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ABSTRACT

Uranium(U), a highly toxic radionuclide, is becoming a great threat to soil health development, as returning
nuclear waste containing U into the soil systems is increased. Numerous studies have focused on: i) tracing the
source in U contaminated soils; ii) exploring U geochemistry; and iii) assessing U phyto-uptake and its toxicity to
plants. Yet, there are few literature reviews that systematically summarized the U in soil-plant system in past
decade. Thus, we present its source, geochemical behavior, uptake, toxicity, detoxification, and bioremediation
strategies based on available data, especially published from 2018 to 2021. In this review, we examine processes
that can lead to the soil U contamination, indicating that mining activities are currently the main sources. We
discuss the relationship between U bioavailability in the soil-plant system and soil conditions including redox
potential, soil pH, organic matter, and microorganisms. We then review the soil-plant transfer of U, finding that
U mainly accumulates in roots with a quite limited translocation. However, plants such as willow, water lily, and
sesban are reported to translocate high U levels from roots to aerial parts. Indeed, U does not possess any
identified biological role, but provokes numerous deleterious effects such as reducing seed germination, inhib-
iting plant growth, depressing photosynthesis, interfering with nutrient uptake, as well as oxidative damage and
genotoxicity. Yet, plants tolerate U toxicity via various defense strategies including antioxidant enzymes,
compartmentalization, and phytochelatin. Moreover, we review two biological remediation strategies for U-
contaminated soil: (i) phytoremediation and (ii) microbial remediation. They are quite low-cost and eco-friendly
compared with traditional physical or chemical remediation technologies. Finally, we conclude some promising
research challenges regarding U biogeochemical behavior in soil-plant systems. This review, thus, further in-
dicates that the combined application of U low accumulators and microbial inoculants may be an effective
strategy for the bioremediation of U-contaminated soils.

1. Introduction

carcinogenic once it accumulates to doses > 0.05 mg U kg ™! body mass
d™! (Nie et al,, 2010a, 2010b; Gao et al., 2019). However, U exposure to

Uranium (U), a serious environmental contaminant, has attracted
considerable attention since its chemical toxicity and radiotoxicity cause
substantial damage to plants, animals, and microbes (Gao et al., 2019;
Liao et al., 2020a; Wei et al., 2021). It is also highly hazardous to human
health via affecting metabolic activity (Malaviya and Singh, 2012; Liang
et al., 2020) causing numerous toxic effects on renal failure, neuras-
thenia, infertility, leukemia, and amentia (Selvakumar et al., 2018;
Singh et al., 2021). In particular, U, being a radioactive metal element, is
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humans is mainly derived from the soil-crop system, as it is easily in-
tegrated into the food chain (Li et al., 2019a). Considering these po-
tential risks, U contamination in soil has been a cause for increasing
concern worldwide. A detailed understanding on the biogeochemical U
behavior and better monitoring it in the environment, particularly in
soil-plant systems, therefore, are urgently needed.

Uranium is extremely rare in the Earth’s crust (approximately 2.5
parts per million). Yet, various anthropogenic activities, including
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mining, milling, fuel processing, and weapon production or nuclear
accidents with the ore, have resulted in elevating U background levels in
the soil systems, leading to a serious threat to agricultural ecosystems
(Kolhe et al., 2018; Lin et al., 2020; Coelho et al., 2020; Shu et al., 2020).
Uranium phyto-uptake is not only largely dependent on soil tempera-
ture, redox potential (E), pH, minerals, organic matter (SOM), and
microorganisms, but also plant species, root surface area, rate of root
exudation, and transpiration rate (Mitchell et al., 2013; Li et al., 2019b,
2019¢c; Wu et al., 2020; Estes and Powell., 2020). Generally, U accu-
mulates primarily in root systems, with only very small portions being
transferred to aerial parts (Alsabbagh and Abuqudaira, 2017; Hou et al.,
2018). However, potential U hyperaccumulators, such as Salix bab-
ylonica and Nymphaea tetragona Georgi, transfer and accumulate high U
levels in shoot tissues (Mihalik et al., 2010; Li et al., 2019a).

Uranium does not exhibit any beneficial role in the physiological and
biochemical processes of plants (Gao et al., 2019). However, a wide
range of plant species take up and accumulate U (Hou et al., 2018;
Gil-Pacheco et al., 2021). Generally, its accumulation in plants provokes
physiological, biochemical and genetic toxic effects, such as the inhi-
bition of plant growth (Stojanovic et al., 2010), suppression of photo-
synthesis (Ren et al., 2019), overgeneration of reactive oxygen species
(ROS) (Tewari et al., 2015), oxidation of lipid membranes (Li et al.,
2019a), alteration in enzymatic activities (Imran et al., 2019), disrup-
tion of water and nutrient uptake (Lai et al., 2020a), protein oxidation
(Sharma et al., 2016a, 2016b), and DNA chain breakage (Ma et al.,
2020). In addition, U-induced toxicity reduces plant height and root
length, leaf chlorosis, and even necrosis (Jagetiya and Sharma, 2013).
Thus, a comprehensive understanding on the effects of U-induced
toxicity on soil-plant systems and its related detoxification mechanisms
inside plants is urgently needed.

The overgeneration of ROS is generally considered as the first plant
response to abiotic stress, particularly the response to heavy metals
(Berni et al., 2019; Chen et al., 2020a). Overproduction of ROS induced
by U may cause various types of damage at the cellular level, including
mutilation of DNA and RNA, alteration of the cell cycle and division, and
inhibition of the functions of various proteins (Vandenhove et al., 2006;
Gudkov et al., 2016; Gao et al., 2019, Ma et al., 2020). Plants have
evolved several defense strategies to minimize ROS-induced oxidative
stress, such as U sequestration in root tissue, compartmentalization in
the cell wall and vacuoles, and chelation by organic molecules (Van-
houdt et al., 2011a; Saenen et al., 2013; Nie et al., 2014). As a secondary
defense mechanism, the antioxidant enzyme system has been one of the
most important defense strategies since it effectively scavenges the
U-mediated overproduced ROS (Li et al., 2019a; Imran et al., 2019).
Furthermore, various strategies to remediate U-contaminated soils have
been reported, while only few studies have been applied under field
conditions. Among these remediation techniques, biological strategies
(plants and microorganisms) for U removal from contaminated envi-
ronments have attracted increasing interest, as these technologies are
quite economical, environmentally safe, and allow in situ treatment
(Malaviya and Singh, 2012; Banala et al., 2020).

To date, there are only few literature reviews regarding the U
behavior in soil-plant systems. In 2012, Malaviya and Singh (2012)
published a comprehensive review of phytoremediation strategies for
the management and remediation of U-contaminated environments, but
not referring its effect on plant system. Very recently, Davies et al.
(2015) have provided a mini review only referring the role of arbuscular
mycorrhizal fungi as a promoter to enhance 238U translocation from
plant roots to aboveground tissues. To our best knowledge, the
biogeochemical U behavior in soil-plant systems has not been compre-
hensively reviewed to date. Thus, we summarized the latest data
(particularly studies published from 2018 to 2021) on U bioavailability
in soil, and its accumulation, phytotoxicity, and detoxification aspects in
plants. This review is divided into eight sections: (i) introduction; (ii)
uranium sources and the natural levels in soils; (iii) geochemical U
behavior in soil; (iv) U soil-plant transfer; (v) U toxicity symptoms in
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plants; (vi) plant tolerance mechanisms to U stress; (vii) bioremediation
technologies; and (viii) conclusions and outlook.

2. Uranium in the environment
2.1. Occurrence, uses and sources

Uranium, being a radioactive element with an atomic number of 92
and an atomic weight of 238.03, is firstly discovered in 1789 by the
German chemist Martin Heinrich Klaproth as a constituent of pitch-
blende (Monreal and Diaconescu, 2010). Its concentration in the Earth’s
crust approximately is equal to arsenic, but more abundant than silver,
antimony, mercury, and cadmium. As a naturally occurring element,
primordial U consists of three isotopes: 234y, 235U and 28U (Stru-
minska-Parulska et al., 2020). Among all U isotopes, 23U accounts for
approximately 99.3% and has the lowest radioactivity (Awad et al.,
2021). Depleted U is a by-product during the natural U processing, while
its composition is approximately the same as 2%%U (Gao et al., 2019).
Uranium mainly occurs as oxidized forms (i.e., uranyl ions (UO%*) and
pitchblende (U30§+)) in the environment. It also remains as uranium
ore, ingenious rocks, sedimentary rocks, and beach sands under natural
conditions (Gavrilescu et al., 2009). To date, it has been widely used in
the nuclear, pharmaceutical, and agricultural industries (Hedges, 2008).

Nuclear electricity generation has been increased the attention in
many countries due to the excess consumption of nonrenewable energy
sources (i.e., coal and petroleum). Uranium is one of the most important
energy minerals for nuclear electricity generation (Sofranko et al.,
2020). The United States has the most nuclear power plants (104 nuclear
power plants) in the world, accounting for 19% of national electricity
generation (Hill et al., 2008). The nuclear power of France and Belgium
accounts for 76% and 54% of national electricity generation, respec-
tively (Linnerud et al., 2011). Uranium is particularly important for its
use in the military industry. It has been used to power nuclear sub-
marines, warplanes, and aircraft carriers. Uranium is also an important
raw material for preparing atomic bombs, missiles, torpedoes, and
aviation bombs. Based on the perspective of the pharmaceutical and
agricultural industries, U is also widely used in irradiation breeding,
radiation sterilization, insect disease prevention, labeled atoms, and
radiotherapy (Vanhoudt et al., 2010a; Mitchell et al., 2013; Gopal Pai-
thankar et al., 2021).

Uranium, being the heaviest naturally-occurring element, is widely
dispersed in the Earth’s crust, rocks and soils at a level of approximately
1-4 ppm by weight (Gavrilescu et al., 2009). Yet, the average U con-
centration in plants, animals, and ocean water is approximately 10~/
g/g because of the low solubility of U(VI) compounds in water (Szabo
et al., 2009). As shown in Fig. 1, natural U sources in soil mainly derives
from atmospheric deposition and rock weathering (Gavrilescu et al.,
2009; Carling et al., 2017). In addition, volcanic eruptions are another
natural source, which increases the natural U expose to the environment
(Luo et al., 2017). Except for natural sources, most of U deposits into
soils via anthropogenic activities, such as mining and milling, nuclear
leakage, improper disposal of nuclear waste, waste dump after U pro-
specting, the development of nuclear science and technology, and
particularly in rare critical accidents of nuclear power plants occurring
in recent years (Fig. 1; Malaviya and Singh, 2012; da Conceicao and
Bonotto, 2017; Selvakumar et al., 2018). Among these activities, mining
activities are currently the main sources of U contamination (Wang
etal., 2019a). For example, the soils around U tailings reached a high I,
value of U up to be greater than 3.5 (Xiao et al., 2019), indicating that
the soils were heavily polluted by U. The leakage of nuclear industry
wastes also poses a serious U threat to terrestrial ecosystems (Lazareva
et al., 2019). In particular, the Fukushima nuclear power plant accident
caused a substantial amount of U to be discharged into the soil, atmo-
sphere, and ocean, leading to a serious contamination on the ecological
environment (Mishra et al., 2019).
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Fig. 1. Uranium (U) sources in terrestrial ecosystems.

2.2. Uranium levels in soil

Since it largely varies in the contamination source, soil presents a
significant difference in the background U concentration, leading to
unambiguous and significant efforts in the treatment, storage and safe
disposal of nuclear waste at the repository. The average U concentration
in the Earth’s crust has been estimated to be 2.7 mg kg’1 (Taylor, 1996),
which is much lower than that under natural conditions (Table 1). For
example, the average U concentrations in the soils of Poland and Canada
are 0.79 mg kg~! and 1.2 mg kg™, respectively (Vodyanitskii, 2011).
The U concentration in the soddy-gley soils is 0.2-0.9 mg kg ™! in the
polar Urals (Vodyanitskii, 2011).

Table 1

Natural/background value of U in soils of different countries (mg kg™).
Country U contents (mg kg™1) References
Chile 0.79 Cabral Pinto et al., 2014
Germany 1.9 Utermann and Fuchs, 2008
Switzerland 2.25 (arable soil) Bigalke et al., 2017
Switzerland 1.93 (grassland) Bigalke et al., 2017
England 2.6 Vodyanitskii., 2011
Spain 13.5 Santos-Francés et al., 2018
Japan 1.74 Sahoo et al., 2011
USA 3.5 Bern et al., 2019
Portugal 25.1 Neiva et al., 2014
India 11 Vodyanitskii., 2011
Poland 0.79 Vodyanitskii., 2011
Europe 2.46 (subsoil) Plant et al., 2003
Europe 2.37 (topsoil) Plant et al., 2003
Canada 1.2 Vodyanitskii., 2011
China 3.13 Xu et al., 1993

Currently, U-contaminated soils have been globally reported, but
largely varies with the study area. In Sichuan Province, China, the soil
surrounding the U mining area contained an average U concentration of
19.62 mg kg1 (Li et al., 2020). This pollution load index is greater than
5, suggesting that the soils are highly contaminated by U because of
increased mining activities. Similarly, the soil U concentrations near a U
ore field had an average value of 32.3 mgkg ! in Xiazhuang City,
Guangdong Province, China. In particular, soils surrounding the Cunha
Baixa uranium mine (Central Portugal) had a high ecological risk due to
the high U concentration of 109.2 mg kg™ ! (Antunes et al., 2008). In
addition, Kumar et al. (2011) indicated comparatively high levels of U in
the soils near thermal power plants and cement factories (Bathinda,
Punjab state, India), leading to a chemical risk in the groundwater.
Recently, in France, soil U concentrations from the wetlands of Rophin
sites significantly ranged from 8.9 to 3560 mg kg~!, which of its accu-
mulation tendency occurred at the interface with topsoil layers being
characterized by a high SOM content (Martin et al., 2020). However,
except of China, Portugal, India, France, and America, U-contaminated
soils has been less studied, possibly as, U contamination is less occurred
in other countries. In Switzerland, there is no U contamination in the
agricultural soils and the drinking water wells in the canton of Bern
(Bigalke et al., 2018).

3. Speciation and bioavailability of U in soil

Uranium speciation and bioavailability drive its biogeochemical
behavior in the soil-plant system, which plays a key role in risk assess-
ment and soil remediation studies (Bone et al., 2017; Selvakumar et al.,
2018). The BCR sequential extraction technique fractionates heavy
metal chemical fractions (e.g., exchangeable, reducible, oxidizable, and
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residual phases) in soils (Quevauviller 2002). In general, the
exchangeable phase of heavy metals is used to assess the extent of
bioavailability in soil-plant systems, while the residual phase represents
relatively stable heavy metal forms (Zhang et al., 2014). Since the ma-
jority of U fractions are associated with the residual fraction, the
exchangeable U fraction is the lowest (Vandenhove et al., 2014; Hu
et al., 2020), indicating a low U bioavailability in soil. However, these U
fractions can be converted to the exchangeable fraction through a
number of reactions through adsorption, desorption, precipitation, and
U-ligand complex formation (Gavrilescu et al., 2009; Selvakumar et al.,
2018), thus increasing the U-induced ecological risk. The U fraction
conversion is also strongly dependent on soil chemical properties (e.g.,
Ep, soil pH, and SOM), which alter its mobility and bioavailability in
soil-plant systems (See more detailed discussion below; Zhou and Gu,
2005; Papanicolaou et al., 2010; Bone et al., 2017). In addition, these
dynamic reactions are easily affected by soil microbial activity (Tan
et al., 2020a, 2020b).

3.1. Influences of soil chemical properties on U speciation and
bioavailability

3.1.1. Effects of Ep, on U speciation and bioavailability

Since U is a redox-sensitive metal, redox conditions play an
outstanding role in controlling its dynamic in soil environments (Saun-
ders et al., 2016; Rinklebe and Shaheen, 2017; Rinklebe et al., 2020).
Uranium occurs in different chemical forms (such as +III, +IV, +V and
+VI) in the environment. In aqueous media, only U(IV) and U(VI) are
stable, but U(VI) exhibits a higher toxicity than other valences (Gao
et al., 2019). The conversion of U species determines its sensitivity to
environmental redox conditions. Under oxidative conditions, uranyl
(UO3™) forms highly mobile compounds, while U*" is oxidized to stable
uranyl oxide (UO3) under reductive conditions (Vodyanitskii, 2011).
This conversion alters the biogeochemical U behavior in the soil-plant
system. The sediment Ej, gradually decreased with increasing flooding
time and the U(VI) concentration of decreased, whereas the U(IV) con-
centration gradually increased under a flooding Ej experiment (Liao
et al., 2020b). This finding likely results from that U sorption on the
sediment increases with decreasing sediment Ep (Liao et al., 2020b).
Indeed, U reduction is a complex process because E}, largely depends on
pH (Wang et al., 2020a). Specifically, at pH = 4, U reduction begins at E,
< +100 mV and is favored due to the stabilization of the U(IV) oxidation
state with the formation of both U(OH)4 and U(OH)5. However, at pH
= 8, a negative Ey, is required for U(VI) reduction (Papanicolaou et al.,
2010). The reduction from U(VI) to U(IV) also depends strongly on the
carbonate/phosphate concentration. Thus, an increase in the carbo-
nate/phosphate concentration in solution favors the formation of U
(VD)-carbonate/phosphate complexes and hence stabilize the oxidation
state of U(VI) (Papanicolaou et al., 2010; Liao et al., 2020b). Further-
more, U(VI) easily reduces to U(IV) in the presence of electron donors,
including organic compounds (Gavrilescu et al., 2009; Vodyanitskii,
2011). Thus, large amounts of dissolved organic carbon may be
responsible for reducing U(VI) to U(IV) in soils.

3.1.2. Effects of soil pH on U speciation and bioavailability

The pH governs U equilibrium among solubility, adsorption, and
desorption in soils (Shaheen et al., 2019; Fu et al., 2019), suggesting that
soil pH is one of the most important factors to govern U dynamics in soils
(Crawford et al., 2017; Dlamini et al., 2019). Uranium displays a higher
mobility in alkaline soils than that in acidic soils, indicating that U is
mobilized and released into soil solution with increasing pH (Selvaku-
mar et al., 2018). This effect is attributed to the enhanced oxidation of U
(IV) (sparingly soluble) to U(VI) (soluble) under alkaline conditions
(Wang et al., 2018a).

Numerous studies have well indicated this pH-induced effect on U
mobility and bioavailability via interacting with soil compositions
(Echevarria et al., 2001, Wu et al., 2017; Yu et al., 2020). Soil mineral
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particles present a higher sorption of U(VI) at a lower pH, while this
sorption substantially decreases with increasing pH (Echevarria et al.,
2001). This finding is also valid in aerated environments within the
range of pH 4 £+ 9 (Echevarria et al., 2001), especially in the cultivated
soils rich in Fe/Al (hydr)oxide minerals (Cumberland et al., 2016).
Recently, Yu et al. (2020) found that the percentage of U(VI) adsorbed
on montmorillonite colloids increased obviously at pH = 4.0-7.0 and
then decreased with an increasing pH value. Indeed, the adsorption of U
ions on montmorillonite mainly occurs through ion exchange with a
permanent negative charge and complexation with Si-O- and Al-O-
groups, which strongly depends on the solution pH (Yu et al., 2020).
Similarly, the deprotonation of the surface functional groups on soil
humic substances occurs at an elevated pH, thereby leading to a
decrease in the adsorption capacity of soil U(VI) (Zhou and Gu, 2005).
This decreasing sorption capacity is also partly attributed to the for-
mation of uranyl-carbonate complexes (Li et al., 2014). The aforemen-
tioned studies indicate a complex interplay between pH and the
geochemical U behavior in soils, influencing the U mobility, availability,
and ecotoxicity. In addition, the pH also affects soil microbial activities,
indirectly altering U mobility and bioavailability in soil-plant systems
(Salome et al., 2017). Yet, this internal mechanism is not well known.
Thus, the mobility and bioavailability of U is higher at alkaline pH,
leading to its uptake by plants and threatening the agricultural system
and human health.

3.1.3. Effects of SOM on U speciation and bioavailability

Soil organic matter (SOM), originating from the decomposition of
plant, animal, and microbial material, has a high affinity for U ions to
increase its adsorption ability (Tinnacher et al., 2013; Bone et al., 2017).
SOM surfaces contain various functional groups (e.g., carboxylic, hy-
droxyl, phenolic, aliphatic, aromatic, and aromatic groups), deter-
mining the bonding capabilities of SOM to U ions (Cumberland et al.,
2016). Thus, SOM adsorption properties to U are very complex due to its
complex chemical and structural nature in soils (Stockdale and Bryan,
2013).

Increasing SOM content alters soil Ej to promote U(VI) reduction
(Gavrilescu et al., 2009). Importantly, humic substances are the main
component of SOM to facilitate electron transfer from microbial meta-
bolism products to U(VI), promoting the formation of sparingly soluble
oxides (UO3) (Vodyanitskii et al., 2019). In addition, the electronega-
tivity of SOM and soil colloids increase U(VI) retention due to their
sorption interaction between negatively charged SOM and uranyl forms
(Lietal., 2014). Increased sorption of uranyl species into SOM is mainly
attributed to an increase in the soil ionic exchange capacity (Gavrilescu
etal., 2009). As been reported by Rout et al. (2016), uranyl forms strong
bonds with SOM, even at low pH levels, leading to that a part of the total
U(VD) is converted to be less mobile U(IV) to decrease the U bioavail-
ability in soils. This effect results from the SOM compositions (i.e., C and
Ca content), promoting U—C—Ca formation to increase U adsorption and
incorporation with CaCO3 in soils (Bone et al., 2020). Clay colloid
minerals, also control on U sorption via promoting U and C to form
ternary surface complexes (Dublet et al., 2017), while this underlying
mechanism is still required for further investigation via EXAFS spec-
troscopic analysis. Uranyl ions are adsorbed strongly by soil Fe oxides,
probably bounding as inner-sphere complexes with Fe oxides (Izquierdo
et al., 2020). Similarly, soil colloids such as humic acid, ferric, and
bentonite colloids also significantly affect U(VI) mobility and bioavail-
ability since their electronegativity results in ready complexation with
uranyl in solution, thereby forming the colloid-uranyl complex (Li et al.,
2013, 2014; Vodyanitskii et al., 2019). Yet, Wang et al. (2013) reported
that the association of insoluble U(IV) with Fe oxides and organic matter
colloids enhance the solubility and mobility of U(IV), thus increasing the
risk of U(IV) contamination in natural environments. This finding is
likely attributed from that U(IV) bound to amorphous Al-P-Fe-Si ag-
gregates in the soil is labile; thus, it may be transferred from the
Al-P-Fe-Si aggregates in soil to the mobile Fe and OM colloids (Wang
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et al., 2013).

