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Uranium is a key raw material for the nuclear energy industry, the generation of nuclear energy is projected to double by 2040 to address the growing energy
demands, which makes the uranium supply a matter of energy security. In addition, uranium is a heavy metal with both chemotoxicity and radiotoxicity, which seriously
endangers human health and environmental safety. The growth in the utilization of uranium resources boosts the release of uranium into the environment. Therefore,
the remediation of uranium contamination and recovery of uranium from a non-conventional approach is highly needed. Microorganism exhibits a high potential for
immobilization of uranium. This review summarizes the ability of microorganisms to immobilize uranium from aqueous solutions and wastewater in terms of microbial
species, performance, mechanism of enrichment and remediation, and applicable environment.

Introduction

Significance of uranium immobilization, utilization of
uranium resources, remediation of environmental ura-
nium pollution

Currently, nuclear energy is regarded as a relatively clean
energy source due to the nature that is not affected by climate
and geographiclocation, and increasingly valued by the national
energy sector. Uranium, a natural radionuclide with a large
energy density and a small carbon footprint, is the main raw
material for generating nuclear energy, while the extremely
low uranium concentration necessitates the development of a
highly efficient strategy for uranium recovery.

What is more, human activities related to nuclear processes
such as mining, fuel processing, weapons production, or
nuclear accidents have caused uranium contamination of the
environment [1]. Uranium is widely found in soil, rocks, oceans,
and seas [2], and the most common isotopes of uranium in
natural deposits are U-238, U-235, and U-234, and their

proportions are 99.27%, 0.72%, and 0.0056%, respectively.
Among these three isotopes, U-238 is considered to be stable
with a half-life of 4.5 billion years [3]. It was reported that
the average concentration of uranium (naturally occurring) in
the earth's crust is 3 mg/kg [4]. In river water, the uranium
concentration is between 0.01and 6.6 pg/L, while under natural
conditions, 30 and 3.32 pg/L are reported in groundwater
and seawater, respectively [1]. The form of uranium mainly
exhibited two oxidation states, U(IV) and U(VI) [1,5,6]. U(IV) is
commonly found in ores in the form of uranium [UO,(s)] with
insoluble and stable under anaerobic conditions. On the other
hand, U(VI) is ubiquitous in aqueous systems under oxidizing
conditions, and the morphology of this form is related to pH.
Under acidic conditions (pH <5), U(VI) exists in a soluble form
of UO,>* and is considered to be more toxic than U(IV) ions [7].

Uranium hydroxide with a pH between 5.0 and 7.0 is less
toxic to aquatic plants and animals [1,8]. Uranium carbonate
species, such as UO,(C0,),’and UO,(CO,),+, dominate in rivers,
ponds, lakes, and seawater above the environmental pH (> 7.5)

[9].
(=]

Citation: Yu Q, Cui 0 (2023) Enrichment and remediation of uranium by microorganisms: A review. Open J Environ Biol 8(1): 020-038.

DOI: https://dx.doi.org/10.17352/0jeb.000037



P PeertechzPublications

Uranium is provided with radioactive and chemically toxic.
Uranium-containing wastes released into the environment
accumulate in soil or migrate to aquatic systems [2], and even
may be introduced into terrestrial and aquatic food chains,
posing a major threat to human, and environmental health
and safety. Therefore, remediation of environmental uranium
pollution is imminent [10,11]. In the process of uranium repair,
the physicochemical processes are often cost-intensive. In
addition, they were incapable of effectively removing a large
number of toxic metals, resulting in the generation of by-
productswithdanger. Problemsassociatedwith physicochemical
processes can be overcome with the assistance of microbial
systems [12]. Microorganisms interact with uranium to alter
the concentration and/or oxidation state of the cell and its
surrounding environment, thereby regulating the migration
of uranium into the environment [13-16]. Despite the toxicity,
local microorganisms exhibit high tolerance and survivability
at sites contaminated with uranium. Various strategies and
mechanisms have been adopted by microorganisms to persist
in uranium-contaminated environments [17-19].

Microorganisms hold the ability to utilize their enzymatic
reactions to precipitate, enrich, and redistribute uranium [20].
Therefore, the remediation technology of microbial has been
considered as one of the most promising approaches. Various
types of microorganisms have been reported to be involved in
the uranium remediation process [21-23]. The bioreduction and
biomineralization of uranium by microorganisms can relieve
the toxic effect of uranium on microorganisms. Moreover, the
active small molecule generated in the process of microbial
metabolism can also bind to radionuclides and reduce the
damage to microbial cells [24,25]. The bioprecipitation and
reduction of uranium are the main forms of bioremediation of
radionuclide uranium [26-28].

