-, and 1.49-fold higher than those in the control group. The contents of soluble
proteins in the plant roots of the Con + 1, Con + 5, and Con + 10 treatments were 1.03-, 1.39-, and 1.05-fold
higher than those in the control group. All contents of soluble protein in the shoots and roots of plants in
the Con + 5 treatment were higher than those in the Con + 1 and Con + 10 treatments, which suggests that
citric acid (5 mmol/kg) can signi�cantly increase the contents of soluble proteins in the shoots and roots
of plants (P < 0.05).
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All of these results reveal that 5 mmol/kg citric acid can alleviate the cell damage of perennial ryegrass
exposed to uranium stress.

Effects of different citric acid concentrations on the
activities of antioxidant system enzymes
As shown in Fig. 2, all activities of POD (Fig. 2A), SOD (Fig. 2B), CAT(Fig. 2C), and GR(Fig. 2D) in the
shoots and roots increased with different concentrations of citric acid in the Con + 1, Con + 5, and Con + 
10 treatments compared to those in the control group. However, only the values in the Con + 5 treatment
were signi�cantly more e�ciently affected than those in the control group (P < 0.05). Therefore, 5
mmol/kg was the most effective concentration of citric acid to enhance the activities of the four types of
antioxidant enzymes in perennial ryegrass.

When subjected to uranium stress, plant cells may produce H2O2 to reduce the �xation e�ciency of CO2

in cells, while H2O2 (Haber-Weiss) combines with superoxide anion (O2−) to generate reactive oxygen
species (ROS), which is harmful to the plants. In plant cells, antioxidant enzymes such as POD, SOD, CAT,
and GR can be used to resist the harmfulness of ROS. SOD can transform O2- into H2O2(Slomka et al.
2008), which effectively resists the generation of ROS in cells. CAT reacts with high concentrations of
POD and POD reacts with low concentrations of H2O2. The two reactions interactively transform O2- into
H2O and H2O2(Geebelen et al. 2002, Smeets et al. 2005). GR catalyzes the transformation of oxidized
glutathione into glutathione to resist the generation of ROS in combination with SOD (Slomka et al.
2008).

Our results indicate that all changes in activities of POD, SOD, CAT, and GR in the shoots and roots of
perennial ryegrass were signi�cantly correlated with the citric acid concentration (P < 0.05), which
suggests that the addition of the chelating agent citric acid can enhance the antioxidant enzyme activity
of perennial ryegrass. Therefore, the chelating agent citric acid can contribute to plant adaptation to
uranium-contaminated soil environments. Our results in this study are consistent with some previous
reports (Gajewska &Sklodowska 2007, Slomka et al. 2008).

Cellular ultrastructure with different citric acid
concentrations
According to the above results, the cellular ultrastructure was affected by the con + 5 treatment. As shown
in Fig. 3A, the cellular ultrastructure of shoots in perennial ryegrass was unchanged with normal
mitochondria and an evenly distributed matrix in the control group. Chloroplasts were obviously observed,
normally surrounded by a double membrane. In contrast, the cell structure of plant shoots with 5 mg/kg
uranium was changed with a signi�cantly reduced number of mitochondria, expanded chloroplasts,
damaged cell walls and disrupted double chloroplast membranes (Fig. 3B).In the treatment with 5
mmol/kg citric acid (Fig. 3C), the cell structure of plant shoots partially returned normal. Interestingly, in
plant shoot cells, the mitochondrial number increased, the chloroplast was seemingly normal, and the cell
wall was observable. The effects of uranium and citric acid on the cell structure in the plant roots were
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identical to those in the plant shoots. In the treatment without uranium, the cell structure of the plant
roots was normal (Fig. 3D). The cell structure was partly disrupted by the treatment with 5 mg/kg
uranium (Fig. 3E). The effect of uranium on the cell ultrastructure was partially alleviated when 5
mmol/kg citric acid was added (Fig. 3F).

In summary, these results suggest that citric acid (5 mmol/kg) can attenuate uranium-induced damage to
perennial ryegrass.

Conclusions
This study shows that perennial ryegrass can strongly enrich uranium in plants, and 5 mmol/kg citric
acid can signi�cantly increase the enrichment and transportation of uranium in perennial ryegrass. The
activities of antioxidant enzymes (POD, CAT, SOD, GR) are up-regulated with 5 mmol/kg citric acid. The
relative electrical conductivity and MDA content of perennial ryegrass decrease, and the contents of
photosynthetic pigment and soluble protein increase with 5 mmol/kg citric acid. TEM images of the
ultrastructure in roots and shoot cells of perennial ryegrass prove that 5 mmol/kg citric acid can lighten
the damage degree under uranium stress. It is a promising bioremediation strategy for uranium-
contaminated soil.
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Figure 1

Measurements of the physiological and biochemical indices of perennial ryegrass (A) Photosynthetic
pigment content (mg/g, FW) in perennial ryegrass with added citric acid; (B) Relative conductivity (%) in
perennial ryegrass with added citric acid; (C) MDA content (mg/g, FW) in perennial ryegrass with added
citric acid; (D) Soluble protein content (mg/g, FW) in perennial ryegrass with added citric acid. FW: plant
fresh weight.
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Figure 2

Detection of activities of antioxidant system enzymes in perennial ryegrass. (A) The activity (Ug-1min-1)
of POD in perennial ryegrass with citric acid; (B) The activity (Ug-1) of SOD in perennial ryegrass with
citric acid; (C) The activity (Ug-1min-1) of CAT in perennial ryegrass with citric acid; (D) The activity (Ug-
1min-1) of GR in perennial ryegrass with citric acid.
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Figure 3

Observation of cell ultrastructures of perennial ryegrass using transmission electron microscope.(A) The
ultrastructure of shoot cells of plants in the soils without addition of uranium; (B) The ultrastructure of
shoot cells of plants in the soils with addition of 5 mg/kg uranium; (C) The ultrastructure of shoot cells
ofplants in the soils with addition of 5 mg/kg uranium and the presence of 5 mmol/kg citric acid; (D) The
ultrastructure of root cells of plants in the soils without addition of uranium; (E) The ultrastructure of root
cells of plants in the soils with addition of 5 mg/kg uranium; (F)The ultrastructure of root cells of plants
in the soils with addition of 5 mg/kg uranium and the presence of 5 mmol/kg citric acid. Chl, Chloroplast;
CW, Cell wall; N, nucleus; Mi, mitochondria; Sg, starch grain.