3.2. Influences of soil microbial activity on U speciation and
bioavailability

Microbial interactions with U ions, such as reduction, adsorption,
and precipitation, lead to changes in U chemical speciation, which
controls U mobility and bioavailability in the soil-plant system (Fig. 2;
Nevin et al., 2003; Selvakumar et al., 2018). Numerous types of mi-
crobes have been identified to reduce U(VI) to U(IV), including Ther-
moterrabacterium ferrireducens (Khijniak et al., 2005), Shewanella
oneidensis MR-1 (Sheng et al., 2011), Thermus scotoductus SA-01 (Cason
et al., 2012), Bacillus sp. dwc-2 (Li et al., 2017), Shewanella putrefaciens
(Xie et al., 2018), and Stenotrophomonas Br8 (Sanchez-Castro et al.,
2020). Here, it has been proposed three potential explanations for mi-
crobial U(VI) reduction. First, U-reducing microorganisms contain
various U(VI) reductases, including membrane-bound, periplasmic and
intracellular enzymes (Lakaniemi et al., 2019). Second, these microor-
ganisms transfer electrons to U(VI) through the cytochromes via acetate
and lactate groups of the electron transport chain, enzymatically pro-
moting the reduction of aqueous U(VI) to insoluble U(IV) (Orellana,
et al., 2013; Mtimunye and Chirwa, 2014). Furthermore, some proteins
in microbes including oxidoreductase, thioredoxin, and thioredoxin
reductase obtaining electrons from nicotinamide adenine dinucleotide
(NADH), can carry out two electron reduction of U(VI) to U(IV) (Li and
Krumholz, 2009). Yet, the mechanisms of microbial U(VI) reduction are
likely different due to microbial species. Microorganisms including
bacteria, fungi, and unicellular algae have the capability of biosorption
to U(VI) (Bader et al., 2018; Banala et al., 2021). The reason for its
biosorption capability may relate to the composition of the microbial
cell wall (Banala et al., 2021). Microbial cells generally have a high
surface-to-volume ratio, thus promoting the absorption of U(VI) in the
soil solution to microbial cell surfaces (Li et al., 2014). Meanwhile,
various functional groups (i.e., hydroxyl, carbonyl, amine, phosphoryl,
and sulfhydryl groups) on the microbial cell wall enhance the
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biosorption capability to U(VI) (Selvakumar et al., 2018; Banala et al.,
2021). In addition, microorganisms also have the potential to precipitate
U(VI) via complexing with inorganic ligands such as phosphates through
a phosphorylase process and form a U-phosphate insoluble precipitate
(Lakaniemi et al., 2019; Banala et al., 2020). However, the underlying
mechanism by which U precipitation occurs in microbes is not well
recognized and still requires for further investigation.

4. Uranium acquisition, translocation, and accumulation in
plants

4.1. Uranium uptake by plants

Uranium uptake by plants has recently been received the attention of
the global community due to the extensive application of U and its
compounds in the nuclear industry, and its adverse effects on plant
growth, microbial reproduction, and human health (Jha et al., 2016;
Gao et al., 2019). Thus, quantifying the amounts of U uptake by plants
from the soil matrix has become a main concern, particularly in reme-
diation studies (Favas et al., 2014). Plants are increasingly considered as
an important tool to remediate U-contaminated soils in situ because they
have the ability to absorb and accumulate U in an efficient and
eco-friendly manner (Qi et al., 2019; Hu et al., 2021). Generally, plants
absorb both U(IV) and U(VI) via epidermal root cells, while its specific
molecular mechanism remains still unknown (Baumann et al., 2014; Lai
etal., 2021). Most U cations (such as UO%*) are taken up by roots mainly
via the same carriers or ion channels with the essential elements such as
calcium, iron and magnesium (Croteau et al., 2016). Anionic species of
U, such as UOz(CO3)%’ and UO5P0O%, might cross cell membranes via
anionic channels as analogs for bicarbonate or phosphate, as anion
channels on membranes are often large and nonselective (Simkiss and
Taylor, 1995; Croteau et al., 2016). As shown in Table 2, the ability of
plants to absorb U mainly depends on the plant species due to the dif-
ference in their accumulation functions. For example, water lily, wild
ramie, and mustard are potential U hyperaccumulators since they absorb
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$ ‘ > Uranium
’ Organic carbon === CO,
- o
() Enzyme \ 4 3 &
( \ g Reduction (1)
( \ Transporter / -OH -SH { 3 j
-
A 4
® o
®
( -OH -COO -NH, |Transporter -PO; - )
y N
@ \ 4 <V> \ ) <’1> Precipitation (3)
USSTpUON. (2) @ Organic phosphate P; Uranium U-p;
+ o e— e

Phosphatase activity

Fig. 2. Known mechanisms on the microbial interactions with U ions using reduction, adsorption, and precipitation. Note: (1) the reduction of U(VI) via cyto-
chromes, acetate, and lactate; (2) various anions such as hydroxyl, carbonyl, amine, phosphoryl, and sulfhydryl groups present in the cell wall enhance the sorption of
U(VD; (3) U(VI) complexes with phosphates through a phosphorylase process; and (4) U(VI) pass cell membranes via transporters.



Table 2

Uranium uptake by different plant species. (data is collected from academic articles published from 2010 to 2020).

Plant Species

Root (mg kg™)

Aerial tissue (mg kg ™)

Notes

References

Water lily
Arrowhead Plant
Leptochloa fusca
Bamboo-willow
Scrobic

Macleaya cordata
Sesbania rostrata
Macleaya cordata
Mustard
Sunflower

Indian mustard
Italian ryegrass
Ryegrass

Orchard grass
Broad bean
Sunflower

Bidens pilosa
Wild ramie

Wild stonecrop
Oilseed rape
Mustard

Garden peas
Bean

Arabidopsis thaliana
Sunflower
Mustard

Zebrina

Maize

Willow

Sheep sorrel
Antirrhinum majus
Common rush
Toad rush

Bent grass

Sweet potato
Purple sweet potato

1538
527
408
328.18
275.44
577.37
20.61
36.8
7145
136
277
~800
~980
~820
5309.82
~315
721.46
21.85
~800
~4900
~3000
2327.5
1243.48
~10100
16.05
37.77
20.91
32.01
16

9.0

7.6
250
36.1
6.8
2216
5712

3446
36

15
173.12
27.34
132.74
23.74
12.5
~380
4.08
19.1

55 mg L'u (VI) (Hydroponic experiment)

3 mg LU (VD) (Hydroponic experiment)

200 mg kg™! U (VI, UO5(NO3),-6H,0) (Pot experiment) (13 mg kg™ in leaves)

25 mg kg'1 U (VI, UO2(NO3)2-6H,0) (Pot experiment) (All plants were ashed and weighed)

80 mg kg'1 U (VI) (Pot experiment)

18 mg kg’1 U (VD) (Pot experiment)
47.74 mg kg™! U (VI) (Pot experiment)
82 mg kg™! U (VI, UO3) (Pot experiment)

150 mg kg’1 U (VI, UO2(CH3C0O03),-2H50) (Pot experiment)

25 pmol L™ U (VI) (Hydroponic experiment)

318 mg kg™ U soil (Field experiment, harvesting times is 4 weeks)
480 pmol L™ U (VI) (Hydroponic experiment)

7.98 mg kg™! U (VI) (Pot experiment)

100 pmol L' U (VI, UO5(CH3C00,),-2H,0) (Hydroponic experiment)

25 pmol L™ U (VI) (Hydroponic experiment)
500 mg L™ U (VI) (Hydroponic experiment)
25 pmol L™! U (VI) (Hydroponic experiment)
15 mg kg™! U (VI) (Pot experiment)

15 mg kg™ U (VI) (Pot experiment)

15 mg kg™! U (VI) (Pot experiment)

50 mg kg’1 U (VD) (Pot experiment)

480 mg kg™ U (Pot experiment; 15 mg kg™ in leaves of willow)
146 mg kg™ U soil (Field condition)

132 mg kg™ U soil (Field condition)

250 mg kg™ U soil (Field condition)

135 mg kg™ U soil (Field condition)

96.5 mg kg ! U soil (Field condition)

25 pmol LU (D (Hydroponic experiment)
25 pmol LU (VD (Hydroponic experiment)

Li et al., 2019a
Chao et al., 2019
Ahsan et al., 2017
Sha et al., 2019

Ren et al., 2019
Hu et al., 2019
Qi et al., 2014
Meng et al., 2018

Qi et al., 2019

Liu et al., 2020

Alsabbagh and Abuqudaira, 2017

Imran et al., 2019
Wang et al., 2018b
Du et al., 2016

Gupta et al., 2020
Yang et al., 2015
Tewari et al., 2015
Chen et al., 2020b
Chen et al., 2020a
Chen et al., 2019
Stojanovic et al., 2010
Mihalik et al., 2010
Favas et al., 2016

Lai et al., 2021
Lai et al., 2021
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and translocate the high levels of U to aerial parts (Qi et al., 2014; Wang
et al., 2018b; Li et al., 2019a). Sunflower is a variety of metal hyper-
accumulators, while unexpectedly, it does not show a strong uptake of U
in the shoot tissues. This finding has been confirmed by several studies
(Rizwan et al., 2016; Alsabbagh and Abuqudaira, 2017; Meng et al.,
2018; Farid et al., 2018). In addition, U speciation in soil solution may
also be an important factor influencing U uptake by plants. As reviewed
above, this process also relates to the soil properties, such as soil pH,
SOM, and mineral elements (Favas et al., 2016).

Uranium mainly exists as UO3" and [UO,OH]™ in soil solution, and
plants absorb U through an active transport process requiring energy
expenditure or through passive uptake, such as facilitated diffusion
(Gavrilescu et al., 2009; Muscatello and Liber, 2010; Wu et al., 2020).
The addition of phosphate fertilizers to U-contaminated soils efficiently
reduces U uptake by plants (Rufyikiri et al., 2006). This decrease attri-
butes to the phosphorus presence in soil solution as negatively charged
phosphate ions, such as HyPOz and HPOZ", which react readily with U
ions to form uranyl phosphates with low solubility or precipitation
products such as autunite (Rufyikiri et al., 2006; de Boulois et al., 2008;
Edayilam et al., 2020). In addition, soil types and its properties control
plant U uptake via affecting U bioavailability. A greater U uptake by
plants is observed in calcareous soils than in natural soil because UO3"
complexes with carbonates, forming highly mobile anionic complexes
(Shahandeh and Hossner, 2002). Indeed, soil properties (mineralogy,
pH, and organic matter) also largely affect U uptake in ryegrass via
governing U bioavailability, presenting a log-log relationship between
plant U uptake and the sum of U species (such as UO3", uranyl carbonate
complexes, and UO5PO3) in the soil solution (Duquene et al., 2010).
Uranium uptake by plants is dependent on pH since it affects the
chemical forms and bioavailability of U and the physiological charac-
teristics of the plant, such as nutrient uptake, organic acid exudation,
and enzyme activity (Vandenhove et al., 2006; Duquene et al., 2006;
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Saenen et al., 2013; Favas et al., 2016). Arbuscular mycorrhizal fungi
also participates in the biochemical U cycling in the soil-plant system by
mobilizing U in soils and improving plant resistance to U stress, thus
promoting U uptake by plants (Malaviya and Singh, 2012; Zhang et al.,
2019a). Uranium uptake by plant roots is greatly affected by Ca and
carbonate contents in soils (El Hayek et al., 2018). As discussed above,
the formation of uranyl-carbonate and ternary
uranyl-calcium-carbonate complexes results in the decrease the U
bioavailability in soil, in turn decreasing plant uptake (El Hayek et al.,
2018). Importantly, root activity, particularly the continuous release of
organic acids in the rhizosphere, has a positive effect on U uptake by
plant roots. Root exudation of a model organic acid, citrate, increases
the size of extractable U pool in the soil due to the formation of
UOs-citrate™ (Henner et al., 2018; Wu et al., 2020). In addition, CO5
pressure also partly influences the kinetics of U uptake by plants, while it
is quite complicated. This effect likely results from that the dissolved
CO, in the soil solution has a strong affinity for the UO3" cation,
therefore indirectly affecting U bioavailability in the soil-plant system
(Trenfield et al., 2011; Boghi et al. 2018).

4.2. Uranium sequestration in plant roots

The accumulation and distribution of U in plants varies substantially
among plant species in terms of plant U tolerance mechanisms (Nie
etal., 2015; Lai et al., 2020a). In most plant species, U is retained in root
systems, and its transfer from plant roots to shoots is generally limited
(Laurette et al., 2012; Qi et al., 2019). Indeed, U concentration in plant
tissues exhibits the following decreasing trend: roots > leaves > stems >
flowers/fruits (Favas et al., 2016). Nevertheless, in Leptochloa fusca L.
and Calluna vulgaris (L.) Hull plants, U concentrations in different plant
tissues occurred in the following order: roots > stems > leaves (Favas
et al., 2016; Ahsan et al., 2017). In plant root cells, the majority of U is

Accumulation )
' Xylem
Translocation
“@) ‘
3 LY Vascular bundle
— * Stele
(2)Tptake ~ .
—_— | Endodermis
2 Symplastic
pathway
= > Cortex

Fig. 3. Mechanism on U ions transport from roots to aerial parts. Note: (1) Plant grown with U contaminated soil. (2) U uptake takes place plant roots. (3) Transport
of U was through symplastic pathway. (4) A series of cells of the cortex, endodermis, stele and xylem for the translocation of U is shown.
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located in the cell wall fraction, followed by the organelle fraction, while
the lowest amount U is associated with the cytosol-containing fraction
(Nie et al., 2014, 2015). Similarly, root cell walls and vacuoles (soluble
components) are the main distribution sites of U ions, indicating that the
chemical forms of U in the plant roots are insoluble and oxalate com-
pounds (Lai et al., 2021). Plant cell walls are principally composed of
polyose (including cellulose, hemicellulose and pectin) and protein,
providing negatively charged sites on their surfaces to bind UO%" ions
and restrict their transport across the cytomembrane (Nie et al., 2014;
Huang et al., 2017). Moreover, P groups on the root cell walls are key
coordination sites for U complexation, precipitation and mineralization,
which are responsible for the majority of U sequestration in root sys-
tems, thus restricting U transfer from roots to aerial parts (Straczek et al.,
2010; Laurette et al., 2012; Nie et al., 2015; Baker et al., 2019). Thus, U
sequestration in the root may result from the propensity of U to bind to
cell walls and the biotransformation of U inside plant roots to alleviate U
phytotoxicity.

4.3. Root-shoot transport of U

After the penetration of U into root parts, it accumulates in roots, or
may be translocated to aboveground plant tissues. In most plant species,
only a small portion of root U is transported to the aerial parts of the
plant, such as Zea mays L. (Stojanovic et al., 2010), Arabidopsis thaliana
(Saenen et al., 2013), Nicotiana tabacum L. (Soudek et al., 2014), Heli-
anthus annuus L. (Alsabbagh and Abuqudaira, 2017), Brassica juncea L.
(Meng et al., 2018), Macleaya cordata (Hu et al., 2019), Vicia faba L. (Lai
et al., 2020a), Pisum sativum L. (Gupta et al., 2020) and Encelia farinosa
A. Gray ex Torr. (Wetle et al., 2020), and Ipomoea batatas L. (Lai et al.,
2021). However, some studies have showed a high rate of U trans-
location towards the aerial parts of the plant, including Salix babylonica
(Mihalik et al., 2010), Sesbania rostrata (Ren et al., 2019), and Nymphaea
tetragona Georgi (Li et al., 2019a). Indeed, plant U uptake depends not
only on the potential U bioavailability in soil, but also on transporter
gene expression in plants (Vanhoudt et al., 2010b; Doustaly et al., 2014;
Wu et al., 2020). Doustaly et al. (2014) have identified three transporter
genes (IRT1, FRO2 and FIT1) involving U uptake and translocation in
Arabidopsis thaliana being treated with 5- and 50-mM uranyl. Further-
more, U also binds to other metal transporters in plants, but the mo-
lecular mechanism of U translocation is not still well known and requires
further investigation (Dinocourt et al., 2015). In particular, uranyl ions
combine with phosphate groups in a soil solution, resulting in low U
translocation in the plants; in contrast, the formation of UO,-lactate;
promotes U transport from the roots to the shoots (Wu et al., 2020). In
addition, transpiration also drives U transport within plant tissues
(Aranjuelo et al., 2014; Wu et al., 2020).

Generally, U is absorbed by roots and then translocated from the root
tissues into the aboveground parts via symplastic movement (Fig. 3;
Straczek et al., 2010; Wu et al., 2020). Its transport is governed via three
processes: i) U sequestration inside root cells, ii) symplastic transport
into stele, and iii) release into xylem (Sheoran et al., 2010; Mihalik et al.,
2012; Pentyala and Eapen, 2020). In xylem, U is transported through the
symplastic pathway, as special U-chelates are formed (such as
UOs-citrate” and UO»-lactatey) (Wu et al., 2020). In roots, U is
water-insoluble in most plants, thus resulting in low U transport to aerial
parts (Zhao et al., 2010; Wu et al., 2020). Moreover, the movement of U
ions from root symplasts into xylem vessels is generally a tightly
controlled process mediated by U transporters and is probably driven by
transpiration (Aranjuelo et al., 2014; Berthet et al., 2018). Symplastic
transport of U ions occur in xylem after these ions cross the casparian
strip, which is an active transport process (Pentyala and Eapen, 2020).
Meanwhile, U transport is further regulated by membrane transport
proteins due to the selectively permeable plasma membrane of the cells
(Rufyikiri et al., 2004; Berthet et al., 2018). However, to date, only a few
studies have reported that high U transporter gene expression increases
the rate of U translocation from roots to aerial parts. Thus, future studies
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on U transport in plants should focus on the molecular mechanisms to
provide a theoretical basis for phytoremediation of U-contaminated
soils.

4.4. Potential U hyperaccumulator plants

Phytoextraction, a promising phytoremediation technique, uses the
selected hyperaccumulator plants that accumulate extraordinarily high
amounts of heavy metals in the harvested regions (aerial regions) of the
plant (Sheoran et al., 2010; Hou et al., 2017). Thus, the identification of
hyperaccumulators is a key step for the remediation of
metal-contaminated soils. This process has been ongoing over the last
three decades (Zhang et al., 2002; Krzciuk and Gatuszka, 2015; Wu et al.,
2018). In March 2020, the Global Hyperaccumulator Database has re-
ported 759 species of metal hyperaccumulators (i.e., 82 families) around
the world (Manara et al., 2020). Among these species, most are identi-
fied as hyperaccumulators of nickel (523), copper (53), cobalt (43),
cadmium (43), and manganese (42) (Reeves et al., 2018; Manara et al.,
2020). However, the identification of U hyperaccumulators lags sub-
stantially relative to hyperaccumulators of other heavy metals.

Hyperaccumulator plants mainly exhibit three characteristics: (i)
large accumulation (shoot bioconcentration factor > 1); (ii) high
translocation (translocation factor > 1); and (iii) strong tolerance
(growth process without showing symptoms of toxicity) (Liu et al., 2019;
Ge at al., 2020). Ideally, hyperaccumulator plants should have a rapid
growth cycle with a large aboveground biomass (Liu et al., 2019).
Furthermore, metal concentration thresholds in plant have become an
important criterion for the identification of metal hyperaccumulators. It
has been well accepted that thresholds of heavy metal hyper-
accumulation in plants are a dry weight aerial tissue above 10,
000 mg kg ! for manganese, 3000 mg kg~ for zinc, 1000 mg kg~ ! for
lead, nickel, or arsenic, 300 mg kg_1 for copper and cobalt, or above
100 mg kg’1 for cadmium (Reeves et al., 2018; Manara et al., 2020).
However, this thresholds on U has still not yet been determined, thus
lacking a known reference standard for the identification of U hyper-
accumulators. As known, the aerial parts of plants accumulating large
amounts of U are far fewer in number than that of plants accumulating
large amounts of other heavy metals, such as nickel, copper, cobalt,
manganese, zinc, and cadmium (Reeves et al., 2018). Recently, it has
been reported that Wild ramie (Boehmeria nivea) accumulates high
amounts of U in the shoots (shoot bioconcentration factor > 4), and its
translocation factor is > 1.5 (Wang et al., 2018b). This finding indicates
that Boehmeria nivea may be considered a potential U hyperaccumulator.
In this regard, other identified potential U hyperaccumulators can be
considered such as Salix babylonica (Mihalik et al., 2010), Sesbania ros-
trata (Ren et al., 2019), and Nymphaea tetragona Georgi (Li et al., 2019a).
The mechanisms on potential U hyperaccumulators in the aerial parts
depend on the following four processes: (i) increasing U bioavailability
in the soil rhizosphere to further enhance U uptake in roots via releasing
root exudates, (ii) reducing U accumulation in root cell walls and vac-
uoles, (iii) increased U root-to-shoot translocation via efficient xylem
loading, and (iv) improving plant resistance to U stress via its chelation
in the shoot cytosol and/or compartmentalization in leaf/stem vacuoles
(Li and Zhang, 2012; Malaviya and Singh, 2012; Manara et al., 2020).