In addition to the bioremediation of the natural microbial,
bioremediation of metal-contaminated environments using
Genetically Engineered Microorganisms (GEMs) has become
particularly important. Several reports emphasized the
potential of GEMs in removing toxic metals and radionuclides
[29-31]. Correlative genes have been expressed effectively
in appropriate hosts, and the obtained GEMs showed
excellent bioremediation efficiency [30,32-35]. Most studies
concerning genetically engineered microorganisms focused
on the precipitation of phosphatase-mediated [30,34-39].
Although genetically engineered microorganisms exhibited
potential interactions with uranium, their development in
bioremediation applications requires further validation.

Research status of uranium immobilization

Due to the importance of uranium in the nuclear power
industry and the gradual reduction of uranium reserves in land
ores, the unconventional strategies that efficiently recovery
uranium are indispensable [40]. The ocean, containing
4.5 billion tons of uranium, possesses the largest uranium
reserves on earth [41]. Recovering uranium from seawater
was considered to be a potential strategy to meet the growing
demand for uranium [42-44]. In addition, uranium as a heavy
metal is extremely radioactive and chemically toxic. which
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brings serious damage to human health and the safety of the
environment. Therefore, it is imminent to use cost-effective
strategies to immobilize uranium from low-concentration
uranium-containing environments or repair the environment
contaminated by uranium.

Over the past 60 years, the immobilization of uranium
and environmental remediation of uranium have received
widespread attention [45,46]. A large number of adsorbents
have been developed [47-50]. However, due to the cost-
intensive of organic and inorganic adsorbents and the pollution
of intermediates and by-products formed during the complex
preparation process, therefore, these adsorbents are not
suitable for large-scale application.

Due to its advantages of rapid growth, low cost,
environmental friendliness, strong tolerance as well as the
unique advantages in terms of the real-time, on-site treatment
of large areas of contaminated water and soil, immobilization
of uranium by biological entity seems to be a potential option.
The properties of uranium adsorption by plants, algae, bacteria,
fungi, and yeast have been reported several times [23,51-54].
They contain a variety of active groups for uranium adsorption
and exhibit different mechanisms for uranium immobilization,
such as bioreduction, bioprecipitation, and biosorption.

Benefits of microbial immobilization of uranium

In addition to the advantages of environmental friendliness,
strong adaptability, and excellent tolerance mentioned earlier,
immobilization of uranium by microbial still possesses other
superiorities, such as small size (only a few micrometers),
which can draw support from the functional groups on the
cell surface, extracellular polymers and other substances to
quickly adsorb and immobilize a certain amount of uranium
in the solution, and then with the help of its unique metabolic
effect to convert uranyl ions into a relatively stable state. What
is more, microorganisms can be directly obtained through
separation and culture, eliminating the need for other inorganic
processing materials, so microorganisms were regarded
as natural composite materials that exceeded the ability of
chemists to construct materials.

Purpose of this review

Based on the environmental geochemical characteristics and
pollution status of uranium in nature, this review summarizes
the ability of microorganisms to immobilize uranium from
aqueous solutions and seawater in terms of microbial species,
performance, mechanism of enrichment, and applicable
environment. Studying the interaction between uranium and
microorganisms is of great significance for understanding the
microbial environmental geochemical behavior of uranium,
elucidating the laws of uranium migration and changes in the
environment, and then developing remediation technologies
that use microorganisms to regulate the migration and changes
of uranium in the environment.

Performance of uranium immobilization by microorga-
nisms

Applicable environment for uranium immobilization by
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microorganisms: Various external environments have great
influences on the capacities of uranium immobilization of
microorganisms. Krestou and Panias reported the calculated
speciation of uranium as a function of concentration, pH,
ionic strength, and carbonate [40]. In all instances, the free
uranyl cation UO,** is calculated at low pH <4.0. Hydrolysis of
U(VI) increases and forms different hydroxyl complexes with
the dominant species UO,(OH)’>* at pH 5.0, while UO,(CO,) 4" is
obtained above pH 8.5. However, the formation of polynuclear
U0,CO,(OH),” is enhanced over pH 6.0~8.0 as uranium
concentration increased. It was reported that the optimal pH
for uranium biosorption of microorganisms was ranging from
4.0 to 6.0 [53]. For example, the optimal pH for biosorption
of uranium by Rhizopus arrhizus was between 4.0 and 5.0
[55], 5.6 to 6.0 for A. niger [56], and pH 5.0 for A. fumigatus

Table 1: Performance of uranium immobilization by microorganisms.

Microorganisms

Experimental
conditions

Functional group
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[24] (Table 1). Salinity is another important factor governing
uranium chemistry and concentration, thereby affecting
adsorption performance. Several researches have reported
that the presence of sodium chloride, calcium, magnesium,
and bicarbonate significantly retards the uranium adsorption
kinetics of adsorbents [57-61]. The influence of temperature on
microorganism performance is truly multifaceted. Generally,
the temperature of the medium is of great significance to
the energy-dependent mechanism of microbial adsorption of
metals [62-65]. Generally, due to the different mechanisms
of uranium immobilization, the applicable environment for
microbial immobilization of uranium differs in thousands
of ways. Both biomineralization and accumulation require
the formation of stable insoluble materials by reaction with
phosphate to achieve the deposition of uranium and are

Absidia corymbifera
Bacillus amyloliquefacien
s

Pantoea sp. TW18

Kocuria sp.

Aspergillus niger
Bacillus velezensis Strain

Mucor
circinelloides
Chlorella vulgaris

Bacillus sp. dwe-2
Streptomyces sp.
dwe-3

Lentinus sajor-caju

Streptomyces
longwoodensis
Aspergillus fumigatus
Cystoseria indica

Bacillus subtilis

Rhizopus arrhizus

Bacillus subtilis

Cellulomonas sp. Strain ES6

Staphylococcus aureus
LZ-01

Saccharomyces cerevisiae

T=298K,pH=6.0

T=303K,pH=6.0

T=310K, pH=4.1

T=298K, pH = 5.0

T=303K,pH =5.0
T = 298K, pH=8.3

T=299K,pH=6.0
T=301K,pH=55
pH=4.4
T=303K,pH=3.0

RT, pH = 3.0

pH=4.5

pH=5.0

T=303K,pH=5.0
T=288K,pH=4.0

T=298K, pH = 4.5

pH=4.0

T=293K

NA

NA

T=303K,pH = 4.0

pH = 4.3~7.3

pH = 6.3~7.0

pH=3.2

-COOH, -OH, -NH,
-COOH, -OH, -NH,

-COOH, amide, phosphoryl
group

P043-,-0H,-C = 0,-COOH

-NH,, -OH, -COOH
-NH,, -COOH
A light element oxyanion
ligand
NA

-COOH, organic phosphate
groups

P043-,-COOH, amide group

P043-,-COOH, amide group
-NH,, -COOH, -OH, carbonyl

phosphodiester residues

NA
NA
Phosphoryl,
-COOH, -OH
Chitin, Chitin matrix
phosphoryl-conta ining and
oxygen-containin g
functional groups

Inorganic phosphate

phosphate
-OH, -COOH, -NH,,
phosphate
H+, -OH, -NH,, PO43-
-OH, -CH,-,
-COOH, and phosphate

P043-

48
NA
NA
NA
12

12

NA

<1

NA

NA

NA

NA

96

Formation Mechanisms
(mg/g)

46.5 NA Biosorption [57]
179.5 NA Biosorption [60]
79.87 NA Biosorption [147]

Biosorption,

104 Cau(Po,), biomineralization [148]
50.65 NA Biosorption [56]
9.46 NA Biosorption [88]

166.13 u(Iv) Bioreduction [149]

NA nano-Uo, Bioreduction [150]

14 NA Biosorption [23]

6.3 NA Biosorption [89]

dlelik

3.0 needletike Biosorption [102]

granules
lelik

268 needlelike Biosorption 53]

granules

440 NA Biosorption [101]
347 NA Biosorption [151]
233 NA Biosorption [65]
90.91 NA Biosorption [61]
180 NA Biosorption [55]