4.5. Effects of chemical accelerators on promoting U accumulation by
plants

Some chemical accelerators, such as chelating agents, plant growth
regulators, and plant growth-promoting rhizobacteria, can transform
non-bioavailable U into bioavailable fractions in soil or alleviate U
phytotoxicity, thereby improving U accumulation by plants (Hu et al.,
2019; Qi et al., 2019; Chen et al., 2020a). Applying chelating agent such
as S, S-ethylenediamine disuccinic acid (EDDS), oxalic acid (OA) and
citric acid (CA), increases U bioavailability in U-contaminated soils,
which promotes U uptake and translocation in soil-plant systems (Chen
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etal., 2020b; Hu et al., 2021). These effects may be attributed to the fact
that chelating agents can hinder the sorption of U by soil to form
chelant-U complexes with uranyl ions due to their negatively charged
hydroxyl or carboxyl groups. This processes thus, enhances the
bioavailable U contents in soil, leading to increases in the capability of
plants to absorb and transfer the U (Hu et al., 2019; Chen et al., 2020b).
Moreover, there are two possible mechanisms behind the plant uptake of
chelant-U complexes. The first possibility is that chelant-U complexes
are directly absorbed by roots. Second, the complexes are dissociated
prior to their uptake in soil-plant systems (Chen et al., 2020b). The
specific processes are still unknown and require for further investiga-
tion. Yet, this effect induced by CA is much more significant effects on
the uptake and translocation of U than that of EDDS and OA. Applying
CA promotes U solubilization in U-contaminated soil through releasing
the adsorbed U from the solid phases into soil solution, thus increasing
shoot U uptake and its translocation (Hu et al., 2019). Generally,
phosphate group in rhizosphere soils decreases U bioavailability in
soil-plant systems via combining with U ions. Nevertheless, under CA
treatments, U mainly existed as UO»-citrate™ in soils and it avoided U
combination with phosphate, which easily could be absorbed by roots
and translocated to the shoot of plants (Hu et al., 2021).

Adding plant growth regulators (such as indole-3-acetic acid,
gibberellin A3 and 24-epibrassinolide) increases the shoot U uptake in
Brassica juncea L.; and an increase in the activities of antioxidant en-
zymes indicates that these enzymes improve the plant tolerance to U
stress (Chen et al., 2020a). Soil microbes also drive U uptake. For
example, both rhizobial and arbuscular mycorrhizal fungi significantly
increase U accumulation and biomass of Sesbania rostrata (Ren et al.,
2019). This results from that adding arbuscular mycorrhizal fungi
significantly increases phytochelatin synthase gene expression
compared to the control; and it also increase the contents of succinic
acid, malic acid, and citric acid in the root exudates of the inoculated
plants (Dupré de Boulois et al., 2008; Ren et al., 2019). In addition, Qi
et al. (2019) have reported that a plant growth-promoting bacterial
mixture (M4 and Mj») significantly improves U absorbing capability in
three grass species (Lolium perenne L., Lolium multiflorum Lam., and
Dactylis glomerata L.), increasing their biomass. Indeed, five bacterial
mixtures have the ability to produce siderophores. Siderophore pro-
duction directly and indirectly promotes plant rhizosphere growth,
releasing U from insoluble to soluble phases to further increase U
bioavailability in the soil-plant system (Gaonkar and Bhosle, 2013; Qi
et al., 2019). However, studies of an increase in plant U uptake induced
by biochar are limited. A potential explanation for this finding is that
biochar may immobilize heavy metals in soil and thus decreases their
uptake by plant roots (Liu et al., 2021; Palansooriya et al., 2020; Qi
et al., 2021).

5. Toxic effects of U on plants

Uranium is a well-known toxic metal to plants. Its exposure induces
toxic effects on several physiological and biochemical processes in
plants, such as seed germination, root and shoot growth, photosynthesis,
and nutrient uptake (Tables 3 and 4; Fig. 4) (Stojanovic et al., 2010;
Sachs et al., 2017; Imran et al., 2019). In addition, U toxicity induces
plants to accumulate large amounts of ROS, thus resulting in lipid per-
oxidation and genotoxicity (such as damage to the DNA structure and
blocking mitosis). These toxic effects on plants mainly depend on plant
species, dose of U, and environmental conditions.

5.1. Seed germination

Uranium toxicity toward seed germination is an initial physiological
effect on plants. For example, U treatment (1 mmol LhH markedly
decrease the maize germination rate during the early phase of seed
germination (2-4 days), while the inhibitory effect is eliminated in the
next phase (5-7 days) (Nie et al., 2010a, 2010b). Plant seeds alleviate U

Table 3
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Toxic effect of U on plant growth. (Data is collected from research articles
published after 2006).

Plant Toxicity effect U exposure level References

species

Arabidopsis The shoots and roots 50 pM U (VD) Misson et al.,
biomass were (UO45(NO3),-6H20) 2009
decreased by 25.04%
and 39.92%,
respectively. The root
length was also
reduced.

Duckweed The shoot and root 50 pM U (VD) Mkandawire
growth were (UO5(NO3)2-6H50) et al., 2007
significantly inhibited.

Cabbage The plant height, shoot 0.1 mg L™ U (VI) Xie and tang,
and root dry wight 2014
decreased.

Duckweed The fresh weight was 5-150 pM U (V) Horemans
decreased by et al., 2015
31.82-94.89%.

Wheat The root and shoot dry 25 uM U (VI) Laurette et al.,
biomasses did not 2012
significantly vary.

Broad bean The root length and 25 mg LU D Lai et al.,
shoot dry wight 2020a
decreased, and roots
darkened.

Radish The root length and 10-2560 mg kg ™' U Hou et al.,
root dry mass D 2018
significantly
decreased.

Cabbage The stem height and 640-2560 mg kg™ U Hou et al.,
root length (VD) 2018
significantly
decreased.

Cucumber The root length and 1280-2560 mgkg ' U Hou et al.,
root dry mass 2018
significantly
decreased.

Spinach The root length and 160-2560 mg kg™ U Hou et al.,
root dry mass 2018
significantly
decreased.

Arabidopsis The leaf area, freshand 50 pM U (VI) Vanhoudt
dry weight etal., 2014
significantly
decreased.

Maize The plant height, roots 500 mg kg™ U Stojanovic¢
and shoots dry mass (UO5(NO3),-6H20) et al., 2010
was reduced 13.85%,

32.12% and 31.01%,
respectively.

Broad bean The shoots and roots 25 pmol L' U Liu et al., 2020
biomass were (UO2(NO3),-6H50)
decreased by 11.63%
and 9.09%,
respectively.

Dwarf beans The shoot height, leaf, 1000 pM U (VD) Vandenhove
root and shoot fresh et al., 2006
weight significantly
reduced, and roots
started to turn
yellowish.

Arabidopsis The leaf surface area 25 puM U (VD) Tewari et al.,
and shoot and root (UO,(NO3),-6H,0) 2015
fresh weight
decreased.

Sunflower The root and shoot 156 mg kg™ U (Field Alsabbagh and
biomass reduced after condition) Abuqudaira,
10 weeks of 2017
cultivation.

Ramie The shoot biomass was 125 mg kg™ U (VI) Wang et al.,
reduced 6.77%, but the 2018b

shoot heights and root
lengths slightly
increased.

(continued on next page)
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Table 3 (continued)

Plant Toxicity effect U exposure level References
species
Ryegrass The plant height and 150 mg kg™ U (VI) Qi et al., 2019
shoot dry mass
significantly reduced.
Orchard The plant height and 100-150 mg kg U Qi et al., 2019
grass shoot dry mass D)
significantly reduced.
Sesbania The dry weight of 150-300 mg kg U Ren et al., 2019
rostrata shoots and roots (VD)
significantly
decreased.
Arabidopsis Fresh weight of leaves 25-100 pM U (VD) Saenen et al.,
significantly reduced. 2015a
Azolla The growth inhibition 10 mg LU (VD Pan et al., 2015

for Azolla is decreased
by 50.31%.

The shoot and root
biomasses decreased.
The root length, root
and shoot biomasses
decreased.

Garden peas 50 pmol LU (VD Gupta et al.,
2020
Sweet Lai et al., 2021

potato

25 mg L™ U (VD)

toxicity via regulating antioxidant defense systems, leading to the
restoration of plant cell function (Nie et al., 2010a, 2010b). This effect
also depends on U concentration in soils. Low levels of U promoted seed
germination, but when the soil U concentration was greater than
320 mg kg ™}, the germination of seeds from three vegetables (tomato,
kohlrabi, and radish) was obviously inhibited (Hou et al., 2018). Similar
phenomena were also reported in several other studies (Sheppard et al.,
1992; Nie et al., 2010a, 2010b; Butler et al., 2016; Aicha et al., 2019).
This finding does not suggest that low levels of U (< 20 mg kg™) does
not harm the seeds of these vegetables, while its results from plant
self-resistance against injury (Hou et al., 2018). Two potential expla-
nations for these phenomena have been proposed. The first possibility is
that low levels of U stimulate the activity of some enzymes that promote
seed germination and cause seeds to sprout quickly (Nie et al., 2010a,
2010b). Second, low U levels reduce the transpiration efficiency of the
plant seeds and improve its water use efficiency, thus promoting seed
germination (Hou et al., 2018). When the U levels increase up to the
maximum limit of the seed tolerance, its metabolism is disturbed. Thus,
the absorption of some mineral elements is hindered, and the DNA
structure of the plant cells is damaged, resulting in decreasing seed
germination rate (Hou et al., 2018; Gao et al., 2019; Chen et al., 2020c).
Moreover, the specificity of resistance to U among different plant species
is worth noting (Gao et al., 2019). For instance, cucumber still maintains
a certain germination rate (~80%) upon treatment with high U levels
(1280 mg kg™!), while the germination rates of tomato, kohlrabi and
cabbage are all less than 10% upon the same U treatment (Hou et al.,
2018).

5.2. Root growth

Since U preferentially accumulates in plant roots, root growth is not
surprisingly adversely affected by its stress. Uranium-induced inhibition
on root growth has been observed in different plants, such as Arabidopsis
thaliana at 50-500 pmol L1 U in solution (Misson et al., 2009), Zea mays
L. at 250-1000 mg kg’1 U in agricultural soil (Stojanovi¢ et al., 2010),
Lolium perenne L. at 150 mg kg™! U in agricultural soil (Qi et al., 2019),
Dactylis glomerata L. at 100-150 mg kg™ U in agricultural soil (Qi et al.,
2019), Vicia faba L. at 20-25 pmol L' U in solution (Liu et al., 2020),
and Pisum sativum L. at 50 pmol L™} U in solution (Gupta et al., 2020)
(Table 3). These findings likely suggests that this effect on roots repos-
sess the U concentration due to their different species. Yet, the extent of
this effect on roots is characterized by its physiological characteristic
change. Recently, Zhang et al. (2020a) reported that 25 pmol L™ U in
solution caused a significant decrease in both root biomass and total root

10

Table 4
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The physiological response of plants to U toxicity. (References are collected from

academic articles published after 2010).

Plant Growth parameters U exposure level References

species

Arabidopsis The CAT, APX, GR and 10 uM U (VD) Vanhoudt
lipid peroxidation (UO2(NO3),-6H,0) et al.,
increased, while the 2010a
SOD activity
maintained stable.

Perennial The soluble protein 5mg kg™ U (1V, U30g) Rong et al.,

ryegrass decreased, but the 2020
MDA increased.
Water The SOD, POD, CAT 50 mg L™ U (VD) Liet al.,
hyacinth decreased, but the 2015
MDA increased.
Wheat The chlorophyllaandb 50 mg L' U Chen et al.,
Seedling decreased, and the (UO2(NO3),-6H,0) 2012
carotenoid content
maintained stable.

Broad bean The Hy0,, Oz and MDA 25 uM U (V) Chen et al.,
increased, but the SOD (UO»(NO3),-6H,0) 2020c¢
and POD decreased.

Arabidopsis H,0, and NO, and 25 pM U (VD) Tewari
MDA of shoots and et al., 2015
roots increased.

Arabidopsis ~ The SOD and CAT of 25 pmol L™ U (VI) Vanhoudt
leaves increased, but et al.,
the GPX decreased. 2011b

Broad bean The photosynthesis 0-25 pmol L' U Zhang
rate, stomatal (UO5(NO3),-6H,0) etal.,
conductance, and 2020a
stomatal conductance
decreased significantly,
but the leaf
intercellular CO,
parameters was not
obvious.

Bidens The efficiency of 40-1000 pmol L U Imran et al.,
photosynthesis and (C4HgO6U) 2019
SOD decreased, but the
soluble protein, CAT
and POD increased.

Macleaya The POD and APX 18 mg kg U Hu et al.,

cordata concentrations (UO2(NO3),-6H0) 2019
decreased, but SOD and
CAT increased.
Sesbania The photosystem II 150-300 mg kg™! U (VD) Ren et al,,
rostrata efficiency decreased 2019
significantly.

Spinach The concentrations of 10-2560 mg kg™! U (VD) Hou et al.,
SOD decreased. 2018

Tomato The concentrations of 40-2560 mg kg™ U (V) Hou et al.,
SOD increased. 2018

Pea Total chlorophylls 0-0.5 pmol L' U Tawussi
content of leaves (UO5(NO3)2) et al., 2017
decreased significantly,
but the carotenoid
contents have not
changed markedly.

Leptochloa The total chlorophylls 200 mg kg U Ahsan etal.,

fusca (chlorophyll a-+b) (UO2(NO3),-6H,0) 2017
content of leaves
decreased.

Azolla The CAT, POD and SOD 1-5 mg LU (VD Pan et al.,
contents increased 2015
markedly.

Water lily The carotenoids, 30mgL'U Liet al,,
chlorophyll a and b (UO,(CH3C00),-2H,0) 2019a
content decreased, but
the SOD, POD, CAT,
and MDA content
increased.

Arabidopsis The ascorbate, 50 pmol L' U Aranjuelo
stomatal conductance, (UO2(NO3),-6H,0) etal., 2014

chlorophyll a and b
content decreased, but

(continued on next page)
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Table 4 (continued)

Plant References

species

Growth parameters U exposure level

the MDA content
increased.

The carotenoids,
chlorophyll a and b
content of leaves
decreased, but the lipid
peroxidation increased.
The total chlorophyll
and carotenoid
concentration
decreased, but H,Oo,
MDA and CAT content
increased.

The photosynthesis
rate, transpiration rate,
stomatal conductance,
and intercellular CO,
concentration
decreased.

Vanhoudt
et al., 2014

Arabidopsis 50 pmol L' U

(UO2(NO3),-6H,0)

25 pmol L™ U
(UO2(NO3)2)

Garden peas Gupta et al.,

2020

0-25 pmol L' U
(U0,(NO3)2-6H20)

Sweet
potato

Lai et al.,
2021

Note: H,0,, hydrogen peroxide; O3, superoxide anion; NO, nitric oxide; MDA,
malondialdehyde; CO,, carbon dioxide; CAT, catalase; APX, ascorbate perox-
idise; GR, glutathione reductase; SOD, superoxide dismutase; POD, Peroxidase;
GPX, guaiacol peroxidase.

Toxic
symptoms

l

Seed germination

I

Plant growth

|

Photosynthesis

|

Nutrients uptake

|

Oxidative damage

|

Genotoxicity

)
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length in Vicia faba L., with the roots appearing black, indicating that U
at this concentration was severely toxic to plant roots. This finding is
potentially because U affects cell viability in the primary root apex of the
plant and modulates mitotic activity in the root (Serre et al., 2019;
Zhang et al., 2020a). Meanwhile, U destroys the root microstructure and
interferes with plant auxin metabolism (Chen et al., 2020c). Moreover,
under U stress, root cell shape, size, organelle distribution and cell wall
structure change significantly, which causes the root tip necrosis,
thereby aggravating U toxicity to roots (Lai et al., 2021). Another
explanation for the substantial U-induced decrease in root biomass is
that U may induce overproduction of HyO, and the synthesis of NO,
resulting in membrane lipid peroxidation and a disruption of membrane
integrity (Li et al., 2019a; Serre et al., 2019).

5.3. Shoot growth

As shown in Table 3, U also affects plant shoot growth, while its
toxicity differs among plant species. Uranium-induced reductions in
shoot growth have been reported in Arabidopsis thaliana at
1-100 pmol L' U in solution (Vanhoudt et al., 2011b), Lemna minor L. at
5-150 pmol L1 Uin solution (Horemans et al., 2015), Boehmeria nivea at
125 mg kg in agricultural soil (Wang et al., 2018b), Lolium multiflorum
Lam. at 100-150 mg kg ™! in agricultural soil (Qi et al., 2019), and Pisum
sativum L. at 20-50 pmol L1 U in solution (Gupta et al., 2020), and
Ipomoea batatas L. at 25 pmol L' U in solution (Lai et al., 2021; Table 3).
In Zea mays, the 1000 mg kg™! U treatment in soil reduced the plant

Tolerance

2
h %) mccliantsms

L
- ‘Antioxidant enzyme systems
(SOD, CAT, POD, and APX)
P~ 1

Compartmentalization in
cell walls and vacuoles

Phytochelatin

Fig. 4. Uranium toxicity to plants and tolerance mechanisms. Note; (1) The toxic effects on plants mainly include seed germination, plant growth, photosynthesis,
nutrient uptake, oxidative damage, and genotoxicity. (2) Plants have evolved a number of defense strategies such as antioxidant enzymes, compartmentalization, and

phytochelatin to enhance the U tolerance.
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height by 46.94% and shoot dry mass by 58.23%, and the percentage of
surviving plants by 23.3% (Stojanovic¢ et al., 2010). These decreases
induced by U is attributed to both decrease of shoot cell division and
inhibition of photosynthesis (Serre et al., 2019; Zhang et al., 2020a).
This is also confirmed by Horemans et al. (2015), who found that the
fresh weight of Lemna minor L. was decreased by 94.89% under the
condition of 150 pmol L' U, and the medial lethal dose was
29.5 pmol L}, Uranium-induced stress inhibits root growth and devel-
opment, leading to decreases in the absorption and transport of water
and mineral elements via roots (Malaviya and Singh, 2012; Lai et al.,
2020a). Another reason behind U-induced decreasing shoot growth is
possible that U exposure causes a slightly shorter cell cycle and in-
terferes with the homeostasis of essential elements (Rajabi et al., 2021).
Moreover, U toxicity interferes with photosynthesis, transpiration, res-
piratory metabolism, carbon metabolism, and plant hormone synthesis,
thereby inhibiting plant shoot growth (Vanhoudt et al., 2014; Gao et al.,
2019; Lai et al., 2020b; Zhang et al., 2020a).

5.4. Photosynthesis

Photosynthesis is already known to be affected by abiotic stress,
particularly heavy metal stress, resulting in a decrease in plant growth,
delaying in plant development, and even, in some cases, plant death
(Berthet et al., 2018; Chen et al., 2020b; Chi et al., 2020). Uranium
toxicity decreases the leaf area, stomatal conductance, transpiration
rate, and chlorophyll efficiency. These stresses are strongly dependent
on U concentration, plant species, and other environmental conditions
(Zhang et al., 2020a). Decreases in the chlorophyll content (such as
chlorophyll-a, chlorophyll-b, and carotenoid) induced by U stress, have
been reported in various plant species, such as Triticum aestivum L. (Chen
et al., 2012), Arabidopsis thaliana (Vanhoudt et al., 2014), Pisum sativum
L. (Tawussi et al., 2017), Leptochloa fusca L. (Ahsan et al., 2017), Nym-
phaea tetragona Georgi (Li et al., 2019a), Bidens pilosa L. (Imran et al.,
2019), and Pisum sativum L. (Gupta et al., 2020). Uranium inhibits
photosynthesis by damaging the hydration photo-oxidation process,
decreasing photosynthetic pigment contents and altering the protein
composition of photosynthetic membranes (Gao et al., 2019; Gupta
et al., 2020; Zhang et al., 2020a). In addition, U-induced ROS over-
production and lipid peroxidation damaged the chloroplast structure
and inhibited the expression of genes involving photorespiration
pathway, resulting in a decrease in leaf chlorophyll content (Gupta et al.,
2020). Recently, Zhang et al. (2020a) also reported a significant
decrease in the photosynthetic parameters (photosynthesis rate, sto-
matal conductance, and stomatal conductance) of Vicia faba L. upon
treatment with increasing U concentrations (0-25 pM U(VI)). The
decrease in the photosynthetic parameters was also confirmed that the
photosynthetic carbon metabolism pathway of the plants was damaged
by U toxicity (Lai et al., 2021). The reason may be attributed to that U
stress significantly inhibited the expression of genes involving in water
photolysis, the electron transport chain and ATP synthesis in the chlo-
roplast thylakoid membrane, resulting in the inhibition of ATP forma-
tion and blockade of electron transport chain. Meanwhile, many genes
involving Calvin cycle were also significantly inhibited by U toxicity,
which reduced carbon fixation in plants, thus leading to a decrease in
chlorophyll a and b contents (Zhang et al., 2020a).

5.5. Nutrient metabolism

Heavy metals affect mineral nutrient metabolism by disturbing
nutrient composition and regulating nutrient uptake, distribution, and
transport, thus inducing phytotoxicity in the soil-plant system (Sen-
eviratne et al., 2019; Lai et al., 2020b). Uranium also interferes with
plant mineral nutrition in a complex manner (Vanhoudt et al., 2011c;
Lai et al., 2020a). Several previous studies have documented U(VI)
interference with essential nutrients, such as nutrient uptake and
transport (P, K, Mg, Zn, Ca and Zn) in Trifolium subterraneum L., cv.
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Mount Barker (Rufyikiri et al., 2004), (P, K, Na, Ca, Mg, Fe, Zn, Cu, Mn)
in both Arabidopsis thaliana (Vanhoudt et al., 2011c) and Vicia faba L.
(Lai et al., 2020a), and (P, K, Cu, Zn, Ca, Zn) in Pisum sativum L. (Tawussi
et al., 2017). Thus, the uptake and transport of some essential nutrients
are inhibited by U stress in the soil-plant system, resulting in an
imbalance in mineral nutrient metabolism. This is potentially because U
accumulation occurs in the cell wall of plants to significantly damage
plasmodesmata, which is an important transport channel for mineral
nutrients, sugar, amino acids, and organic acids (Nie et al., 2015; Lai
et al., 2020a). This damage exerts adverse effects on the metabolism of
mineral elements in plants. Being a nonessential element, U is easily
adsorbed and retained in the root system to further damage the root
development, leading to a decrease in its nutrient uptake via roots
(Vanhoudt et al., 2011a, 2011c). Moreover, it also interferes with
nutrient metabolism in plants through the competitive binding of U ions
to common carriers of mineral elements and the reduction in transpi-
ration under U stress (Aranjuelo et al., 2014; Richter et al., 2016). A high
U level exerts a significant inhibitory effect on the expression of trans-
porter genes involving the uptake and transport of nutrient elements in
plants, which may also result from the abnormal mineral nutrition
metabolism in these plants (Lai et al., 2020a, 2021).

5.6. Oxidative damage

Under U stress, the main ROS species in plants are hydrogen peroxide
(H205), superoxide (03), hydroxyl radicals (-OH), and nitric oxide (NO)
(Tewari et al., 2015; Serre et al., 2019; Chen et al., 2020c). These ROS
species mainly occur in numerous plant organelles, including chloro-
plasts, mitochondria, peroxisomes, and the endoplasmic reticulum
(Vanhoudt et al., 2011b). Under normal conditions, ROS is associated
with various physiological activities of plants, including defense against
pathogens, induction and sensing of apoptosis, and adaptation to stress
conditions. Yet, increased ROS production also causes an imbalance
between ROS generation and ROS scavenging, further leading to
oxidative damage in living cells (Vanhoudt et al., 2011a; Gagnaire et al.,
2013). Uranium-induced overproduction of ROS has been reported in
many plant species, such as Armoracia rusticana exposed to 500 pmol L™
U (VD) (Soudek et al., 2011a), Arabidopsis thaliana exposed to
25 pmol L U (VD) (Tewari et al., 2015), Pisum sativum L. exposed to
50 pmol L'u (VD) (Gupta et al., 2020), and Vicia faba L. exposed to
25 pmol L™! U (VI) (Chen et al., 2020c).

Generally, increased ROS generation results in oxidative damage
upon their interaction with various active biomacromolecules, including
proteins, lipids, DNA, and enzymes. These interactions, in turn lead to
lipid peroxidation, enzyme inactivation, inhibition of the electron
transport system, gene overexpression and even cell death (Johnson
etal., 2011; Saenen et al., 2015a; Maleki et al., 2017). Like other heavy
metals, U is well documented to induce ROS overproduction by inter-
acting with biomolecules inside plant cell, therefore interrupting normal
cell metabolism (Li et al., 2019a; Kolhe et al., 2020a). U-induced ROS
overproduction reduces the photosynthetic and transpiration rates, and
decreases jasmonic acid and salicylic acid contents in Arabidopsis thali-
ana (Aranjuelo et al., 2014). After U exposure, large amounts of O3 and
H0> in Vicia faba L resulted in the destruction of the cellular structure
(Chen et al., 2020c). This finding may be attributed to the over-
production of ROS that causes chromosomal aberrations and the gen-
eration of micronuclei in plant cells (Wang et al., 2019b; Chen et al.,
2020c). Moreover, plant growth has consistently been shown to be
sensitive to overproduction of ROS induced by U stress (Vanhoudt et al.,
2011b; Saenen et al., 2015a; Tewari et al., 2015).

The extent and nature of ROS induced under heavy metal stress
mainly depend on the nature (redox ability) and concentrations of the
heavy metals (Farooq et al., 2019). Redox-active metals, including lead,
chromium, and vanadium, can participate in Fenton reactions, thus
promoting ROS production in plants (Terron-Camero et al., 2019). Being
a redox-active metal, U is associated with ROS production in plants
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through two pathways: (i) the Fenton reaction (H2O, + Fe’" —.OH OH~
+ Fe3+) and (ii) the Haber—Weiss reaction (02’ + Hy05—-OH + OH™ +
0O,) (Song et al., 2016; Abdel-Rahman et al., 2017). According to pre-
vious studies, UO%+ ions are reduced to UO3 ions by HyO, via
Fenton-type reactions (2UO3" + Hy04 — 2UO3 + 2H* 4 0) (Nakajima
and Ueda, 2007; Nakajima et al., 2009). In addition, ROS over-
production may be reduced by various antioxidants, such as catalase
(CAT), peroxidase (POD), superoxide dismutase (SOD) and ascorbate
peroxidase (APX) (Hu et al., 2019; Chen et al., 2020a).

Lipid peroxidation induced by metal stress is a major indicator for
evaluating oxidative damage to plants (Chen et al., 2020b). The over-
produced ROS attack hydrogen atoms of fatty acid chains, resulting in
the generation of aldehydes and lipid radicals (Yalcinkaya et al., 2019).
To date, numerous studies have reported that U-induced oxidative stress
is capable of provoking damage to the function and integrity of the cell
membrane, leading to an increase in lipid peroxidation in plants (Van-
houdt et al., 2011b; Aranjuelo et al., 2014). As reported by Vanhoudt
et al. (2014), the level of lipid peroxidation in Arabidopsis significantly
increased upon treatment with 50 pmol L™ U, while the plant water
content, dry weight, and photosynthetic efficiency significantly
decreased, suggesting that U induced oxidative damage in the plants.

5.7. Genotoxicity

Being an indicator of cellular dysfunction, genotoxicity represents
the toxicity to DNA damage and chromosomal aberrations (Igbal, 2016).
Despite that U genotoxicity in animals and humans has been extensively
studied, it is less studied on the effects of U-induced genotoxic and
mutagenic on plants (Gao et al., 2019; Chen et al., 2020c). Short-term U
exposure (24-72 h) indirectly damages the DNA structure via inducing
the ROS overproduction in plants (Ozdemir et al., 2012; Chen et al.,
2020c). The DNA replication fork is the basic structure of DNA repli-
cation in plant cells; and its formation requires the participation of
multiple proteins, but it is easily altered by various abiotic stresses.
Recently, Chen et al. (2020c) found that U stress significantly down-
regulated the expression of related genes (ORC, CDC45, MCM, CCNA,
and CCNBI1) in Vicia faba L., suggesting that DNA replication was
inhibited via preventing the formation of replication forks. Moreover,
their downregulation resulted in the cell remaining in intermitosis,
thereby decreasing the mitotic index and delaying cell proliferation
(Chen et al., 2020c). Upon DNA damage, a series of DNA repair systems
promote the repair of damaged DNA through processes requiring the
participation of multiple genes (Feng et al., 2017). However, U stress
leads to the downregulation of 13 related genes (e.g., RBX1, PCNA,
RAD54, MSH6, BLM and RPA1), thus preventing damaged DNA from
being repaired (Chen et al., 2020c). Uranium genotoxicity in plant cells
also induces chromosomal aberrations, represses antioxidant enzymes,
inhibits cell division, induces cell cycle arrest and alters the structure of
the cell wall (Ozdemir et al., 2012; Saenen et al., 2015a; Zhang et al.,
2020). Ozdemir et al. (2012) observed U-induced aberrations in mitotic
division in root tip cells of various plant species (Cicer arietinum L.,
Phaseolus vulgaris L., Vigna anguiculata L. and Phaseolus coccineus L.). This
is probably because U induced degradation of the microtubule cyto-
skeleton, governing plant cell division under normal conditions
(Ozdemir et al., 2012). Uranium exposure significantly changes the
genes expression via decreasing CATI and CAT2 expression, which
causes a decrease in total CAT enzyme activity but an increased lipid
peroxidation (Saenen et al., 2015a). In addition, the expression of
related genes of cell wall structure proteins (fasciculin like arabinoga-
lactan protein) is interfered by U stress, which is one of the mechanisms
of cell wall damage, leading to the inhibition in root growth (Lai et al.,
2021).

6. Plant defense system against U toxicity

Plants have evolved a number of defense strategies to scavenge
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overproduction of ROS and enhance the tolerance against a long-term U
exposure stress. As shown in Fig. 4, these defense strategies (i.e., phy-
tochelatins, compartmentalization, and antioxidant enzymes) operate
separately or cooperate with each other to alleviate U-induced phyto-
toxicity (Nie et al., 2015; Gupta et al., 2020).

6.1. Antioxidant enzymes

Upon the exposure of U stress to plants, the activity of the antioxi-
dant enzyme system is enhanced to scavenge overproduced ROS and
combat adverse effects (Hu et al., 2019). Meanwhile, the activation or
suppression of antioxidant enzymes in plants to eliminate U-induced
oxidative damage primarily depends on both plant species and their ROS
types (Hou et al., 2018).

Superoxide dismutase (SOD) plays a central role in regulating the
ROS concentration since it converts ROS species into oxygen and
hydrogen peroxide (O2-~ 4+ Oz~ + 2H +— 2H204 + O2) (Gill and Tuteja,
2010). Uranium-induced SOD activation is due to an increase in O3
levels or a direct action on SOD. Uranium-induced increase in SOD ac-
tivity has been reported in several plant species, such as Arabidopsis
thaliana (Vanhoudt et al., 2011a), Eichhornia crassipes (Li et al., 2015),
Lycopersicon esculentum Mill. (Hou et al., 2018), Nymphaea tetragona
Georgi (Li et al., 2019a), and Pisum sativum L. (Gupta et al., 2020).
Interestingly, Chen et al. (2020c) observed a significant increase in the
SOD activity of Vicia faba L. after 24 h of 25 pM U(VI) exposure, while
SOD activity significantly decreased by the same treatment at 48-72 h.
Here, the SOD activity variably responses to U stress, which may be
attributed to chromosome fracture and hysteresis and accelerated
apoptosis in the plants after 48 h of U exposure (Chen et al., 2020c). CAT
activity promotes the Hy0, detoxification produced by SOD
(H205—H20 + 1/203) (Anjum et al., 2016). Its activity upregulation
with U exposure has been verified by several studies (Saenen et al.,
2015b; Imran et al., 2019). For example, Hu et al. (2019) reported that
an 18 mg kg’1 U treatment as a form of UO3(NO3)2-6H20 markedly
increased CAT activity in the leaves of Macleaya cordata. Imran et al.
(2019) also examined Bidens pilosa L. being exposed to 120 pM U(VI),
revealing that both CAT and POD activities increased, while SOD ac-
tivity was reduced by U treatment. The balance between CAT and POD
or SOD is crucial for maintaining the steady-state level and normal
physiological processes in cells via rapidly converting O2-~ and H50o,
which is of vital importance in detoxifying U toxicity (Hu et al., 2019). In
addition, POD and APX activities also showed significant increases in
plants under U stress (Hu et al., 2019; Li et al., 2019a). Nevertheless,
underlying their molecular mechanisms are still limited.

6.2. Compartmentalization

Uranium compartmentalization in the cell walls and vacuoles is
responsible for the adaptation tolerance and detoxification mechanism
for U in plant cells (Misson et al., 2009; Nie et al., 2014; Moll et al.,
2020). In Spirodela punctata cells, the proportion of U concentrations was
approximately 8:2:1 in the cell wall, organelle, and cytosol fractions
after treatment with 200 mg L' U for 120 h; however, the increased
proportion of U concentrations in the cell wall fraction was significantly
lower than U concentrations in the organelle and cytosol fraction as the
initial U content increases (Nie et al., 2015). A possible explanation may
be that U was first bound to the cell wall instead of the organelle and
cytosol, thus improving the tolerance of plant cells to U stress (Nie et al.,
2015). Similarly, Nie et al. (2014) also observed that the cell wall of
Phaseolus vulgaris L. exhibited a preferential affinity for U. This finding is
that the cell wall of the plants has intrinsically high contents of phytic
acid and organic acid, leading to interfacial reactions with UO3" ions
(Nie et al., 2014). Thus, cell wall is the most important accumulation site
of U, which plays an important role in enhancing U tolerance via pre-
venting U ions from entering the cellular environment (Lai et al., 2021).
This also weakens U translocation from roots to shoots in plants (Nie
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et al., 2014; Nie et al., 2015). In plant cells, the vacuole is a prominent
organelle to occupy as much as 90% of the total cell volume in some cell
types. Meanwhile, the compartmentalization of xenobiotics in the vac-
uole is essential for adaptation to environmental stresses, so that it is an
important protector to avoid U toxicity to the cells (Misson et al., 2009;
Shitan and Yazaki, 2020). For example, Misson et al. (2009) observed
that under U stress, Arabidopsis thaliana largely sequestered U, and its
chemical speciation was transformed from soluble to insoluble in the
vacuole.

6.3. Phytochelatin

Phytochelatins (PCs) are the most vital type of metal chelators with
the general structure (y-Glu-Cys)n-Gly. These PCs are rich in thiol
moieties which have positive effect on U and chelation other metals,
thereby alleviating the adverse effects of U stress in plants (Pal and Rai,
2010; Yu et al., 2021). In the process of metal detoxification, PCs form
complexes with metals (Yadav, 2010). Once being formed, PC-metal
complexes are transported through the tonoplast and compartmental-
ized in metabolically inactive sites (Yadav, 2010; Sharma et al., 2016).
To date, numerous studies have reported the production of PC-metal
complexes and their sequestration in the vacuole to increase plant
tolerance (Fischer et al., 2014; Gongcalves et al., 2016; Dubey et al.,
2018). Nevertheless, it is still limited on the studies of PC-U complexes
in plants relative to other metals such as chromium, cadmium, lead,
copper, and mercury (Yadav, 2010; Saenen et al., 2013; Saenen et al.,
2015¢; Yu et al., 2021). Glutathione (Glu) is a precursor of the formation
of PC-metal complexes in plants (Yadav, 2010). For example, Saenen
et al. (2013) observed a significant increase in the total Glu concentra-
tions in the roots of Arabidopsis thaliana plants after exposure to
25 mM U, suggesting an increased capacity to produce PC-U complexes.
Ren et al. (2019) reported that under U stress, the inoculation of
arbuscular mycorrhizae increased PC gene expression in Sesbania ros-
trata, alleviating the effect of U stress on plant growth and promoting U
transfer from the roots to the shoots. Thus, the formation of PC-U
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complexes enhances plant tolerance to U stress via reducing the levels of
free cellular U ions in plants (Saenen et al., 2015c¢). In contrast, other
studies found that a large group of metal elements including U, did not
induce PC production in plants (Pradines et al., 2005; Soudek et al.
2011b). These PC responses to U stress may be attributed to the
following three factors: i) biological differences in the selected plants, ii)
differences in treating U concentrations, and iii) different environmental
conditions. In addition, organic acids also are against metal tolerance of
plants by forming complexes with metals (Sytar et al., 2013). To date,
numerous reports have described the formation of organic acid-U
complexes for enhancing U accumulation in plants (Qi et al., 2014; Hu
et al., 2019; Sha et al., 2019; Ren et al., 2019; Wu et al., 2020). Thus, U
ions form a bond with organic acid groups, improving plant resistance to
U toxicity (Lai et al., 2020a). Regretfully, it is less investigated on the
roles of organic acids in U detoxification and tolerance in plants.

7. Bioremediation strategies

Bioremediation is a process using biological metabolism to reverse
environmental pollution and protect human health (Chen et al., 2021a).
For U-contaminated soils, bioremediation strategies mainly involve
phytoremediation and microbial remediation (Fig. 5). Phytoremediation
is the use of plants to remove or to stabilize U in contaminated sites,
while microbial remediation is the reduction of soluble U(VI) to insol-
uble U(IV) or the adsorption of U ions by microorganisms (Malaviya and
Singh, 2012; Lakaniemi et al., 2019; Yan et al., 2021).

7.1. Phytoremediation

Phytoremediation in U-contaminated soils has been widely used
worldwide, as it is inexpensive, simple to operate, and eco-friendly
(Wang et al., 2020b). This process mainly occurs through phytoex-
traction and phytostabilization (Fig. 5). Phytoextraction in highly
U-contaminated refers to U uptake via plant roots and further trans-
location and accumulation in aerial parts (Pentyala and Eapen, 2020).

Phytoremediation

Microbial remediation

Fig. 5. Bioremediation strategies for U-contaminated soils. The interactions between plants, microorganisms and U ions are exploited in bioremediation strategies,
phytoremediation and microbial remediation, which can remove or stabilize U in contaminated soils.

(Adapted from Hou et al., 2020).
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Phytoextraction of U mainly involves four processes: i) bioavailable U
enter plant roots through cellular membrane; ii) little fraction of U taken
up by the roots becomes immobilized in cell wall and vacuole; iii) mo-
bile U in roots enter the xylem; iv) most U is translocated from roots to
aerial parts. And the selected plants for this medium generally possess
following characteristics: i) a rapid growth rate, ii) high biomass, iii)
strong U tolerance, iv) large amounts of U accumulation in the aerial
parts; v) easy cultivation and harvest; vi) wide geographic distribution;
and vii) repulsion to herbivores to avoid food chain contamination
(Gavrilescu et al., 2009; Li et al., 2019a). Such as an use of mustard
(Brassica juncea var. Tumida) to remediate U
(47.75 mg kg’l)—contaminated soil was assessed by (Qi et al., 2014),
finding that shoot U concentration reached up ~380 mgkg™! and
exhibiting a strong capacity to extract U from soils. Similarly,
bamboo-willow (Salix sp.) also can accumulate large amounts of U
(173.12 mg kg ™) in the aboveground parts upon treatment 25 mg kg™
U, significantly remediating U-contaminated soils (Sha et al., 2019).
Phytoextraction efficiency of U is related to the following factors; i) U
bioavailability in rhizosphere soil, ii) the expression of U transporters,
and iii) the plant biomass and growth cycle (Hu et al., 2019; Lai et al.,
2021). However, phytoextraction produces a large number of biomass
containing high amounts of U, which limits its wide application. To
minimize secondary pollution, several treatment methods of U enriched
biomass, such as biodegradation, incineration, and compression landfill
(Jing et al., 2020). In addition, some assistive measures have been used
to improve the efficiency of U phytoextraction through applying
chelating agents (Hu et al., 2021), plant growth-promoting bacteria (Qi
et al., 2019), plant growth regulators (Chen et al., 2021b), and inter-
cropping with various plants (Chen et al., 2018).

Phytostabilization involves the use of plants to take up or immobilize
high contaminant levels in the soil (Bolan et al., 2014). The objective of
this technique is to reduce the mobility and bioavailability of metal
contaminants in soil-plant system, thereby restricting its entry into the
food chain (Bolan et al., 2014; Ashraf et al., 2019). Low-accumulator
plants are curial to U phytostabilization, as they absorb and accumu-
late high U levels in the roots via not only root uptake, but also
adsorption onto the root surface (Gavrilescu et al., 2009). In phytosta-
bilization, the ideal characteristics of U low-accumulators are: i) to
possess large production of root biomass, ii) greater ability to stagnate U
in the roots, and iii) able to tolerate elevated levels of U (Favas et al.,
2019; Wetle et al., 2020). Broad bean (Vicia faba L.) has been considered
as an excellent U low-accumulator, as it exhibits the ability of high root
accumulation and low translocation (Liu et al. 2020; Lai et al., 2020a;
Chen et al., 2020c). Broad bean has a well-developed root system with
strong U tolerance, so it may acquire U from contaminated site and
accumulate U in cell wall of the root (Malaviya and Singh, 2012; Lai
et al., 2020a). For most plant species, U mainly accumulates in root
systems via binding U ions by root cell wall, decreasing U bioavailability
in soil-plant systems, as discussed above in this review. Once plant re-
turn into soil over its decomposition, soil organic matter also sequesters
U and renders it largely unavailable for plant uptake and translocation,
facilitating U phytostabilization in the soil-plant system (Gavrilescu
et al., 2009). In this regard, despite that biochar amendment immobi-
lizes heavy metals in contaminated soils while improving soil quality
and significantly reduces plant uptake and translocation of metal con-
taminants (El-Naggar et al., 2020; Palansooriya et al., 2020), regretfully,
it is currently limited on the studies of U phytostabilization by applying
biochar materials.

7.2. Microbial remediation

Among all various remediation strategies, microbial remediation
technology has been considered as a promising approach (Yin et al.,
2019; Zhang et al., 2019b). The benefits of microbial U remediation are
the following aspects: i) U is immobilized in situ without above-ground
exposure; ii) non-native microorganisms are not required; and iii) the
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remediation processes are low cost, high efficiency, and excellent sta-
bility (Banala et al., 2020). Microorganisms have the ability to adsorb,
precipitate, and redistribute U using their enzymatic processes or
through cell surface components, thereby decreasing the concentration
of bioavailable U in the environment (Newsome et al., 2014; Selvakumar
et al., 2018; Lakaniemi et al., 2019). To date, a wide range of microor-
ganisms have been identified from contaminated sites that can remove
or immobilize the U(VI) (Kolhe et al., 2020b; Pinel-Cabello et al., 2021;
Banala et al., 2021). Indeed, the potential mechanisms on U-microbe
interactions include bioreduction and biosorption (Lakaniemi et al.,
2019; Zhang et al., 2020b).

Bioreduction process of U(VI) to U(IV), makes insoluble U precipitate
and sequester it from contaminated site (Shukla et al., 2020; Loreggian
et al., 2020). Currently, many studies have reported the reduction of
soluble U(VI) to insoluble U(IV) using microorganisms such as
iron-reducing bacteria (i.e., Geobacter (G.) metallireducens GS-15 and
Shewanella (S.) oneidensis) (Lovley et al., 1991), sulfate-reducing bac-
teria (i.e., Desulfovibrio (D.) desulfuricans) (Lovley et al., 1992), and
indigenous bacterial community (i.e., Desulfovibrio sp. and Geobacter sp.)
(Maleke et al., 2015). In particular, Lakaniemi et al. (2019) found a U
(VI) removal efficiency of more than 99% within 37 h in a packed-bed
bioreactor containing Desulfovibrio and Desulfuricans. Generally, the
reduction of U(VI) to U(IV) needs two electrons. Nevertheless, recent
studies indicated that a single electron reduction system was the most
likely mechanism of reduction (Banala et al., 2020). This mechanism
was resulted from that after adding G. sulfurreducens, U(VI) initially
diminished to U(V) via one electron and then to U(IV) via dispropor-
tionation (Banala et al., 2020). Furthermore, adding low concentrations
of electron donors, particularly acetate, into the surface soil, increase the
activity of U-reducing microorganisms, promoting the removal of solu-
ble U(VI) from contaminated sites (Selvakumar et al., 2018). For
instance, Anderson et al. (2013) found that adding acetate as an electron
donor in U-contaminated sites resulted in the growth of Geobacter sp. to
reduce U(VI). Microorganisms are able to absorb U because of their cell
surface containing specific functional groups including hydroxyl,
carbonyl, amine, and phosphoryl (Wang et al., 2019¢c; Zhang et al.,
2020b; Gong et al., 2021). Recently, Kolhe et al. (2020a) reported an
excellent sorption capacity of marine yeast Yarrowia lipolytica for uranyl
removal, showing a biphasic uranium binding pattern with a maximum
loading capacity of 37.5 mg U g™' dry weight of cells. In addition, the
bioreduction and biosorption of U are also substantially affected by
various factors (e.g., temperature, soil pH, SOM, and U chemical
speciation), as these factors and their effects are important when
designing efficient microbial remediation strategies (Beazley et al.,
2011; Li and Zhang, 2012; Lakaniemi et al., 2019; Banala et al., 2020).
However, the specific mechanisms still require further investigation to
enhance the U remediation efficiency.