u-p
NA shell, U-C shell or Biosorption [152]
U-Si/Al
U(VI)-phosp
NA - h.a e Fiored}] ?tio,n ' [153]
precipitation of U and Bioprecipitation
P0O34
UOZ(POB)Q,
NA (Vo,),(P0,),H,0 Biosorption, Bioprecipitation  [154]
UZO(POA)Z
18 needle-like ura?nfun?— Biosorption, Bioprecipitation [5]
phosphate precipitation
Biosorption,
NA H,(U0,),(PO 4),8H,0 Biomineralization [155]
Bi ti
NA nanochernikovite ) |<?sorpA|on,A [156]
Biomineralization
H-autunite, Biosorption
NA HUO,PO, _elosorption [54]
Biomineralization
4H20
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greatly affected by pH [17,30]. For bioreduction, the oxidizing
substances in the environment exhibited the most palpable
effect on the immobilization of uranium [66]. In addition, due
to the special environmental geochemical characteristics of
U(VI), some coexisting ions also exhibit a certain effect on the
reduction of uranium by microorganisms. Studies have found
that Ca>*, Mg>, CO,>, and NO, possess a significant inhibitory
effect on the reduction of uranium by microorganisms [67-69].
The first three mainly affected the reduction rate of uranium
through the combination with uranium and under the condition
of NO," coexistence, NO, replaced uranyl ions as the preferential
electron acceptor in the process of microbial reduction of
uranium, thereby affecting the reduction of uranium [58].
Except for the factors mentioned above, the activity or status
of the cell posed a great effect on the performance of uranium
biosorption, too. Generally, the dead cells exhibited a more
excellent capacity than the alive cells [23,56,70-72].

Species of microorganisms with uranium immobilization
activity: Biosorptionis the property ofliving or dead biomass that
absorbs and concentrates toxic metals from aqueous solutions
[12,73-75]. In nature, there are a variety of biological materials
that exhibit specific adsorption properties for uranium, such
as bacteria (76,771, fungi [78,79], yeast [74,80,81], and algae
[23,82]. In recent years, microorganisms have become an
important alternative to remove radionuclides from aqueous
solutions. Since no metabolic processes are involved, this
phenomenon is usually rapid and growth-independent [75,83].
This section details the species of microorganisms with
uranium immobilization activity.

Archaea and bacteria are ubiquitous and widespread in
extreme cases [84,85]. They have a high surface-to-volume
ratio and different functional groups (phosphate, carboxyl,
amide, and hydroxyl) complexed with metals and radionuclides
on the surface. Due to the lack of peptidoglycan in the cell walls
of archaea, the cell wall characteristics of bacteria and archaea
are different [86,87].

The performance of archaea in the biosorption of uranium
has been confirmed recently. Two strains of Halobacterium
noricense were capable of associating with uranium in a
multistage process. After the initial phase of rapid adsorption,
uranium was released, and then a slow recombination of
uranium and cells was observed. In the first stage of biosorption,
carboxylic acids and phosphorylated groups play an important
role in uranyl binding [87].

Members of Bacillus, UUS-1, sp. dwc-2, and amyloliquefaciens
have been proven to be effective uranium biosorbents and used
for the biosorption of uranium several times [60,88,89]. The
site-specific composite model initially described by scholars
has been used to quantitatively predict the uranyl adsorption
of Bacillus subtilis cells under different conditions. Ion strength
had no effect on the adsorption performance, indicating
that the inner-sphere surface complexation dominated the
biosorption of U(VI) by Bacillus subtilis and the maximum
adsorption capacity of B.subtilis at pH 4.5 and 298 K calculated
by Langmuir model was 90.91 mg/g [90,91]. Recently, the role
of immobilized B.subtilis alginate-chitosan microcapsules in
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uranium adsorption has been demonstrated and the protein
surface layer (S layer) representing the outermost cell envelope
component of bacteria is related to uranium biosorption [92].
In Bacillus JG-A12, the S layer binds uranium through phosphate
and carboxyl groups [93,94]. The cells, spores, and S layer of
this strain are embedded in silica gel, showing the potential
of uranium adsorption from wastewater samples [93-95]. The
strain UFO1 showed the potential to separate uranium under
two different oxidation states, U(IV) and U(VI) [96]. Detailed
analysis of uranium biosorption in Bacillus showed that it is
not a single mode of binding but involved in a multiprocess
of ion exchange, complexation, and bioaccumulation. 12 h was
sufficient to achieve adsorption equilibrium and the uranium
adsorption capacity was greater than 6.30 mg/g [97]. Bacillus
mojavensis and Bacillus vallismortis loaded on multi-walled
carbon nanotubes were used as solid-phase extractants to pre-
concentrate uranium from aqueous solution and lake water
samples [97-99].