8. Concluding remarks and future perspectives

With its resource global use and further being returned into terres-
trial environment, U pollution constantly increases in soils, leading to its
toxic effects on plants, microbes and animals. This review highlights U
source, speciation, toxicity and detoxification in the soil-plant systems,
as well as possible bioremediation strategies. Uranium mainly exists as a
form of U(VI) in soil, being much more stable than other chemical va-
lences of U such as U(IV) and U(III). Generally, U speciation easily in-
fluences its mobility, bioavailability, phyto-uptake and toxicity. Soil
chemical properties (e.g., Ep, soil pH, and SOM contents) and microbial
activity further govern U speciation and behavior in soil-plant system.
Plant roots absorb U as a form of UO3" and [UO,0H] ™. Yet, U soil-plant
transfer depends not only on U bioavailability, but also on the related
transporter proteins in soil-plant system. It mainly accumulates in roots,
while only few is translocated to shoot tissues. Potential U hyper-
accumulators, however, transfer high levels of U to aerial parts.

Once being exposed to a certain level, U adversely affects plant
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physiological and genetic processes, such as plant seed germination,
growth, photosynthesis, nutrient uptake and genotoxicity. Its accumu-
lation also induces overgeneration of ROS in plants, further resulting in
lipid peroxidation and even cell apoptosis. To mitigate U-induced
toxicity, plants have evolved various defense strategies such as antiox-
idant enzyme systems, compartmentalization and phytochelatins. In
addition, bioremediation technologies (i.e., phytoremediation and mi-
crobial remediation) are promising approaches to decontaminate U
contaminated soils, owing to their low-cost, environmental friendliness,
and ability to be applied over large areas.

Based on the published data, especially from 2018 to 2021, the
coming research gaps need to be further explored as the below six
points. First, U speciation and bioavailability in soil-plant systems are
affected by multiple factors including temperature, Ep, soil pH, and
SOM. Yet, their coupling interactions among these factors are still
limited. Second, biochar is characterized by a high surface area, surface
charge, functional groups such as carboxyl and carbonyl or hydroxyl and
etc. These properties increase interactions with soil minerals, OC, pH,
nutrients, and contaminants. Biochar induced interactions may variably
affect the bioavailability and mobility of U in soils. Yet, it is less inves-
tigated on the effect of biochar on the geochemical U behavior in soil,
and its uptake and translocation in the soil-plant system. Third, U
accumulation in plant substantially differs with its species. Yet, it is still
not clear on the mechanisms of U uptake and translocation at the mo-
lecular level, especially its transporter genes expression in plant cells.
Fourth, unlike other heavy metals, it is not yet well defined regarding
the concentration threshold in plant shoots with U hyperaccumulators.
Currently, there are only few plant species being identified to hyper-
accumulate U in their shoot tissues, so it still needs more works to focus
on identification of potential U hyperaccumulators. Fifth, it also needs
more exhaustive research to improve knowledge referring U detoxifi-
cation and tolerance strategies. Meanwhile, the threshold lethal quantity
of U based on its chemical speciation and exposure duration should be
further deeply explored. Sixth, future studies should pay more attentions
on the combined application of U low accumulators and microbial in-
oculants to enhance their remediation efficiency in U contaminated
soils.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was financially supported by the Key R & D Program of
Gansu Province, China (17YF1INAO065); the Gansu Special Project for
Guiding Innovation and Development of Science and Technology, China
(20187X-09); Z. Li is supported by Fonds National de la Recherche
Scientifique’ and Chargé de recherches of Belgium.

References

Abdel-Rahman, M., Rezk, M.M., Kader, S.A., 2017. The role of cardamom on the
hazardous effects of depleted uranium in cerebellum and midbrain of albino rats.
Toxicol. Environ. Health Sci. 9, 64-73.

Ahsan, M.T., Najam-ul-haq, M., Idrees, M., Ullah, 1., Afzal, M., 2017. Bacterial
endophytes enhance phytostabilization in soils contaminated with uranium and
lead. Int. J. Phytorem. 19, 937-946.

Aicha, B., Abdelhakim, R.Y.H., Tayeb, N., Nacer, F., Lazreg, B., Hanane, H., Elhouda, N.
N., 2019. Effect of uranium on seed germination of Cleome amblyocarpa Barr. &
Murb. Plant Arch. 19, 3805-3810.

Alsabbagh, A.H., Abuqudaira, T.M., 2017. Phytoremediation of Jordanian uranium-rich
soil using sunflower. Water Air Soil Pollut. 228, 219.

Anderson, R.T., Vrionis, H.A., Ortiz-Bernad, I., Resch, C.T., Long, P.E., Dayvault, R.,
Karp, K., Marutzky, S., Metzler, D.R., Peacock, A., White, D.C., 2013. Stimulating the
in situ activity of Geobacter species to remove uranium from the groundwater of a
uranium contaminated aquifer. Appl. Environ. Microbiol. 69, 5884-5891.

16

Journal of Hazardous Materials 413 (2021) 125319

Anjum, N.A,, Sharma, P., Gill, S.S., Hasanuzzaman, M., Khan, E.A., Kachhap, K.,
Mohamed, A.A., Thangavel, P., Devi, G.D., Vasudhevan, P., Sofo, A., Khan, N.A.,
Misra, A.N., Lukatkin, A.S., Singh, H.P., Pereira, E., Sofo, A., 2016. Catalase and
ascorbate peroxidase-representative HoO,-detoxifying heme enzymes in plants.
Environ. Sci. Pollut. Res. 23, 19002-19029.

Antunes, S.C., Castro, B.B., Pereira, R., Gongalves, F., 2008. Contribution for tier 1 of the
ecological risk assessment of Cunha Baixa uranium mine (Central Portugal): II. Soil
ecotoxicological screening. Sci. Total Environ. 390, 387-395.

Aranjuelo, 1., Doustaly, F., Cela, J., Porcel, R., Muller, M., Aroca, R., Munne-Bosch, S.,
Bourguignon, J., 2014. Glutathione and transpiration as key factors conditioning
oxidative stress in Arabidopsis thaliana exposed to uranium. Planta 239, 817-830.

Ashraf, S., Ali, Q., Zahir, Z.A., Ashraf, S., Asghar, H.N., 2019. Phytoremediation:
environmentally sustainable way for reclamation of heavy metal polluted soils.
Ecotoxicol. Environ. Saf. 174, 714-727.

Awad, H.A., Zakaly, H.M., Nastavkin, A.V., El Tohamy, A.M., El-Taher, A., 2021.
Radioactive mineralizations on granitic rocks and silica veins on shear zone of El-
Missikat area, Central Eastern Desert, Egypt. Appl. Radiat. Isot. 168, 109493.

Bader, M., Miiller, K., Foerstendorf, H., Schmidt, M., Simmons, K., Swanson, J.S.,
Reed, D.T., Stumpf, T., Cherkouk, A., 2018. Comparative analysis of uranium
bioassociation with halophilic bacteria and archaea. PLoS One 13, e0190953.

Baker, M.R., Coutelot, F.M., Seaman, J.C., 2019. Phosphate amendments for chemical
immobilization of uranium in contaminated soil. Environ. Int. 129, 565-572.

Banala, U.K., Das, N.P.L., Toleti, S.R., 2020. Microbial interactions with uranium:
towards an effective bioremediation approach. Environ. Technol. Innov., 101254
https://doi.org/10.1016/j.eti.2020.101254.

Banala, U.K., Das, N.P.L,, Toleti, S.R., 2021. Uranium sequestration abilities of Bacillus
bacterium isolated from an alkaline mining region. J. Hazard. Mater. 411, 125053.

Baumann, N., Arnold, T., Haferburg, G., 2014. Uranium contents in plants and
mushrooms grown on a uranium-contaminated site near Ronneburg in Eastern
Thuringia/Germany. Environ. Sci. Pollut. Res. 21, 6921-6929.

Beazley, M.J., Martinez, R.J., Webb, S.M., Sobecky, P.A., Taillefert, M., 2011. The effect
of pH and natural microbial phosphatase activity on the speciation of uranium in
subsurface soils. Geochim. Cosmochim. Acta 75, 5648-5663.

Bern, C.R., Walton-Day, K., Naftz, D.L., 2019. Improved enrichment factor calculations
through principal component analysis: Examples from soils near breccia pipe
uranium mines, Arizona, USA. Environ. Pollut. 248, 90-100.

Berni, R., Luyckx, M., Xu, X., Legay, S., Sergeant, K., Hausman, J.F., Lutts, S., Cai, G.,
Guerriero, G., 2019. Reactive oxygen species and heavy metal stress in plants:
impact on the cell wall and secondary metabolism. Environ. Exp. Bot. 161, 98-106.

Berthet, S., Villiers, F., Alban, C., Serre, N.B., Martin-Laffon, J., Figuet, S., Boisson, A.M.,
Bligny, R., Kuntz, M., Finazzi, G., Ravanel, S., Ravanel, S., 2018. Arabidopsis thaliana
plants challenged with uranium reveal new insights into iron and phosphate
homeostasis. N. Phytol. 217, 657-670.

Bigalke, M., Ulrich, A., Rehmus, A., Keller, A., 2017. Accumulation of cadmium and
uranium in arable soils in Switzerland. Environ. Pollut. 221, 85-93.

Bigalke, M., Schwab, L., Rehmus, A., Tondo, P., Flisch, M., 2018. Uranium in agricultural
soils and drinking water wells on the Swiss Plateau. Environ. Pollut. 233, 943-951.

Boghi, A., Roose, T., Kirk, G.J.D., 2018. A model of uranium uptake by plant roots
allowing for root-induced changes in the soil. Environ. Sci. Technol. 52, 3536-3545.

Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park, J., Makino, T.,
Kirkham, M.B., Scheckel, K., 2014. Remediation of heavy metal(loid)s contaminated
soils—to mobilize or to immobilize? J. Hazard. Mater. 266, 141-166.

Bone, S.E., Dynes, J.J., Cliff, J., Bargar, J.R., 2017. Uranium(IV) adsorption by natural
organic matter in anoxic sediments. Proc. Natl. Acad. Sci. USA 114, 711-716.
Bone, S.E., Cliff, J., Weaver, K., Takacs, C.J., Roycroft, S., Fendorf, S., Bargar, J.R., 2020.
Complexation by organic matter controls uranium mobility in anoxic sediments.

Environ. Sci. Technol. 54, 1493-1502.

de Boulois, H.D., Joner, E.J., Leyval, C., Jakobsen, I., Chen, B.D., Roos, P., Thiry, Y.,
Rufyikiri, G., Delvaux, B., Declerck, S., 2008. Impact of arbuscular mycorrhizal fungi
on uranium accumulation by plants. J. Environ. Radioact. 99, 775-784.

Butler, A.D., Wynter, M., Medina, V.F., Bednar, A.J., 2016. Depleted uranium toxicity,
accumulation, and uptake in Cynodon dactylon (Bermuda) and Aristida purpurea
(purple Threeawn). Bull. Environ. Contam. Toxicol. 96, 714-719.

Cabral Pinto, M.M.S., Ferreira da Silva, E.A., Silva, M.M.V.G., Dinis, P.A., 2014.
Estimated background values maps of uranium in santiago island topsoil and stream
sediments. Procedia Earth Planet. Sci. 8, 23-27.

Carling, G.T., Rupper, S.B., Fernandez, D.P., Tingey, D.G., Harrison, C.B., 2017. Effect of
atmospheric deposition and weathering on trace element concentrations in glacial
meltwater at Grand Teton National Park, Wyoming, USA. Arct. Antarct. Alp. Res. 49,
427-440.

Cason, E.D., Piater, L.A., van Heerden, E., 2012. Reduction of U (VI) by the deep
subsurface bacterium, Thermus scotoductus SA-01, and the involvement of the ABC
transporter protein. Chemosphere 86, 572-577.

Chao, Z., Yin-hua, S., De-xin, D., Guang-yue, L., Yue-ting, C., Nan, H., Hui, Z., Zhong-
ran, D., Feng, L., Jing, S., Yong-dong, W., 2019. Aspergillus niger changes the
chemical form of uranium to decrease its biotoxicity, restricts its movement in plant
and increase the growth of Syngonium podophyllum. Chemosphere 224, 316-323.

Chen, L., Wang, D., Long, C., Cui, Z.X., 2019. Effect of biodegradable chelators on
induced phytoextraction of uranium-and cadmium-contaminated soil by Zebrina
pendula Schnizl. Sci. Rep. 9, 19817.

Chen, L., Long, C., Wang, D., Yang, J., 2020a. Phytoremediation of cadmium (Cd) and
uranium (U) contaminated soils by Brassica juncea L. enhanced with exogenous
application of plant growth regulators. Chemosphere 242, 125112.

Chen, L., Yang, J.Y., Wang, D., 2020b. Phytoremediation of uranium and cadmium
contaminated soils by sunflower (Helianthus annuus L.) enhanced with biodegradable
chelating agents. J. Clean. Prod. 263, 121491.


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref1
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref1
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref1
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref2
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref2
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref2
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref3
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref3
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref3
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref4
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref4
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref5
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref5
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref5
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref5
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref6
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref6
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref6
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref6
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref6
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref7
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref7
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref7
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref8
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref8
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref8
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref9
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref9
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref9
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref10
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref10
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref10
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref11
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref11
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref11
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref12
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref12
https://doi.org/10.1016/j.eti.2020.101254
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref14
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref14
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref15
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref15
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref15
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref16
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref16
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref16
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref17
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref17
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref17
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref18
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref18
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref18
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref19
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref19
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref19
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref19
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref20
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref20
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref21
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref21
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref22
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref22
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref23
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref23
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref23
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref24
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref24
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref25
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref25
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref25
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref26
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref26
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref26
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref27
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref27
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref27
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref28
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref28
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref28
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref29
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref29
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref29
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref29
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref30
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref30
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref30
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref31
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref31
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref31
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref31
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref32
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref32
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref32
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref33
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref33
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref33
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref34
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref34
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref34

L. Chen et al.

Chen, L., Hu, W.F., Long, C., Wang, D., 2021b. Exogenous plant growth regulator
alleviate the adverse effects of U and Cd stress in sunflower (Helianthus annuus L.)
and improve the efficacy of U and Cd remediation. Chemosphere 262, 127809.

Chen, L., Liu, J.R., Gao, J., Hu, W.F., Yang, J.Y., 2021a. Vanadium in Soil-Plant System:
Source, Fate, Toxicity, and Bioremediation. J. Hazard. Mater. 405, 124200.

Chen, W., Hu, N., Chen, K., Chen, S., Ding, D., 2018. Phytoremediation of uranium
contaminated soil by Macleaya cordata and Salicaceae in intercropping pattern. At.
Energy Sci. Technol. 52, 1748-1755.

Chen, X., Tang, Y., Zhou, L., Chen, M., Wang, D., 2012. Accumulation and distribution of
uranium in wheat seedling and the effects of uranium on the photosystem activities.
Acta Bot. Bor. Sin. 32, 2457-2463.

Chen, X., Wu, G., Ma, Q., Lai, J., Luo, X., Ji, X., 2020c. Cytotoxic and genotoxic
evaluation and the toxicological mechanism of uranium in Vicia faba root. Environ.
Exp. Bot. 179, 104227.

Chi, Z., Hong, B., Tan, S., Wy, Y., Li, H,, Lu, C.H., Li, W., 2020. Impact Assessment of
heavy metal cations to the characteristics of photosynthetic phycocyanin. J. Hazard.
Mater. 391, 122225.

Coelho, E., Reis, T.A., Cotrim, M., Mullan, T.K., Correéa, B., 2020. Resistant fungi isolated
from contaminated uranium mine in Brazil shows a high capacity to uptake uranium
from water. Chemosphere 248, 126068.

Crawford, S.E., Lofts, S., Liber, K., 2017. The role of sediment properties and solution pH
in the adsorption of uranium (VI) to freshwater sediments. Environ. Pollut. 220,
873-881.

Croteau, M.N., Fuller, C.C., Cain, D.J., Campbell, K.M., Aiken, G., 2016. Biogeochemical
controls of uranium bioavailability from the dissolved phase in natural freshwaters.
Environ. Sci. Technol. 50, 8120-8127.

Cumberland, S.A., Douglas, G., Grice, K., Moreau, J.W., 2016. Uranium mobility in
organic matter-rich sediments: a review of geological and geochemical processes.
Earth Sci. Rev. 159, 160-185.

da Conceicao, F.T., Bonotto, D.M., 2017. Anthropogenic influences on the uranium
concentration in waters of the corumbatai river basin (SP), Brazil. Rev. Bras. Geofis.
30, 555-557.

Davies, H.S., Cox, F., Robinson, C.H., Pittman, J.K., 2015. Radioactivity and the
environment: technical approaches to understand the role of arbuscular mycorrhizal
plants in radionuclide bioaccumulation. Front. Plant Sci. 6 (580).

Dinocourt, C., Legrand, M., Dublineau, I., Lestaevel, P., 2015. The neurotoxicology of
uranium. Toxicology 337, 58-71.

Dlamini, T.C., Tshivhase, V.M., Maleka, P., Penabei, S., Mashaba, M., 2019. The effect of
uranium speciation on the removal of gross alpha activity from acid mine drainage
using anion exchange resin. J. Radioanal. Nucl. Chem. 319, 357-363.

Doustaly, F., Combes, F., Fiévet, J.B., Berthet, S., Hugouvieux, V., Bastien, O.,
Aranjuelo, I., Leonhardt, N., Rivasseau, C., Carriere, M., Vavasseur, A., Renou, J.P.,
Vandenbrouck, Y., Vavasseur, A., 2014. Uranium perturbs signaling and iron uptake
response in Arabidopsis thaliana roots. Metallomics 6, 809-821.

Du, L., Feng, X., Huang, Z., Liu, B., Jin, Y., Fang, Z., Zhang, D., Liu, N., Wang, R.B.,
Xia, C., 2016. The effect of U speciation in cultivation solution on the uptake of U by
variant Sedum alfredii. Environ. Sci. Pollut. Res. 23, 9964-9971.

Dubey, S., Shri, M., Gupta, A., Rani, V., Chakrabarty, D., 2018. Toxicity and
detoxification of heavy metals during plant growth and metabolism. Environ. Chem.
Lett. 16, 1169-1192.

Dublet, G., Pacheco, J.L., Bargar, J.R., Fendorf, S., Kumar, N., Lowry, G.V., Brown Jr, G.
E., 2017. Partitioning of uranyl between ferrihydrite and humic substances at acidic
and circum-neutral pH. Geochim. Cosmochim. Acta 215, 122-140.

Dupré de Boulois, H., Joner, E.J., Leyval, C., Jakobsen, 1., Chen, B.D., Roos, P., Thiry, Y.,
Rufyikiri, G., Delvaux, B., Declerck, S., 2008. Impact of arbuscular mycorrhizal fungi
on uranium accumulation by plants. J. Environ. Radioact. 99, 775-784.

Duquene, L., Vandenhove, H., Tack, F., Van der Avoort, E., Van Hees, M., Wannijn, J.,
2006. Plant-induced changes in soil chemistry do not explain differences in uranium
transfer. J. Environ. Radioact. 90, 1-14.

Duquene, L., Vandenhove, H., Tack, F., Van Hees, M., Wannijn, J., 2010. Diffusive
gradient in thin FILMS (DGT) compared with soil solution and labile uranium
fraction for predicting uranium bioavailability to ryegrass. J. Environ. Radioact. 101,
140-147.

Echevarria, G., Sheppard, M.I., Morel, J., 2001. Effect of pH on the sorption of uranium
in soils. J. Environ. Radioact. 53, 257-264.

Edayilam, N., Ferguson, B.O., Montgomery, D.A., Mamun, A.A., Martinez, N., Powell, B.
A., Tharayil, N., 2020. Dissolution and vertical transport of uranium from stable
mineral forms by plants as influenced by the co-occurrence of uranium with
phosphorus. Environ. Sci. Technol. 54, 6602-6609.

El Hayek, E., Torres, C., Rodriguez-Freire, L., Blake, J.M., De Vore, C.L., Brearley, A.J.,
Spilde, M.N., Cabaniss, S., Ali, A., Cerrato, J.M., 2018. Effect of calcium on the
bioavailability of dissolved uranium (VI) in plant roots under circumneutral pH.
Environ. Sci. Technol. 52, 13089-13098.

El-Naggar, A., Lee, M.H., Hur, J., Lee, Y.H., Igalavithana, A.D., Shaheen, S.M., Ryu, C.,
Rinklebe, J., Tsang, D.C.W., Ok, Y.S., 2020. Biochar-induced metal immobilization
and soil biogeochemical process: an integrated mechanistic approach. Sci. Total
Environ. 698, 134112.

Estes, S.L., Powell, B.A., 2020. Enthalpy of uranium adsorption onto hematite. Environ.
Sci. Technol. 54, 15004-15012.

Farid, M., Ali, S., Zubair, M., Saeed, R., Rizwan, M., Sallah-Ud-Din, R., Azam, A.,
Ashraf, R., Ashraf, W., 2018. Glutamic acid assisted phyto-management of silver-
contaminated soils through sunflower; physiological and biochemical response.
Environ. Sci. Pollut. Res. 25, 25390-25400.

Farooq, M.A., Niazi, A.K., Akhtar, J., Farooq, M., Souri, Z., Karimi, N., Rengel, Z., 2019.
Acquiring control: the evolution of ROS-Induced oxidative stress and redox signaling
pathways in plant stress responses. Plant Physiol. Biochem. 141, 353-369.

17

Journal of Hazardous Materials 413 (2021) 125319

Favas, P.J., Pratas, J., Varun, M., D’Souza, R., Paul, M.S., 2014. Accumulation of
uranium by aquatic plants in field conditions: prospects for phytoremediation. Sci.
Total Environ. 470, 993-1002.

Favas, P.J., Pratas, J., Paul, M.S., Prasad, M.N.V., 2019. Remediation of Uranium-
Contaminated Sites by Phytoremediation and Natural Attenuation.
Phytomanagement of Polluted Sites. Elsevier, pp. 277-300.

Favas, P.J.C., Pratas, J., Mitra, S., Sarkar, S.K., Venkatachalam, P., 2016.
Biogeochemistry of uranium in the soil-plant and water-plant systems in an old
uranium mine. Sci. Total Environ. 568, 350-368.

Feng, A.H., Wang, W.M., Li, G.J., Guo, L.B., Zhang, X.Z., Cui, Y.T., 2017. Research
progress on Muts protein family in plant base mismatch repair system. China Rice
23, 5-11.

Fischer, S., Kuhnlenz, T., Thieme, M., Schmidt, H., Clemens, S., 2014. Analysis of plant
Pb tolerance at realistic submicromolar concentrations demonstrates the role of
phytochelatin synthesis for Pb detoxification. Environ. Sci. Technol. 48, 7552-7559.

Fu, H,, Ding, D., Sui, Y., Zhang, H., Hu, N., Li, F., Dai, Z,, Li, G., Ye, Y., Wang, Y., 2019.
Transport of uranium (VI) in red soil in South China: influence of initial pH and
carbonate concentration. Environ. Sci. Pollut. Res. 26, 37125-37136.

Gagnaire, B., Cavalie, 1., Camilleri, V., Adam-Guillermin, C., 2013. Effects of depleted
uranium on oxidative stress, detoxification, and defence parameters of zebrafish
Danio rerio. Arch. Environ. Contam. Toxicol. 64, 140-150.

Gao, N., Huang, Z., Liu, H., Hou, J., Liu, X., 2019. Advances on the toxicity of uranium to
different organisms. Chemosphere 237, 124548.

Gaonkar, T., Bhosle, S., 2013. Effect of metals on a siderophore producing bacterial
isolate and its implications on microbial assisted bioremediation of metal
contaminated soils. Chemosphere 93, 1835-1843.

Gavrilescu, M., Pavel, L.V., Cretescu, 1., 2009. Characterization and remediation of soils
contaminated with uranium. J. Hazard. Mater. 163, 475-510.

Ge, J., Wang, H., Lin, J., Tian, S., Zhao, J., Lin, X., Lu, L., 2020. Nickel tolerance,
translocation and accumulation in a Cd/Zn co-hyperaccumulator plant Sedum
alfredii. J. Hazard. Mater. 398, 123074.

Gill, S.S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909-930.

Gil-Pacheco, E., Sudrez-Navarro, J.A., Fernandez-Salegui, A.B., Sanchez-Gonzélez, S.M.,
Suarez-Navarro, M.J., Garcia-Sanchez, A., 2021. Factors that influence the
absorption of uranium by indigenous plants on the spoil tip of an abandoned mine in
western Spain. Sci. Total Environ. 759, 143571.

Gongalves, S.F., Davies, S.K., Bennett, M., Raab, A., Feldmann, J., Kille, P., Loureiro, S.,
Spurgeon, D.J., Bundy, J.G., 2016. Sub-lethal cadmium exposure increases
phytochelatin concentrations in the aquatic snail Lymnaea stagnalis. Sci. Total
Environ. 568, 1054-1058.

Gong, H,, Lin, X, Xie, Y., Liu, L., Zhou, J., Liao, H., Shang, R., Luo, X., 2021. A novel self-
crosslinked gel microspheres of Premna microphylla turcz leaves for the absorption of
uranium. J. Hazard. Mater. 404, 124151.

Gopal Paithankar, J., Sandu Ghodke, T., Patil, R.K., 2021. Insight into the evolutionary
profile of radio-resistance among insects having intrinsically evolved defence against
radiation toxicity. Int. J. Radiat. Biol. 1-21. https://doi.org/10.1080/
09553002.2020.1859153.

Gudkov, S.V., Chernikov, A.V., Bruskov, V.I., 2016. Chemical and radiological toxicity of
uranium compounds. Russ. J. Gen. Chem. 86, 1531-1538.

Gupta, D.K., Vukovi¢, A., Semenishchev, V.S., Inouhe, M., Walther, C., 2020. Uranium
accumulation and its phytotoxicity symptoms in Pisum sativum L. Environ. Sci.
Pollut. Res. 27, 3513-3522.

Hedges, M.M., 2008. Uranium exploration and production: a review of innovation. Appl.
Earth Sci. 117, 51-54.

Henner, P., Bredoire, F., Tailliez, A., Coppin, F., Pierrisnard, S., Camilleri, V., Keller, C.,
2018. Influence of root exudation of white lupine (Lupinus albus L.) on uranium
phytoavailability in a naturally uranium-rich soil. J. Environ. Radioact. 190, 39-50.

Hill, D.J., 2008. Nuclear energy for the future. Nat. Mater. 7, 680-682.

Horemans, N., Van Hees, M., Van Hoeck, A., Saenen, E., De Meutter, T., Nauts, R.,
Blust, R., Vandenhove, H., 2015. Uranium and cadmium provoke different oxidative
stress responses in Lemna minor L. Plant Biol. 17, 91-100.

Hou, D., Wang, K., Liu, T., Wang, H., Lin, Z., Qian, J., Lu, L.L., Tian, S., 2017. Unique
rhizosphere micro-characteristics facilitate phytoextraction of multiple metals in soil
by the hyperaccumulating plant Sedum alfredii. Environ. Sci. Technol. 51,
5675-5684.

Hou, D., O’Connor, D., Igalavithana, A.D., Alessi, D.S., Luo, J., Tsang, D.C., Sparks, D.L.,
Yamauchi, Y., Rinklebe, J., Ok, Y.S., 2020. Metal contamination and bioremediation
of agricultural soils for food safety and sustainability. Nat. Rev. Earth Environ. 1,
366-381.

Hou, J., Wang, C., Zhou, Y., Li, S., Hayat, T., Alsaedi, A., Wang, X., 2018. Effects of
uranium stress on physiological and biochemical characteristics in seedlings of six
common edible vegetables. J. Radioanal. Nucl. Chem. 316, 1001-1010.

Hu, N, Lang, T., Ding, D., Hu, J., Li, C., Zhang, H., Li, G., 2019. Enhancement of repeated
applications of chelates on phytoremediation of uranium contaminated soil by
Macleaya cordata. J. Environ. Radioact. 199, 58-65.

Hu, N., Zhu, R., Cheng, H., Tan, G., Dong, X., Zhang, H., Ma, J., Wang, Y., Ding, D., 2020.
Mechanism for electric field enhancing remediation of uranium and cadmium co-
contaminated soil by Macleaya cordata. China Environ. Sci. 40, 4457-4467.

Hu, N., Chen, S., Lang, T., Zhang, H., Chen, W., Li, G., Ding, D., 2021. A novel method for
determining the adequate dose of a chelating agent for phytoremediation of
radionulides contaminated soils by M. cordata. J. Environ. Radioact. 227, 106468.

Huang, Z., Tang, S., Zhang, L., Ma, L., Ding, S., Du, L., Zhang, D., Jin, Y.D., Wang, R.B.,
Huang, C., Xia, C., 2017. Interaction between U and Th on their uptake, distribution,
and toxicity in V S. alfredii based on the phytoremediation of U and Th. Environ. Sci.
Pollut. Res. 24, 2996-3005.


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref35
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref35
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref35
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref36
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref36
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref37
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref37
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref37
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref38
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref38
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref38
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref39
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref39
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref39
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref40
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref40
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref40
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref41
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref41
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref41
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref42
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref42
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref42
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref43
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref43
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref43
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref44
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref44
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref44
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref45
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref45
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref45
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref46
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref46
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref46
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref47
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref47
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref48
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref48
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref48
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref49
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref49
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref49
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref49
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref50
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref50
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref50
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref51
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref51
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref51
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref52
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref52
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref52
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref53
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref53
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref53
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref54
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref54
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref54
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref55
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref55
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref55
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref55
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref56
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref56
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref57
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref57
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref57
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref57
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref58
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref58
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref58
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref58
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref59
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref59
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref59
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref59
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref60
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref60
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref61
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref61
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref61
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref61
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref62
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref62
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref62
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref63
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref63
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref63
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref64
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref64
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref64
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref65
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref65
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref65
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref66
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref66
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref66
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref67
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref67
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref67
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref68
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref68
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref68
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref69
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref69
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref69
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref70
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref70
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref71
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref71
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref71
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref72
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref72
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref73
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref73
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref73
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref74
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref74
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref75
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref75
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref75
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref75
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref76
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref76
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref76
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref76
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref77
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref77
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref77
https://doi.org/10.1080/09553002.2020.1859153
https://doi.org/10.1080/09553002.2020.1859153
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref79
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref79
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref80
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref80
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref80
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref81
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref81
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref82
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref82
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref82
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref83
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref84
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref84
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref84
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref85
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref85
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref85
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref85
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref86
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref86
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref86
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref86
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref87
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref87
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref87
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref88
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref88
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref88
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref89
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref89
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref89
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref90
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref90
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref90
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref91
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref91
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref91
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref91

L. Chen et al.

Imran, M., Hy, S., Luo, X., Cao, Y., Samo, N., 2019. Phytoremediation through Bidens
pilosa L., a nonhazardous approach for uranium remediation of contaminated water.
Int. J. Phytoremediat. 21, 752-759.

Igbal, M., 2016. Vicia faba bioassay for environmental toxicity monitoring: a review.
Chemosphere 144, 785-802.

Izquierdo, M., Young, S.D., Bailey, E.H., Crout, N.M.J., Lofts, S., Chenery, S.R., Shaw, G.,
2020. Kinetics of uranium (VI) lability and solubility in aerobic soils. Chemosphere
258, 127246.

Jagetiya, B., Sharma, A., 2013. Optimization of chelators to enhance uranium uptake
from tailings for phytoremediation. Chemosphere 91, 692-696.

Jha, V.N., Tripathi, R.M., Sethy, N.K., Sahoo, S.K., 2016. Uptake of uranium by aquatic
plants growing in fresh water ecosystem around uranium mill tailings pond at
Jaduguda, India. Sci. Total Environ. 539, 175-184.

Jing, L., Zhang, X., Ali, I, Chen, X., Wang, L., Chen, H., Han, M., Shang, R., Wu, Y., 2020.
Usage of microbial combination degradation technology for the remediation of
uranium contaminated ryegrass. Environ. Int. 144, 106051.

Johnson, A., Singhal, N., Hashmatt, M., 2011. Metal-plant interactions: toxicity and
tolerance. Biomanagement of Metal-Contaminated Soils. Springer, Dordrecht,
pp. 29-63.

Khijniak, T.V., Slobodkin, A.L., Coker, V., Renshaw, J.C., Livens, F.R., Bonch-
Osmolovskaya, E.A., Birkeland, N.K., Medvedeva-Lyalikova, N.N., 2005. Reduction
of uranium(VI) phosphate during growth of the thermophilic bacterium
Thermoterrabacterium ferrireducens. Appl. Environ. Microbiol. 71, 6423-6426.

Kolhe, N., Zinjarde, S., Acharya, C., 2018. Responses exhibited by various microbial
groups relevant to uranium exposure. Biotechnol. Adv. 36, 1828-1846.

Kolhe, N., Zinjarde, S., Acharya, C., 2020a. Impact of uranium exposure on marine yeast,
Yarrowia lipolytica: insights into the yeast strategies to withstand uranium stress.

J. Hazard. Mater. 381, 121226.

Kolhe, N., Zinjarde, S., Acharya, C., 2020b. Removal of uranium by immobilized biomass
of a tropical marine yeast Yarrowia lipolytica. J. Environ. Radioact. 223-224,
106419.

Krzciuk, K., Gatuszka, A., 2015. Prospecting for hyperaccumulators of trace elements: a
review. Crit. Rev. Biotechnol. 35, 522-532.

Kumar, A., Usha, N., Sawant, P.D., Tripathi, R.M., Raj, S.S., Mishra, M., Rout, S.,
Supreeta, P., Singh, J., Kumar, S., Kushwaha, H.S., 2011. Risk assessment for natural
uranium in subsurface water of Punjab State, India. Hum. Ecol. Risk Assess. 17,
381-393.

Lai, J., Liu, Z., Luo, X., 2020a. A metabolomic, transcriptomic profiling, and mineral
nutrient metabolism study of the phytotoxicity mechanism of uranium. J. Hazard.
Mater. 386, 121437.

Lai, J., Deng, Z., Ji, X., Luo, X., 2020b. Absorption and interaction mechanisms of
uranium & cadmium in purple sweet potato(Ipomoea batatas L.). J. Hazard. Mater.
400, 123264.

Lai, J., Liu, Z., Li, Chen, Luo, X., 2021. Analysis of accumulation and phytotoxicity
mechanism of uranium and cadmium in two sweet potato cultivars. J. Hazard.
Mater. 409, 124997.

Lakaniemi, A.M., Douglas, G.B., Kaksonen, A.H., 2019. Engineering and kinetic aspects
of bacterial uranium reduction for the remediation of uranium contaminated
environments. J. Hazard. Mater. 371, 198-212.

Laurette, J., Larue, C., Mariet, C., Brisset, F., Khodja, H., Bourguignon, J., CarriAre, M.,
2012. Influence of uranium speciation on its accumulation and translocation in three
plant species: oilseed rape, sunflower and wheat. Environ. Exp. Bot. 77, 96-107.

Lazareva, S., Ismagilov, Z., Kuznetsov, V., Shikina, N., Kerzhentsev, M., 2019. Uranium
oxide catalysts: environmental applications for treatment of chlorinated organic
waste from nuclear industry. Environ. Technol. 40, 1881-1889.

Li, C., Wang, M., Luo, X., Liang, L., Han, X., Lin, X., 2019a. Accumulation and effects of
uranium on aquatic macrophyte Nymphaea tetragona Georgi: potential application to
phytoremediation and environmental monitoring. J. Environ. Radioact. 198, 43-49.

Li, J., Zhang, J., Larson, S.L., Ballard, J.H., Guo, K., Arslan, Z., Ma, Y., Waggoner, C.A.,
White, J.R., Han, F.X., 2019b. Electrokinetic-enhanced phytoremediation of
uranium-contaminated soil using sunflower and Indian mustard. Int. J.
Phytoremediat. 21, 1197-1204.

Li, C., Wang, M., Luo, X., 2019c. Uptake of uranium from aqueous solution by Nymphaea
tetragona Georgi: the effect of the accompanying heavy metals. Appl. Radiat. Isot.
150, 157-163.

Li, D., Seaman, J.C., Chang, H.S., Jaffe, P.R., van Groos, P.K., Jiang, D.T., Chen, N., Lin, J.
R., Arthur, Z., Pan, Y.M., Scheckel, K.G., Newville, M., Lanzirotti, A., Scheckel, K.G.,
2014. Retention and chemical speciation of uranium in an oxidized wetland
sediment from the Savannah River Site. J. Environ. Radioact. 131, 40-46.

Li, J., Zhang, Y., 2012. Remediation technology for the uranium contaminated
environment: a review. Procedia Environ. Sci. 13, 1609-1615.

Li, R, Dong, F., Yang, G., Zhang, W., Zong, M., Nie, X., Zhou, L., Babar, A., Liu, J.F,,
Ram, B.K., Fan, C.J., Zeng, Y., 2020. Characterization of arsenic and uranium
pollution surrounding a uranium mine in southwestern China and phytoremediation
potential. Pol. J. Environ. Stud. 29, 173-185.

Li, S.Y., Wei, Q.P., Xie, S.B., Liu, Y.J., Yan, Z., 2015. Study of uranium accumulation
mechanism and physiological responses of Eichhornia crassipes and Pistia stratiotes.
Adv. Mater. Res. 1073, 142-146.

Li, X., Krumholz, L.R., 2009. Thioredoxin is involved in U(VI) and Cr(VI) reduction in
Desulfovibrio desulfuricans G20. J. Bacteriol. 191, 4924-4933.

Li, X., Wu, J., Liao, J., Zhang, D., Yang, J., Feng, Y., Zeng, J.H., Wen, W., Yang, Y.Y.,
Tang, J., Liu, N., 2013. Adsorption and desorption of uranium (VI) in aerated zone
soil. J. Environ. Radioact. 115, 143-150.

Li, X., Ding, C., Liao, J., Du, L., Sun, Q., Yang, J., Yang, Y., Zhang, D., Tang, J., Liu, N.,
2017. Microbial reduction of uranium (VI) by Bacillus sp. dwc-2: a macroscopic and
spectroscopic study. J. Environ. Sci. 53, 9-15.

18

Journal of Hazardous Materials 413 (2021) 125319

Liang, L., Lin, X., Liu, Y., Sun, S., Chu, H., Chen, Y., Dong, Liu, Luo, X., Zhang, J.,
Shang, R., 2020. Carboxymethyl konjac glucomannan mechanically reinforcing
gellan gum microspheres for uranium removal. Int. J. Biol. Macromol. 145, 535-546.

Liao, H., Yu, J., Zhu, W., Kuang, M., Duan, T., Zhang, Y., Lin, X., Luo, X., Zhou, J., 2020a.
Nano-zero-valent Fe/Ni particles loaded on collagen fibers immobilized by bayberry
tannin as an effective reductant for uranyl in aqueous solutions. Appl. Surf. Sci. 507,
145075.

Liao, R., Shi, Z., Chen, Y., Wang, X., 2020b. Redox potential and uranium sorption onto
sediments: kinetic and thermodynamic characteristics. Chem. Ecol. 36, 475-485.

Lin, Z., Dong, F., Zhang, W., Tang, Z., Xiong, X., Zhou, L., Li, D., Huo, T., Chen, X., Liu, J.,
2020. Removal behavior and mechanism of uranium by Bacillus Siamensis based on
spectroscopic analysis: the role of biological phosphorus. Spectrosc. Spect. Anal. 40,
22-28.

Linnerud, K., Mideksa, T.K., Eskeland, G.S., 2011. The impact of climate change on
nuclear power supply. Energy J. 32, 149-168.

Liu, L., Huang, L., Huang, R., Lin, H., Wang, D., 2021. Immobilization of heavy metals in
biochar derived from co-pyrolysis of sewage sludge and calcium sulfate. J. Hazard.
Mater. 403, 123648.

Liu, S., Ali, S., Yang, R., Tao, J., Ren, B., 2019. A newly discovered Cd hyperaccumulator
Lantana camara L. J. Hazard. Mater. 371, 233-242.

Liu, Z., Lai, J., Li, J., Ding, F., Zhang, Y., Luo, X., 2020a. Toxic mechanism of uranium on
photosynthetic characteristics and respiratory metabolism of Vicia faba L. J. Agro-
Environ. Sci. 39, 1916-1924.

Loreggian, L., Novotny, A., Bretagne, S.L., Bartova, B., Wang, Y., Bernier-Latmani, R.,
2020. Effect of aging on the stability of microbially reduced uranium in natural
sediment. Environ. Sci. Technol. 54, 613-620.

Lovley, D.R., Phillips, E.J., 1992. Reduction of uranium by Desulfovibrio desulfuricans.
Appl. Environ. Microbiol. 58, 850-856.

Lovley, D.R., Phillips, E.J., Gorby, Y.A., Landa, E.R., 1991. Microbial reduction of
uranium. Nature 350, 413-416.

Luo, J.C., Hu, R.Z., Fayek, M., Bi, X.W., Shi, S.H., Chen, Y.W., 2017. Newly discovered
uranium mineralization at~ 2.0 Ma in the Menggongjie granite-hosted uranium
deposit, South China. J. Asian Earth Sci. 137, 241-249.

Ma, M., Wang, R., Xu, L., Xu, M., Liu, S., 2020. Emerging health risks and underlying
toxicological mechanisms of uranium contamination: lessons from the past two
decades. Environ. Int. 145, 106107.

Malaviya, P., Singh, A., 2012. Phytoremediation strategies for remediation of uranium-
contaminated environments: a review. Crit. Rev. Environ. Sci. Technol. 42,
2575-2647.

Maleke, M., Williams, P., Castillo, J., Botes, E., Ojo, A., DeFlaun, M., van Heerden, E.,
2015. Optimization of a bioremediation system of soluble uranium based on the
biostimulation of an indigenous bacterial community. Environ. Sci. Pollut. Res. 22,
8442-8450.

Maleki, M., Ghorbanpour, M., Kariman, K., 2017. Physiological and antioxidative
responses of medicinal plants exposed to heavy metals stress. Plant Gene 11,
247-254.