Several actinomycetes have shown attractive potential
for uranium adsorption [100]. For example, Streptomyces
levophilus was demonstrated the basic characteristics of
uranium adsorption from acidic solutions, which is mediated
by the phosphate groups contained in the cell wall. These
groups endow bacterial cells with a net negative charge and
allow strong binding of positively charged uranyl ions in the
pH range of 3.5 to 6.0 [100]. Similarly, the phosphodiester
residues of the cell wall and cytoplasm fraction of Streptomyces
longiformis bind uranium with significant efficiency [101].
Recent studies on Streptomyces spores dwc-3 have shown that
at pH 3.0, uranium binds to amino, phosphate, and carboxyl
groups in the cell wall, with the property of uranium adsorption
greater than 3.0 mg/g [102]. It is reported that multifarious
arthrobacter species were used for the biosorption of uranium
and a large number of Arthrobacter were found in uranium-
rich environments [7,103-105]. Arthrobacter ilicis accumulated
uranium as precipitates within polyphosphate granules
intracellularly [87]. The adsorption of uranium decreased in
Arthrobacter G975 in the presence of an aqueous bicarbonate
solution (a competitive ligand for U(VI)) [106]. The mobility
of uranium is achieved in aquatic systems by forming highly
soluble and stable uranyl carbonate complexes above neutral
conditions, namely UO,CO,, UO,(CO,),> and UO,(CO,),* [107].
These uranyl species interfere with uranium complexation
on the surface of microorganisms. Two more actinomycetes,
Amycolatopsis sp. K47 and Brachybacterium sp. G1 recently has
been proven to remove uranium by biosorption, too [87,108].

Two members of the Enterobacteriaceae family, Citrobacter
and Serratia showed outstanding uranyl adsorption capacity
[76,109]. U(VI) adsorption rate by Citrobacter freudii was found
to be fast with carboxyl groups playing an important role in the
combination of uranium [109].

The dead biomass of this bacterium showed better efficiency
than living cells, indicating that uranium adsorption is not
related to metabolic processes. A strain of Serratia marcescens
showed high tolerance to uranium (4 mM) under acidic
conditions (pH 3.5), removing 92% and 60-70% uranium from
100 pM and 2 mM uranyl solutions, respectively [76]. Similarly,

Citation: Yu Q, Cui 0 (2023) Enrichment and remediation of uranium by microorganisms: A review. Open J Environ Biol 8(1): 020-038.

DOI: https://dx.doi.org/10.17352/0jeb.000037



P PeertechzPublications

a highly uranium-resistant strain Cuprius metallidurans
CH34, resisting up to 30 mM uranium, immobilized U(VI)
by complexing with phosphate radical or carboxyl groups of
biomolecule containing lipopolysaccharide layers [77].

As for the member of Pseudomonas, the adsorption capacity
of Pseudomonas putida to uranium has been confirmed [110-
112]. Living or dead cells of P. putida are exposed to a mixed
metal waste solution consisting of U, Pb, Cd, Zn, and Ni at
pH 6.0 [112], showing high specificity for uranyl. Compared
with the soil and clay components, dead cells of P. putida were
more effective [113]. Pseudomonas aeruginosa CSU cells showed
rapid intracellular accumulation of uranium within 10 s after
exposure [80]. The same organism exhibits uranyl adsorption
in the presence of transition metals under acidic and neutral
conditions, which is equivalent to commercial cation exchange
resins. However, certain cations [ferric iron (Fe3*) as a uranium
analog] inhibited the binding of uranium to P. aeruginosa
biomass in a significant manner [110]. Therefore, the removal
of iron from wastewater is a prerequisite for the effective use
of P. aeruginosa CSU biomass to adsorb uranium.

The uranium adsorption by Myxococcus xanthus depends
on the age of the culture, uranyl ion concentration, and pH.
Older cultures showed maximum adsorption when exposed to
1 mM uranium at pH 4.5. The adsorbed uranium is distributed
on the cell wall and extracellular mucopolysaccharides [114].
Another strain of M. Xanthus performs uranium coordination
with organic phosphate groups associated with the cell surface
at a very low pH [115]. Most studies of uranyl binding of
microorganisms are carried out in the pH range of 1.5 to 6.0,
where uranyl ions and hydroxyl complexes are dominant [1,8].
The abilities of several microorganisms to sequester uranium
above pH 7.0 were limited as a result of the repulsion between
anionic carbonate complexes of uranium ([UO,(CO,),>] and
[U0,(CO,),]) and negatively charged cell surfaces [1,9,116].
However, two marine cyanobacteria have been proven to
remove great quantities of uranium from aqueous solutions
above pH 7.0 [43,84,117]). Synechococcus elongatus, when
exposed to 100 pM uranium as a uranyl carbonate supplement
at pH 7.8, showed rapid binding within 5 - 10 min [118]. The
majority of bound uranium complexes with deprotonated
carboxyl groups of amides and Extracellular Polysaccharides
(EPS) can be released by HCl or EDTA [119]. Interestingly,
it was observed that fixed Streptococcus elongatus cells were
effective for uranium binding under continuous circulation
conditions and could regenerated in multiple adsorption-
desorption cycles (up to 3 times) without any significant loss
of uranium binding above pH 7.0 [116]. Contrary to the rapid
binding of uranium by Streptomyces elongatus, when the cells
were exposed to 100 pM uranyl carbonate at pH 7.8 for 24 h,
another marine cyanobacteria, Anabaena torulosa, showed that
the accumulation of uranium in polyphosphates was especially
slow [84,120].

Yeasts and filamentous fungi are lower eukaryotes that
can be easily cultivated to produce large amounts of relatively
inexpensive biomass that can effectively adsorb toxic metals
and radionuclides. They are suitable for genetic manipulation
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and have a variety of biotechnology and industrial applications
[74,121-123]. There are many reports on the biosorption of
uranium by yeast and filamentous fungi in aqueous solution
[12,22].

Some of the advantages of yeasts are cultivated easily
on a large scale with highly productive, which makes them
promising biosorbents for heavy metal immobilization [74].
The uranium adsorption properties of Saccharomyces cerevisiae
have been reported several times [5,80,81,124]. Compared
with living cells, dead cells of S. cerevisiae have a relatively
higher metal biosorption capacity [125,126]. The heat-killed
cells of S. cerevisiae release phosphate significantly due to
membrane damage which complexed with uranyl residues
and formed uranium phosphate nanoparticles on the cell
surface [127]. The amidoxime group, known for its uranium
selectivity, was successfully grafted onto S. cerevisiae and used
for the adsorption of uranyl from salt lake brine solutions with
excellent efficiency [128]. The dead biomass of S.cerevisiae with
arough surface and "nanopores" provides a larger contact area
for uranyl adsorption than living cells with smooth surfaces
[127]. Yarrowia lipolytica, a marine strain of the ascomycetous
yeast, is currently being explored in the context of uranyl
removal. Preliminary results demonstrated the ability of this
strain to sequester 50% of the input uranium (50 pM uranium)
loading up to 37.51 mg/g at pH 7.5 [129].

Lentinus sajor-caju is a saprophytic basidiomycetous white-
rot fungus that easily grows on carbon sources and produces
a variety of extracellular enzymes for the bioremediation of
xenobiotics compounds [130]. Alkali-treated fungal biomass
removed uranium more efficiently than untreated forms, with
the superb efficiency of uranium adsorption of 268 mg/g at
PH 4.5 [53]. The improved adsorption capacity of alkali-treated
biomass is clearly the result of the increased availability of
binding sites due to the deacetylation of chitin to chitosan.
Schizophyllum commune, another basidiomycete fungus, showed
that uranium accumulation intracellularly within the vacuoles
and on the cell walls [131]. Phosphate groups instead of carboxyl
groups promoted uranyl adsorption in S.comune, which is
different from other uranyl microbial interactions, in which
carboxyl groups played a major role in uranium complexation
[118,132]. Rhizopus arrhizus was also provided with the nature
of sequestering uranium from aqueous solutions and showed
rapid adsorption for uranium, equilibrating within an hour
with a maximum adsorption capacity of 180 mg/g at pH 4.0
[55,133]. Chitin and chitosan produced by fungi also exhibited
the biosorption capacity for uranium [134-136].

Algae, which can be used as inexpensive biosorbent
materials, are photosynthetic and autotrophic organisms
generally distributed in aquatic environments. The biosorption
properties of algae for uranium have been proposed.

Green algae is a kind of photosynthetic microorganism with
various forms, from single-cell flagella to complex multicellular
morphology. The living and dead cells of Chlorella vulgaris
achieved rapid biosorption of uranium in a mineral medium
with a low phosphate concentration of pH ranging from 3.0 to
6.0. Exposed to the uranium solution with the concentration of
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0.1nM at pH 4.4, living cells bind 14.3mg/g dry biomass and dead
cells 28.3 mg/g dry biomass within 5 min, which corresponds
to 45% and 90% of total uranium in solution, respectively [23].
However, after a long period of cultivation, living cells caused
the mobilization of bound uranium by releasing organic acids.
C. vulgaris did not possess the capacity to adsorb uranium from
natural or artificial seawater at pH 8.0. The adsorption of uranyl
was inhibited due to the formation of stable uranyl-carbonate
complexes [UOZ(CO3)22’] and [UOZ(C03)34’] [137]. Brown algae
are multicellular naturally and widely distributed in marine
ecosystems [138]. Several brown algae have demonstrated the
performance of uranium biosorption from aqueous solutions
[139-142]. Under continuous flow conditions, the biomass of
Sargassum fluitans was able to remove uranium up to 105 mg/g
within 30 days [143]. Under acidic conditions of pH ranging
from 2.5 to 4.0, Cystoseria indica exhibited excellent uranyl
biosorption property of 233 mg/g at pH 4.0 [52,65,144,145].
The abundance of red algae in coastal and estuarine waters
allows this biomass to be used as a cost-effective biosorbent.
The biosorption of uranium by the red alga Catenella repens
under acidic conditions has shown infusive results with a
maximum loading of 303 mg/g from a solution of 100 mg/L
uranium [146]. Another red algae, porphyridium cruentum, can
achieve UO,?>* ions uptake rapidly from ore and sludge [117].