Manara, A., Fasani, E., Furini, A., DalCorso, G., 2020. Evolution of the metal
hyperaccumulation and hypertolerance traits. Plant Cell Environ. 43, 2969-2986.

Martin, A., Hassan-Loni, Y., Fichtner, A., Péron, O., David, K., Chardon, P., Larrue, S.,
Gourgiotis, A., Sachs, S., Arnold, T., Grambow, B., Stumpf, T., Grambow, B., 2020.
An integrated approach combining soil profile, records and tree ring analysis to
identify the origin of environmental contamination in a former uranium mine
(Rophin, France). Sci. Total Environ. 747, 141295.

Meng, F., Jin, D., Guo, K., Larson, S.L., Ballard, J.H., Chen, L., Arslan, Z., Yuan, G.D.,
White, J.R., Zhou, L.X., Ma, Y.H., Waggoner, C.A., Ma, Y., 2018. Influences of U
sources and forms on its bioaccumulation in Indian Mustard and Sunflower. Water
Air Soil Pollut. 229, 369.

Mihalik, J., Tlustos, P., Szakova, J., 2010. Comparison of willow and sunflower for
uranium phytoextraction induced by citric acid. J. Radioanal. Nucl. Chem. 285,
279-285.

Mihalik, J., Henner, P., Frelon, S., Camilleri, V., Février, L., 2012. Citrate assisted
phytoextraction of uranium by sunflowers: study of fluxes in soils and plants and
resulting intra-planta distribution of Fe and U. Environ. Exp. Bot. 77, 249-258.

Mishra, S., Kasar, S., Takamasa, A., Veerasamy, N., Sahoo, S.K., 2019. Measurement of
uranium distribution coefficient and **U/2%U ratio in soils affected by Fukushima
dai-ichi nuclear power plant accident. J. Environ. Radioact. 198, 36-42.

Misson, J., Henner, P., Morello, M., Floriani, M., Wu, T.D., Guerquin-Kern, J.L.,
Février, L., 2009. Use of phosphate to avoid uranium toxicity in Arabidopsis thaliana
leads to alterations of morphological and physiological responses regulated by
phosphate availability. Environ. Exp. Bot. 67, 353-362.

Mitchell, N., Pérez-Sanchez, D., Thorne, M.C., 2013. A review of the behaviour of U-238
series radionuclides in soils and plants. J. Radiol. Prot. 33, R17-R48.

Mkandawire, M., Vogel, K., Taubert, B., Dudel, E.G., 2007. Phosphate regulates uranium
(VD) toxicity to Lemna gibba L. G3. Environ. Toxicol. 22, 9-16.

Moll, H., Sachs, S., Geipel, G., 2020. Plant cell (Brassica napus) response to europium (III)
and uranium (VI) exposure. Environ. Sci. Pollut. Res. Int. 27, 32048-32061.

Monreal, M.J., Diaconescu, P.L., 2010. The riches of uranium. Nat. Chem. 2, 424,
424-424.

Mtimunye, P.J., Chirwa, E.M., 2014. Characterization of the biochemical-pathway of
uranium (VI) reduction in facultative anaerobic bacteria. Chemosphere 113, 22-29.

Muscatello, J.R., Liber, K., 2010. Uranium uptake and depuration in the aquatic
invertebrate Chironomus tentans. Environ. Poll. 158, 1696-1701.

Nakajima, A., Ueda, Y., 2007. Effects of hydroxyl radicals generated from the depleted
uranium-hydrogen peroxide systems. J. Radioanal. Nucl. Chem. 272, 251-255.


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref92
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref92
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref92
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref93
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref93
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref94
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref94
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref94
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref95
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref95
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref96
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref96
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref96
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref97
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref97
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref97
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref98
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref98
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref98
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref99
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref99
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref99
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref99
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref100
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref100
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref101
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref101
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref101
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref102
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref102
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref102
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref103
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref103
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref104
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref104
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref104
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref104
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref105
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref105
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref105
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref106
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref106
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref106
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref107
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref107
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref107
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref108
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref108
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref108
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref109
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref109
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref109
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref110
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref110
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref110
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref111
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref111
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref111
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref112
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref112
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref112
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref112
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref113
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref113
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref113
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref114
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref114
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref114
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref114
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref115
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref115
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref116
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref116
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref116
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref116
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref117
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref117
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref117
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref118
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref118
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref119
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref119
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref119
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref120
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref120
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref120
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref121
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref121
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref121
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref122
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref122
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref122
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref122
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref123
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref123
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref124
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref124
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref124
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref124
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref125
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref125
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref126
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref126
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref126
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref127
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref127
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref128
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref128
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref128
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref129
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref129
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref129
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref130
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref130
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref131
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref131
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref132
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref132
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref132
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref133
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref133
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref133
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref134
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref134
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref134
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref135
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref135
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref135
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref135
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref136
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref136
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref136
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref137
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref137
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref138
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref138
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref138
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref138
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref138
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref139
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref139
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref139
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref139
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref140
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref140
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref140
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref141
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref141
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref141
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref142
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref142
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref142
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref143
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref143
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref143
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref143
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref144
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref144
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref145
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref145
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref146
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref146
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref147
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref147
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref148
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref148
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref149
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref149
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref150
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref150

L. Chen et al.

Nakajima, A., Matsuda, E., Ueda, Y., 2009. Effect of catechins and tannins on hydroxyl
radical formation in depleted uranium-hydrogen peroxide systems. J. Radioanal.
Nucl. Chem. 283, 151-156.

Neiva, A.M.R., Carvalho, P.C.S., Antunes, .M.H.R., Silva, M.M.V.G., Santos, A.C.T.,
Cabral Pinto, M.M.S., Cunha, P.P., 2014. Contaminated water, stream sediments and
soils close to the abandoned Pinhal do Souto uranium mine, central Portugal.

J. Geochem. Explor. 136, 102-117.

Nevin, K.P., Finneran, K.T., Lovley, D.R., 2003. Microorganisms associated with uranium
bioremediation in a high-salinity subsurface sediment. Appl. Environ. Microbiol. 69,
3672-3675.

Newsome, L., Morris, K., Lloyd, J.R., 2014. The biogeochemistry and bioremediation of
uranium and other priority radionuclides. Chem. Geol. 363, 164-184.

Nie, X., Dong, F., Liu, N., Liu, M., Zhang, W., Sun, S., Yang, J., 2014. An investigation on
the subcellular distribution and compartmentalization of uranium in Phaseolus
vulgaris L. J. Radioanal. Nucl. Chem. 299, 1351-1357.

Nie, X., Dong, F., Liu, N., Liu, M., Zhang, D., Kang, W., Sun, S.Y., Zhang, W., Yang, J.,
2015. Subcellular distribution of uranium in the roots of Spirodela punctata and
surface interactions. Appl. Surf. Sci. 347, 122-130.

Nie, X.Q., Ding, D.X., Li, G.Y., Gao, B., Wu, Y.Q., Hu, N., Liu, Y.L., 2010a. Soil
radionuclide contamination and radionuclide accumulation characteristics of
competitive plants in a uranium tailings repository in South China. Res. Environ. Sci.
23, 719-725.

Nie, X.Q., Li, G.Y., Wu, Y.Q., Gong, X.Z., Hu, N., Ding, D.X., 2010b. Response of seed
germination and seedling growth and SOD and POD during seeds of bean and corn
germination on uranium stress. J. Agro-Environ. Sci. 29, 1057-1064.

Orellana, R., Leavitt, J.J., Comolli, L.R., Csencsits, R., Janot, N., Flanagan, K.A., Gray, A.
S., Leang, C., Izallalen, M., Mester, T., Lovley, D.R., 2013. U (VI) reduction by
diverse outer surface c-type cytochromes of Geobacter sulfurreducens. Appl. Environ.
Microbiol. 79, 6369-6374.

Ozdemir, C., EreeO, F.S., Sepet, H., Bozda, B., YetiOen, K., Oen, U.U., Cam, S., 2012.
Cytogenetic Effects of Uranium on Root Tip Cells of Fabaceae (Cicer arietinum L.,
Phaseolus vulgaris L., Vigna anguiculata L. and Phaseolus coccineus L.). Middle-East J.
Sci. Res. 11, 791-795.

Pal, R., Rai, J.P.N., 2010. Phytochelatins: peptides involved in heavy metal
detoxification. Appl. Biochem. Biotechnol. 160, 945-963.

Palansooriya, K.N., Shaheen, S.M., Chen, S.S., Tsang, D.C., Hashimoto, Y., Hou, D.,
Bolan, N.S., Rinklebe, J., Ok, Y.S., 2020. Soil amendments for immobilization of
potentially toxic elements in contaminated soils: a critical review. Environ. Int. 134,
105046.

Pan, C., Hu, N., Ding, D., Hu, J., Li, G., Wang, Y., 2015. An experimental study on the
synergistic effects between Azolla and Anabaena in removal of uranium from
solutions by Azolla—anabaena symbiotic system. J. Radioanal. Nucl. Chem. 307,
385-394.

Papanicolaou, F., Antoniou, S., Pashalidis, 1., 2010. Redox chemistry of sulphate and
uranium in a phosphogypsum tailings dump. J. Environ. Radioact. 101, 601-605.

Pentyala, V.B., Eapen, S., 2020. High efficiency phytoextraction of uranium using
Vetiveria zizanioides L. Nash. Int. J. Phytoremediat. 22, 1137-1146.

Pinel-Cabello, M., Jroundi, F., Lopez-Fernandez, M., Geffers, R., Jarek, M., Jauregui, R.,
Link, A., Vilchez-Vargas, R., Merroun, M.L., 2021. Multisystem combined uranium
resistance mechanisms and bioremediation potential of Stenotrophomonas bentonitica
BII-R7: transcriptomics and microscopic study. J. Hazard. Mater. 403, 123858.

Plant, J.A., Reeder, S., Salminen, R., Smith, D.B., Tarvainen, T., De Vivo, B., Petterson, M.
G., 2003. The distribution of uranium over Europe: geological and environmental
significance. Appl. Earth Sci. 112, 221-238.

Pradines, C., Wiktor, V., Camilleri, V., Gilbin, R., 2005. Development of biochemical
methods to estimate the subcellular impact of uranium exposure on Chlamydomonas
reinhardtii. Radioprotection 40, S163-S168.

Qi, F., Zha, Z., Du, L., Feng, X., Wang, D., Zhang, D., Fang, Z.D., Ma, L.J., Jin, Y.D.,
Xia, C., 2014. Impact of mixed low-molecular-weight organic acids on uranium
accumulation and distribution in a variant of mustard (Brassica juncea var. tumida).
J. Radioanal. Nucl. Chem. 302, 149-159.

Qi, X., Hao, X., Chen, X., Xiao, S., Chen, S., Luo, X., Wang, S., Tian, J., Wang, D., Tang, Y.,
2019. Integrated phytoremediation system for uranium-contaminated soils by
adding a plant growth promoting bacterial mixture and mowing grass. J. Soils
Sediment. 19, 1799-1808.

Qi, X., Gou, J., Chen, X., Xiao, S., Ali, I., Shang, R., Wang, D., Wu, Y., Han, M., Luo, X.,
2021. Application of mixed bacteria-loaded biochar to enhance uranium and
cadmium immobilization in a co-contaminated soil. J. Hazard. Mater. 401, 123823.

Rajabi, F., Jessat, J., Garimella, J.N., Bok, F., Steudtner, R., Stumpf, T., Sachs, S., 2021.
Uranium(VI) toxicity in tobacco BY-2 cell suspension culture-A physiological study.
Ecotoxicol. Environ. Saf. 211, 111883.

Reeves, R.D., Baker, A.J.M., Jaffré, T., Erskine, P.D., Echevarria, G., van der Ent, A.,
2018. A global database for plants that hyperaccumulate metal and metalloid trace
elements. N. Phytol. 218, 407-411.

Ren, C.G., Kong, C.C., Wang, S.X., Xie, Z.H., 2019. Enhanced phytoremediation of
uranium-contaminated soils by arbuscular mycorrhiza and rhizobium. Chemosphere
217, 773-779.

Richter, C., Miiller, K., Drobot, B., Steudtner, R., GroBmann, K., Stockmann, M.,
Brendler, V., 2016. Macroscopic and spectroscopic characterization of uranium (VI)
sorption onto orthoclase and muscovite and the influence of competing Ca®*.
Geochim. Cosmochim. Acta 189, 143-157.

Rinklebe, J., Shaheen, S.M., 2017. Redox chemistry of nickel in soils and sediments: a
review. Chemosphere 179, 265-278.

Rinklebe, J., Shaheen, S.M., El-Naggar, A., Wang, H., Du Laing, G., Alessi, D.S., Ok, Y.S.,
2020. Redox-induced mobilization of Ag, Sb, Sn, and Tl in the dissolved, colloidal

19

Journal of Hazardous Materials 413 (2021) 125319

and solid phase of a biochar-treated and un-treated mining soil. Environ. Int. 140,
105754.

Rizwan, M., Ali, S., Rizvi, H., Rinklebe, J., Tsang, D.C., Meers, E., Ok, Y.S., Ishaque, W.,
2016. Phytomanagement of heavy metals in contaminated soils using sunflower: a
review. Crit. Rev. Environ. Sci. Technol. 46, 1498-1528.

Rong, L., Xia, L., Yuan, B., Lai, X., Hu, J., Liu, Y., 2020. Effects of arbuscular mycorrhizal
fungi on the repair capacity of perennial ryegrass (Lolium perenne L.) in the uranium-
containing soils. In: IOP Conference Series: Earth and Environmental Science, 508.
IOP Publishing, p. 12118.

Rout, S., Kumar, A., Ravi, P.M., Tripathi, R.M., 2016. Understanding the solid phase
chemical fractionation of uranium in soil and effect of ageing. J. Hazard. Mater. 317,
457-465.

Rufyikiri, G., Huysmans, L., Wannijn, J., Van Hees, M., Leyval, C., Jakobsen, I., 2004.
Arbuscular mycorrhizal fungi can decrease the uptake of uranium by subterranean
clover grown at high levels of uranium in soil. Environ. Pollut. 130, 427-436.

Rufyikiri, G., Wannijn, J., Wang, L., Thiry, Y., 2006. Effects of phosphorus fertilization on
the availability and uptake of uranium and nutrients by plants grown on soil derived
from uranium mining debris. Environ. Pollut. 141, 420-427.

Sachs, S., Geipel, G., Bok, F., Oertel, J., Fahmy, K., 2017. Calorimetrically determined U
(VD) toxicity in Brassica napus correlates with oxidoreductase activity and U (VI)
speciation. Environ. Sci. Technol. 51, 10843-10849.

Saenen, E., Horemans, N., Vanhoudt, N., Vandenhove, H., Biermans, G., Van Hees, M.,
Wannijn, J., Vangronsveld, J., Cuypers, A., 2013. Effects of pH on uranium uptake
and oxidative stress responses induced in Arabidopsis thaliana. Environ. Toxicol.
Chem. 32, 2125-2133.

Saenen, E., Horemans, N., Vanhoudt, N., Vandenhove, H., Biermans, G., Van Hees, M.,
Wannijn, J., Vangronsveld, J., Cuypers, A., 2015a. Oxidative stress responses
induced by uranium exposure at low pH in leaves of Arabidopsis thaliana plants.

J. Environ. Radioact. 150, 36-43.

Saenen, E., Horemans, N., Vanhoudt, N., Vandenhove, H., Biermans, G., Van Hees, M.,
Biermans, G., Van Hees, M., Wannijn, J., Vangronsveld, J., Cuypers, A., 2015b.
Induction of oxidative stress and antioxidative mechanisms in Arabidopsis thaliana
after uranium exposure at pH 7.5. Int. J. Mol. Sci. 16, 12405-12423.

Saenen, E., Horemans, N., Vanhoudt, N., Vandenhove, H., Biermans, G., Van Hees, M.,
Wannijn, J., Vangronsveld, J., Cuypers, A., 2015c. MiRNA398b and miRNA398c are
involved in the regulation of the SOD response in uranium-exposed Arabidopsis
thaliana roots. Environ. Exp. Bot. 116, 12-19.

Sahoo, S.K., Hosoda, M., Kamagata, S., Sorimachi, A., Ishikawa, T., Tokonami, S.,
Uchida, S., 2011. Thorium, uranium and rare earth elements concentration in
weathered Japanese soil samples. Prog. Nucl. Sci. Technol. 1, 416-419.

Salome, K.R., Beazley, M.J., Webb, S.M., Sobecky, P.A., Taillefert, M., 2017.
Biomineralization of U (VI) phosphate promoted by microbially-mediated phytate
hydrolysis in contaminated soils. Geochim. Cosmochim. Acta 197, 27-42.

Sanchez-Castro, 1., Martinez-Rodriguez, P., Jroundi, F., Solari, P.L., Descostes, M.,
Merroun, M.L., 2020. High-efficient microbial immobilization of solved U (VI) by the
Stenotrophomonas strain Br8. Water Res. 183, 116110.

Santos-Francés, F., Gil Pacheco, E., Martinez-Grana, A., Alonso Rojo, P., Avila Zarza, C.,
Garcia Sanchez, A., 2018. Concentration of uranium in the soils of the west of Spain.
Environ. Pollut. 236, 1-11.

Saunders, J.A., Pivetz, B.E., Voorhies, N., Wilkin, R.T., 2016. Potential aquifer
vulnerability in regions down-gradient from uranium in situ recovery (ISR) sites.
J. Environ. Manag. 183, 67-83.

Selvakumar, R., Ramadoss, G., Menon, Mridula P., Rajendran, K., Thavamani, P.,
Naidu, Ravi, Megharaj, M., 2018. Challenges and complexities in remediation of
uranium contaminated soils: a review. J. Environ. Radioact. 192, 592-603.

Seneviratne, M., Rajakaruna, N., Rizwan, M., Madawala, H.M., Ok, Y.S., Vithanage, M.,
2019. Heavy metal-induced oxidative stress on seed germination and seedling
development: a critical review. Environ. Geochem. Health 41, 1813-1831.

Serre, N.B., Alban, C., Bourguignon, J., Ravanel, S., 2019. Uncovering the physiological
and cellular effects of uranium on the root system of Arabidopsis thaliana. Environ.
Exp. Bot. 157, 121-130.

Sha, Y., Hu, N., Wang, Y., Chen, S., Zou, C., Dai, Z., Zhang, H., Ding, D., 2019. Enhanced
phytoremediation of uranium contaminated soil by artificially constructed plant
community plots. J. Environ. Radioact. 208-209, 106036.

Shahandeh, H., Hossner, L.R., 2002. Role of soil properties in phytoaccumulation of
uranium. Water Air Soil Pollut. 141, 165-180.

Shaheen, S.M., Alessi, D.S., Tack, F.M.G., Ok, Y.S., Kim, K.H., Gustafsson, J.P., Sparks, D.
L., Rinklebe, J., 2019. Redox chemistry of vanadium in soils and sediments:
interactions with colloidal materials, mobilization, speciation, and relevant
environmental implications-A review. Adv. Colloid Interface Sci. 265, 1-13.

Sharma, S., Singh, B., Thulasidas, S.K., Kulkarni, M.J., Natarajan, V., Manchanda, V.K.,
2016a. Evaluation of terrestrial plants extracts for uranium sorption and
characterization of potent phytoconstituents. Int. J. Phytoremediat. 18, 10-15.

Sharma, S.S., Dietz, K.J., Mimura, T., 2016b. Vacuolar compartmentalization as
indispensable component of heavy metal detoxification in plants. Plant Cell Environ.
39, 1112-1126.

Sheng, L., Szymanowski, J., Fein, J.B., 2011. The effects of uranium speciation on the
rate of U (VI) reduction by Shewanella oneidensis MR-1. Geochim. Cosmochim. Acta
75, 3558-3567.

Sheoran, V., Sheoran, A.S., Poonia, P., 2010. Role of hyperaccumulators in
phytoextraction of metals from contaminated mining sites: a review. Crit. Rev.
Environ. Sci. Technol. 41, 168-214.

Sheppard, S.C., Evenden, W.G., Anderson, A.J., 1992. Multiple assays of uranium toxicity
in soil. Environ. Toxicol. Water Qual. 7, 275-294.

Shitan, N., Yazaki, K., 2020. Dynamism of vacuoles toward survival strategy in plants.
Biochim. Biophys. Acta (BBA) - Biomembr. 1862, 183127.


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref151
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref151
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref151
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref152
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref152
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref152
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref152
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref153
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref153
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref153
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref154
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref154
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref155
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref155
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref155
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref156
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref156
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref156
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref157
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref157
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref157
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref157
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref158
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref158
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref158
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref159
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref159
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref159
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref159
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref160
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref160
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref160
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref160
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref161
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref161
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref162
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref162
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref162
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref162
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref163
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref163
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref163
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref163
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref164
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref164
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref165
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref165
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref166
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref166
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref166
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref166
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref167
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref167
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref167
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref168
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref168
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref168
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref169
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref169
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref169
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref169
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref170
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref170
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref170
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref170
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref171
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref171
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref171
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref172
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref172
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref172
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref173
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref173
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref173
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref174
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref174
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref174
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref175
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref175
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref175
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref175
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref176
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref176
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref177
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref177
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref177
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref177
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref178
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref178
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref178
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref179
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref179
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref179
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref179
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref180
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref180
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref180
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref181
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref181
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref181
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref182
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref182
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref182
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref183
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref183
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref183
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref184
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref184
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref184
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref184
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref185
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref185
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref185
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref185
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref186
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref186
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref186
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref186
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref187
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref187
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref187
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref187
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref188
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref188
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref188
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref189
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref189
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref189
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref190
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref190
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref190
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref191
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref191
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref191
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref192
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref192
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref192
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref193
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref193
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref193
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref194
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref194
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref194
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref195
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref195
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref195
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref196
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref196
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref196
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref197
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref197
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref198
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref198
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref198
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref198
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref199
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref199
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref199
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref200
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref200
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref200
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref201
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref201
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref201
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref202
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref202
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref202
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref203
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref203
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref204
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref204

L. Chen et al.

Shu, X., Li, Y., Huang, W., Chen, S., Xu, C., Zhang, S., Li, B., Wang, X., Lu, X., 2020. Rapid
vitrification of uranium-contaminated soil: effect and mechanism. Environ. Pollut.
263, 114539.