Mechanisms of uranium immobilization: Microorganisms
are complex in structure and exhibit various manners
to combine with uranium under different conditions. At
present, it is generally believed that the interaction between

Biosorption on the call surface

Electrostatic -;urpliun.t

Chemical wrplinn
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microorganisms and uranium can be divided into four
mechanisms: bioreduction, cell surface adsorption, cell uptake
and accumulation, and bioprecipitation [157,158]. Bioreduction,
cellular uptake and accumulation, and bioprecipitation
(biomineralization) can eventually lead to the deposition
of uranium, and cell surface adsorption allows uranium to
be adsorbed on the cell surface. In short, in the process of
adsorption and immobilization, the role of microorganisms is
mainly manifested in the following two ways:1) precipitation of
uranium to prevent the migration and diffusion of uranium;2)
rapid adsorption of uranium and timely recovery (Figure 1).

Microbial reduction of metals involves the immobilization
of potentially toxic soluble metals and radionuclides in their
insoluble form by alteration of their oxidation states. The
microorganisms capable of reducing U(VI) are mainly anaerobic
and facultative anaerobic bacteria [159] and also contain a
small number of aerobic bacteria [160], archaea [87], and fungi
[161]. The Extracellular Electron Transfers (EETs) mediated by
C-type Cytochromes (C-Cyts) and microbial nanowires played
a key role in the process of bacteria reducing U(VI). In recent
years, the molecular biological mechanism involved in the
U(VI) reduction process has been further explained.

Type of uranium reductive bacteria: In 1962, Woofolk,
et al. determined the relationship between the amount of
U(IV) produced in the crude extract of Veillonella alcalescens
(formerly Micrococcus lactilyticus) and the amount of hydrogen
consumption and confirmed that microorganisms can reduce
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U(VI) for the first time [162]. Subsequently, several studies
proposed that anaerobic bacteria can use U(VI) as an electron
acceptor to reduce U(VI) into a more stable U(IV) mineral.
Research in the past 20 years has found that bacteria capable
of reducing U(VI) mainly include but are not limited to
Fe(III) reducing bacteria and sulfate-reducing bacteria. U(VI)
reducing bacteria reported early are mainly distributed in the
Proteobacteria and Firmicutes [163-166].

It has been found that anaerobic or facultative anaerobes
can use U(VI) as the final electron acceptor and reduce it to
pitch ore with the help of electronic shuttle media, such as
cytochrome C, flagellum through enzymatic action [164,167-
170]. Taking Shewanella as an example, the electrons generated
by bacteria during metabolism are transferred along the
respiratory chain, electrons are transferred to the coenzyme Q
via NADH, and are released by the pigment Cym A on the plasma
membrane of the cell to the periplasm. The transmembrane
protein complex composed of three cytochrome molecules, Mtr
A, Mtr B, and Mtr C, can transfer electrons from the periplasm
to the cell surface. Omc A and Mtr C on the cell surface directly
transfer electrons to U(VI) in the solution and reduce it to U(IV).
Moreover, there is also a reduction of uranium in the periplasm
when uranium enters the cell [171]. In addition, after microbial
reduction, uranium formed non-pitch ore with phosphoric acid
or carboxylic acid groups under the action of microorganisms
[172]. Thermoterrabacterium ferrireducens, a thermophilic Gram-
positive bacterium was reported to reduce insoluble (NH,)
(U0,) (PO,)-3H,0 to CaU, (PO,),-H,0, this was the first discovery
that the final product of microbial reduction of uranium, in
addition to UO, previously considered by academics, and it
also showed that the uranium phosphate minerals formed in
uranium mining areas and uranium-contaminated areas may
be further reduced [172].