Shukla, S.K., Hariharan, S., Rao, T.S., 2020. Uranium bioremediation by acid
phosphatase activity of Staphylococcus aureus biofilms: can a foe turn a friend?

J. Hazard. Mater. 384, 121316.

Simkiss, K., Taylor, M.G., 1995. Transport of metals across membranes. In: Tessier, A.,
Turner, D.R. (Eds.), Metal speciation and bioavailability in aquatic systems. John
Wiley & Sons, New York, pp. 1-44.

Singh, M., Tapadia, K., Jhariya, D., Sahu, P., 2021. Evaluation of uranium containing
ground water quality and non-carcinogenic risk assessment in inhabitant of Bijapur
District of Chhattisgarh, Central India. J. Radioanal. Nucl. Chem. https://doi.org/
10.1007/510967-020-07572-0.

Sofranko, M., Khouri, S., Vegsoova, O., Kacmary, P., Mudarri, T., Koncek, M.,
Tyulenev, M., Simkova, Z., 2020. Possibilities of uranium deposit kuriskova mining
and its influence on the energy potential of Slovakia from own resources. Energies
13, 4209.

Song, Y., Salbu, B., Teien, H.C., Evensen, @., Lind, O.C., Rosseland, B.O., Tollefsen, K.E.,
2016. Hepatic transcriptional responses in Atlantic salmon (Salmo salar) exposed to
gamma radiation and depleted uranium singly and in combination. Sci. Total
Environ. 562, 270-279.

Soudek, P., Petrovd, S., Benesovd, D., Vanék, T., 2011a. Uranium uptake and stress
responses of in vitro cultivated hairy root culture of Armoracia rusticana.
Agrochimica 55, 15-28.

Soudek, P., Petrova, S., Benesova, D., Dvoiakova, M., Vanék, T., 2011b. Uranium uptake
by hydroponically cultivated crop plants. J. Environ. Radioact. 102, 598-604.

Soudek, P., Petrovd, S., Buzek, M., Lhotsky, O., Vanék, T., 2014. Uranium uptake in
Nicotiana sp. under hydroponic conditions. J. Geochem. Explor. 142, 130-137.

Stockdale, A., Bryan, N.D., 2013. The influence of natural organic matter on radionuclide
mobility under conditions relevant to cementitious disposal of radioactive wastes: a
review of direct evidence. Earth Sci. Rev. 121, 1-17.

Stojanovi¢, M.D., Stevanovi¢, D.R., Milojkovi¢, J.V., Grubisi¢, M.S., Iles, D.A., 2010.
Phytotoxic effect of the uranium on the growing up and development the plant of
corn. Water Air Soil Pollut. 209, 401-410.

Straczek, A., Duquene, L., Wegrzynek, D., Chinea-Cano, E., Wannijn, J., Navez, J.,
Vandenhove, H., 2010. Differences in U root-to-shoot translocation between plant
species explained by U distribution in roots. J. Environ. Radioact. 101, 258-266.

Struminska-Parulska, D., Olszewski, G., Moniakowska, A., Zhang, J., Falandysz, J., 2020.
Bolete mushroom Boletus bainiugan from Yunnan as a reflection of the geographical
distribution of 21°Po, 21°Pb and uranium (***U, 2*°U, 2°%U) radionuclides, their
intake rates and effective exposure doses. Chemosphere 253, 126585.

Sytar, O., Kumar, A., Latowski, D., Kuczynska, P., Strzatka, K., Prasad, M.N.V., 2013.
Heavy metal-induced oxidative damage, defense reactions, and detoxification
mechanisms in plants. Acta Physiol. Plant. 35, 985-999.

Szabd, A., Zavodska, L., Matel, L., Lesny, J., 2009. Geochemistry and determination
possibilities of uranium in natural waters. Acta Tech. Jaurinensis 2, 19-34.

Tan, W., Guo, F., Deng, Q., Li, J., Wang, L., 2020a. The effects of Leifsonia sp. on
bioavailability and immobilization mechanism of uranium in soil. J. Soils Sediment.
20, 1599-1608.

Tan, W., Li, Y., Guo, F., Wang, Y., Ding, L., Mumford, K., Lv, J., Deng, Q., Fang, Q.,
Zhang, X., 2020b. Effect of Leifsonia sp. on retardation of uranium in natural soil and
its potential mechanisms. J. Environ. Radioact. 217, 106202.

Tawussi, F., Walther, C., Gupta, D.K., 2017. Does low uranium concentration generates
phytotoxic symptoms in Pisum sativum L. in nutrient medium? Environ. Sci. Pollut.
Res. 24, 22741-22751.

Taylor, S.R., 1996. Trace element abundances and the chondritic Earth model. Geochem.
Cosmochim. Acta 28, 1989-1998.

Terrén-Camero, L.C., Peldez-Vico, M.A., Val, C.D., Sandalio, L.M., Romero-Puertas, M.C.,
2019. Role of nitric oxide in plant responses to heavy metal stress: exogenous
application versus endogenous production. J. Exp. Bot. 70, 4477-4488.

Tewari, R., Horemans, N., Nauts, R., Wannijn, J., Van Hees, M., Vandenhove, H., 2015.
Uranium exposure induces nitric oxide and hydrogen peroxide generation in
Arabidopsis thaliana. Environ. Exp. Bot. 120, 55-64.

Tinnacher, R.M., Nico, P.S., Davis, J.A., Honeyman, B.D., 2013. Effects of fulvic acid on
uranium(VI) sorption kinetics. Environ. Sci. Technol. 47, 6214-6222.

Trenfield, M.A., Ng, J.C., Noller, B.N., Markich, S.J., Dam, R.A.V., 2011. Dissolved
organic carbon reduces uranium bioavailability and toxicity. 2. Uranium [VI]
speciation and toxicity to three tropical freshwater organisms. Environ. Sci. Technol.
45, 3082-3089.

Utermann, J., Fuchs, M., 2008. Uranium in German soils. Loads and Fate of Fertilizer-
Derived Uranium. Backhuys Publishers, Leiden, pp. 978-990 (ISBN/EAN).

Vandenhove, H., Cuypers, A., Van Hees, M., Koppen, G., Wannijn, J., 2006. Oxidative
stress reactions induced in beans (Phaseolus vulgaris) following exposure to uranium.
Plant Physiol. Biochem. 44, 795-805.

Vandenhove, H., Vanhoudt, N., Duquéne, L., Antunes, K., Wannijn, J., 2014. Comparison
of two sequential extraction procedures for uranium fractionation in contaminated
soils. J. Environ. Radioact. 137, 1-9.

Vanhoudt, N., Vandenhove, H., Horemans, N., Wannijn, J., Van Hees, M.,
Vangronsveld, J., Cuypers, A., 2010a. The combined effect of uranium and gamma
radiation on biological responses and oxidative stress induced in Arabidopsis thaliana.
J. Environ. Radioact. 101, 923-930.

Vanhoudt, N., Vandenhove, H., Horemans, N., Wannijn, J., Bujanic, A., Vangronsveld, J.,
Cuypers, A., 2010b. Study of oxidative stress related responses induced in
Arabidopsis thaliana following mixed exposure to uranium and cadmium. Plant
Physiol. Biochem. 48, 879-886.

20

Journal of Hazardous Materials 413 (2021) 125319

Vanhoudt, N., Vandenhove, H., Horemans, N., Remans, T., Opdenakker, K., Smeets, K.,
Bello, D.M., Wannijn, J., Van Hees, M., Vangronsveld, J., Cuypers, A., 2011a.
Unraveling uranium induced oxidative stress related responses in Arabidopsis
thaliana seedlings. Part I: responses in the roots. J. Environ. Radioact. 102, 630-637.

Vanhoudt, N., Cuypers, A., Horemans, N., Remans, T., Opdenakker, K., Smeets, K.,
Bello, D.M., Havaux, M., Wannijn, J., Van Hees, M., Vangronsveld, J.,
Vangronsveld, J., 2011b. Unraveling uranium induced oxidative stress related
responses in Arabidopsis thaliana seedlings. Part II: responses in the leaves and
general conclusions. J. Environ. Radioact. 102, 638-645.

Vanhoudt, N., Vandenhove, H., Horemans, N., Martinez Bello, D., Van Hees, M.,
Wannijn, J., Carleer, R., Vangronsveld, J., Cuypers, A., 2011c. Uranium induced
effects on development and mineral nutrition of Arabidopsis thaliana. J. Plant Nutr.
34, 1940-1956.

Vanhoudt, N., Horemans, N., Biermans, G., Saenen, E., Wannijn, J., Nauts, R., Van
Hees, M., Vandenhove, H., 2014. Uranium affects photosynthetic parameters in
Arabidopsis thaliana. Environ. Exp. Bot. 97, 22-29.

Vodyanitskii, Y.N., 2011. Chemical aspects of uranium behavior in soils: a review.
Eurasia Soil Sci. 44, 862-873.

Vodyanitskii, Y.N., Grebenkin, N.A., Manakhov, D.V., Sashchenko, A.V., Tiuleneva, V.M.,
2019. Positive uranium anomalies in the peatlands of humid zone: a review. Eurasia
Soil Sci. 52, 1533-1541.

Wang, L., Song, H., Yuan, L., Li, Z., Zhang, Y., Gibson, J.K., Zheng, L.R., Chai, Z.F.,
Shi, W., 2018a. Efficient U (VI) reduction and sequestration by Ti2CT x MXene.
Environ. Sci. Technol. 52, 10748-10756.

Wang, L., Xiao, S., Chen, X., Chen, S., Wang, S., Wang, C., Tang, Y., Dong, F., 2019c. ytiB
and ythA genes reduce the uranium removal capacity of Bacillus atrophaeus. Int. J.
Mol. Sci. 20, 1766.

Wang, L., Hou, D., Shen, Z., Zhu, J., Jia, X., Ok, Y.S., Tack, F.M.G., Rinklebe, J., 2020b.
Field trials of phytomining and phytoremediation: a critical review of influencing
factors and effects of additives. Crit. Rev. Environ. Sci. Technol. 50, 2724-2774.

Wang, Q., Li, T., Huang, X., Yang, G., 2020a. Redox mechanism and stability of uranyl
phosphites at mineral surfaces: cooperative proton/electron transfer and high
efficacy for Uranium (VI) reduction. Chemosphere 255, 126948.

Wang, S., Ran, Y., Ly, B., Li, J., Kuang, H., Gong, L., Hao, Y., 2019b. A review of uranium-
induced reproductive toxicity. Biol. Trace Elem. Res. 196, 204-213.

Wang, W., Luo, X., Liu, L., Zhang, Y., Zhao, H., 2018b. Ramie (Boehmeria nivea)’s
uranium bioconcentration and tolerance attributes. J. Environ. Radioact. 184,
152-157.

Wang, Y., Frutschi, M., Suvorova, E., Phrommavanh, V., Descostes, M., Osman, A.A.,
Geipel, G., Bernier-Latmani, R., 2013. Mobile uranium (IV)-bearing colloids in a
mining-impacted wetland. Nat. Commun. 4, 2942.

Wang, Z., Qin, H., Wang, J., 2019a. Accumulation of uranium and heavy metals in the
soil-plant system in Xiazhuang uranium ore field, Guangdong Province, China.
Environ. Geochem. Health 41, 2413-2423.

Wei, G., Han, W., Shu, X., Luo, F., Tang, H., Chen, S., Wang, L., Xie, Y., Lu, X., 2021.
Heavy-ion irradiation effects on uranium-contaminated soil for nuclear waste.

J. Hazard. Mater. 405, 124273.

Wetle, R., Bensko-Tarsitano, B., Johnson, K., Sweat, K.G., Cahill, T., 2020. Uptake of
uranium into desert plants in an abandoned uranium mine and its implications for
phytostabilization strategies. J. Environ. Radioact. 220-221, 106293.

Wu, M., Luo, Q., Liu, S., Zhao, Y., Long, Y., Pan, Y., 2018. Screening ornamental plants to
identify potential Cd hyperaccumulators for bioremediation. Ecotoxicol. Environ.
Saf. 162, 35-41.

Wu, R, Fan, Y., Wu, Y., Zhou, S., Tang, S., Feng, X., Tan, X., Wang, J., Liu, L., Jin, D.,
Xia, C., 2020. Insights into mechanism on organic acids assisted translocation of
uranium in Brassica juncea var. foliosa by EXAFS. J. Environ. Radioact. 218, 106254.

Xiao, S., Zhang, Q., Chen, X., Dong, F., Chen, H., Liu, M., Ali, 1., 2019. Speciation
distribution of heavy metals in uranium mining impacted soils and impact on
bacterial community revealed by high-throughput sequencing. Front. Microbiol. 10,
1867.

Xie, J., Wang, J., Lin, J., Zhou, X., 2018. The dynamic role of pH in microbial reduction
of uranium (VI) in the presence of bicarbonate. Environ. Pollut. 242, 659-666.

Xie, L., Tang, W.L., 2014. Effects of uranium (VI) stress on growth and antioxidant
system in chinese cabbage. Adv. Mater. Res. 887, 581-584.

Xu, N., Wei, F.S., Ten, E.J., Chen, L.Q., 1993. Evaluation of indigenous concentrations of
uranium and thorium in soils of China. Commun. Soil Sci. Plant Anal. 24,
1795-1803.

Yadav, S.K., 2010. Heavy metals toxicity in plants: an overview on the role of glutathione
and phytochelatins in heavy metal stress tolerance of plants. S. Afr. J. Bot. 76,
167-179.

Yalcinkaya, T., Uzilday, B., Ozgur, R., Turkan, I., Mano, Ji, 2019. Lipid peroxidation
derived reactive carbonyl species (RCS): their interaction with ROS and cellular
redox during environmental stresses. Environ. Exp. Bot. 165, 139-149.

Yan, L., Van Le, Q., Sonne, C., Yang, Y., Yang, H., Gu, H., Ma, N., Lam, S., Peng, W., 2021.
Phytoremediation of radionuclides in soil, sediments and water. J. Hazard. Mater.
407, 124771.

Yang, M., Jawitz, J.W., Lee, M., 2015. Uranium and cesium accumulation in bean
(Phaseolus vulgaris L. var. vulgaris) and its potential for uranium rhizofiltration.

J. Environ. Radioact. 140, 42-49.

Yin, K., Wang, Q., Lv, M., Chen, L., 2019. Microorganism remediation strategies towards
heavy metals. Chem. Eng. J. 360, 1553-1563.

Yu, H., Wang, K., Huang, H., Zhang, X., Li, T., 2021. The regulatory role of root in
cadmium accumulation in a high cadmium-accumulating rice line (Oryza sativa L.).
Environ. Sci. Pollut. Res. https://doi.org/10.1007/s11356-021-12373-3.

Yu, S., Ma, J., Shi, Y., Du, Z., Zhao, Y., Tuo, X., Leng, Y., 2020. Uranium(VI) adsorption
on montmorillonite colloid. J. Radioanal. Nucl. Chem. 324, 541-549.


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref205
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref205
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref205
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref206
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref206
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref206
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref207
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref207
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref207
https://doi.org/10.1007/s10967-020-07572-0
https://doi.org/10.1007/s10967-020-07572-0
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref209
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref209
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref209
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref209
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref210
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref210
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref210
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref210
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref211
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref211
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref211
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref212
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref212
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref213
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref213
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref214
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref214
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref214
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref215
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref215
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref215
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref216
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref216
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref216
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref217
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref217
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref217
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref217
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref218
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref218
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref218
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref219
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref219
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref220
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref220
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref220
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref221
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref221
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref221
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref222
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref222
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref222
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref223
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref223
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref224
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref224
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref224
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref225
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref225
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref225
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref226
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref226
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref227
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref227
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref227
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref227
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref228
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref228
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref229
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref229
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref229
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref230
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref230
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref230
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref231
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref231
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref231
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref231
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref232
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref232
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref232
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref232
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref233
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref233
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref233
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref233
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref234
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref234
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref234
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref234
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref234
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref235
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref235
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref235
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref235
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref236
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref236
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref236
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref237
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref237
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref238
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref238
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref238
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref239
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref239
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref239
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref240
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref240
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref240
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref241
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref241
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref241
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref242
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref242
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref242
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref243
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref243
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref244
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref244
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref244
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref245
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref245
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref245
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref246
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref246
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref246
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref247
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref247
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref247
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref248
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref248
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref248
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref249
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref249
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref249
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref250
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref250
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref250
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref251
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref251
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref251
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref251
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref252
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref252
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref253
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref253
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref254
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref254
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref254
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref255
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref255
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref255
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref256
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref256
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref256
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref257
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref257
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref257
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref258
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref258
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref258
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref259
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref259
https://doi.org/10.1007/s11356-021-12373-3
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref261
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref261

L. Chen et al.

Zhang, C., Yu, Z., Zeng, G., Jiang, M., Yang, Z., Cui, F., Zhu, M.Y., Shen, L.Q., Hu, L.,
2014. Effects of sediment geochemical properties on heavy metal bioavailability.
Environ. Int. 73, 270-281.

Zhang, S., Lv, Y., Zhang, Y., Peng, X., Liu, Y., Rong, L., 2019a. Repair capacity of
perennial ryegrass (Lolium perenne L.) based on arbuscular mycorrhizal fungi on the
in uranium contaminated soil. In: IOP Conference Series: Earth and Environmental
Science, 330. IOP Publishing, p. 32034.

Zhang, B.G., Wang, S., Diao, M.H., Fu, J., Xie, M.M., Shi, J.X., Liu, Z.Q., Jiang, Y.F.,
Cao, X.L., Borthwick, A.G.L., 2019b. Microbial community responses to vanadium
distributions in mining geological environments and bioremediation assessment.

J. Geophys. Res. Biogeosci. 124, 601-615.

Zhang, W., Cai, Y., Tu, C., Ma, L.Q., 2002. Arsenic speciation and distribution in an

arsenic hyperaccumulating plant. Sci. Total Environ. 300, 167-177.

Journal of Hazardous Materials 413 (2021) 125319

Zhang, Y., Lai, J.L., Ji, X.H., Luo, X.G., 2020a. Unraveling response mechanism of
photosynthetic metabolism and respiratory metabolism to uranium-exposure in Vicia
faba. J. Hazard. Mater. 398, 122997.

Zhang, J., Chen, X., Zhou, J., Luo, X., 2020b. Uranium biosorption mechanism model of
protonated Saccharomyces cerevisiae. J. Hazard. Mater. 385, 121588.

Zhao, Z., Xi, M., Jiang, G., Liu, X., Bai, Z., Huang, Y., 2010. Effects of IDSA, EDDS and
EDTA on heavy metals accumulation in hydroponically grown maize (Zea mays L.).
J. Hazard. Mater. 181, 455-459.

Zhou, P., Gu, B., 2005. Extraction of oxidized and reduced forms of uranium from
contaminated soils: effects of carbonate concentration and pH. Environ. Sci. Technol.
39, 4435-4440.

21


http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref262
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref262
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref262
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref263
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref263
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref263
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref263
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref264
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref264
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref264
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref264
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref265
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref265
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref266
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref266
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref266
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref267
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref267
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref268
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref268
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref268
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref269
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref269
http://refhub.elsevier.com/S0304-3894(21)00282-X/sbref269

	Uranium (U) source, speciation, uptake, toxicity and bioremediation strategies in soil-plant system: A review
	1 Introduction
	2 Uranium in the environment
	2.1 Occurrence, uses and sources
	2.2 Uranium levels in soil

	3 Speciation and bioavailability of U in soil
	3.1 Influences of soil chemical properties on U speciation and bioavailability
	3.1.1 Effects of Eh on U speciation and bioavailability
	3.1.2 Effects of soil pH on U speciation and bioavailability
	3.1.3 Effects of SOM on U speciation and bioavailability

	3.2 Influences of soil microbial activity on U speciation and bioavailability

	4 Uranium acquisition, translocation, and accumulation in plants
	4.1 Uranium uptake by plants
	4.2 Uranium sequestration in plant roots
	4.3 Root-shoot transport of U
	4.4 Potential U hyperaccumulator plants
	4.5 Effects of chemical accelerators on promoting U accumulation by plants

	5 Toxic effects of U on plants
	5.1 Seed germination
	5.2 Root growth
	5.3 Shoot growth
	5.4 Photosynthesis
	5.5 Nutrient metabolism
	5.6 Oxidative damage
	5.7 Genotoxicity

	6 Plant defense system against U toxicity
	6.1 Antioxidant enzymes
	6.2 Compartmentalization
	6.3 Phytochelatin

	7 Bioremediation strategies
	7.1 Phytoremediation
	7.2 Microbial remediation

	8 Concluding remarks and future perspectives
	Declaration of Competing Interest
	Acknowledgments
	References