Under acidic conditions ranging from pH 5.0 to 6.0, several
species of Clostridia have demonstrated the inherent property
of reducing U(VI) to U(IV) [17]. Clostridium is considered to
be one of the most significant organisms to achieve uranium
reduction under natural conditions [173-175], and the uranium
reduction is related to Fermentative processes. In the absence
of sulfate, Desulfotomaculum reducens MI-1 could grow with
the help of U(VI) as the terminal electron acceptor [176]. This
organism could couple the oxidation of organic compounds with
the reduction of U(VI) to U(IV) and other metals manganese
[Mn(IV) to Mn(II)], iron [Fe(III) to Fe(II)] or chromium [Cr(VI)
to Cr(III)] for its growth. The spores of this bacterium could
also give rise to the bioreduction of uranium by means of H, as
the electron donor [177]. Membrane-related electron transport
respiratory (ETR) systems containing c-type cytochromes play
a crucial role in uranium reduction [178]. Uranium-reducing
facultative anaerobic bacteria prevent the formation of sulfides
and hydrogen sulfide complexes, which have toxic and inhibitory
effects on cellular metabolism [179]. In such microorganisms,
extracellular U(VI) reduction was related to the flow of electrons
through NADH-dehydrogenase, which is a primary electron
donor associated with the ETR system. Salmonella subterranean
isolated from nitrate and uranium-contaminated subsurface
sediments is an acid-tolerant bacterium and an important
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component of U(VI) reducing enrichment culture, showing
notable properties of uranium reduction at pH 4.5 [180]. In the
bioreduction of uranium, members of the genus Shewanella
have been comprehensively studied. Preliminary studies on
Shewanella putrefaciens indicated that the bioreduction of
uranium was promoted by enzymatic reactions coupled with
electron transport chains in the organism [166]. Shewanella alga
is an iron-reducing bacterium that can lead to the reduction of
uranium when complexed with multidentate aliphatic ligands
(malonate, oxalate, and citrate) rather than monodentate
acetate groups [181], however, it was incapable of reducing
uranium complex with aromatic ligand and metal chelator.
Another vital element that affects the bioreduction kinetics of
uranium is the bioavailability of uranium to the bacteria. In the
presence of sodium bicarbonate (NaHC03), the kinetics of U(VI)
reduction by Shewanella oneidensis MR-1 became slow. At pH
7.0, with the increase of NaHCO, concentration, the amount of
uranium adsorbed decreases due to the formation of negatively
charged soluble uranyl carbonate species [182].

A range of biological and chemical redox transformations
were performed in S.oneidensis, including subsequent reduction
to U(IV) nanoparticles [uraninite (UO,)], absorption of
U(VI) to the cell surface, and formation of U(VI) nanowires
[metaschoepite (UO,.2H,0)], providing a novel strategy for the
bioremediation of uranium in contaminated aquifers [183].
The two-step uranium reduction was superior to the one-step
reduction process that was previously reported [163]. Mixed
bacterial cultures isolated from natural sediments and pure
cultures of Desulfosporosinus species, Geobacter sulfurreducens,
S.oneidensis MR-1, and S.putrefaciens CN32 are also reported to
possess the property of forming biogenic uraninite nanoparticles
[184-187]. In S.oneidensis MR-1, c-type cytochromes played a
vital role in reducing U(VI) to extracellular UO, nanoparticles
[188]. Compared with the wild-type strains, the reduction of
uranium of mutants of S. oneidensis MR-1 which lacks omcA or
mtrC showed slower [188]. Similarly, the endecaheme c-type
cytochrome present in the OM of Shewanella sp. participated in
the extracellular reduction of iron [Fe(III)] oxides and uranium
[U(VI)] [189]. With the assistance of outer membrane c-type
cytochromes present in the extracellular polymeric substances,
biofilms of Shewanella sp. HRCR-1 was also capable of reducing
uranium efficiently [190]. Nevertheless, S. oneidensis MR-1 and
its biofilm displayed boundedness in U(VI) reduction in flow
and batch reactors [191]. Studies have shown that in addition
to genetic manipulations, alternative organic materials/
modules can also promote and accelerate the rates of uranium
bioreduction.

Anthraquinone-2,6-disulfonate as a humus substitute
enhanced the rates of uranium reduction in S. oneidensis [18].
Similarly, flavin mononucleotide secreted by Shewanella
species improved the reduction rate of U(VI) [192].

Except for the Gram-positive bacteria above-mentioned,
Gram-negative bacteria Geobacter ~ metallireducens,
Anaeromyxobacter dehalogenans as well as various sulfate-
reducing bacteria (SRB) also displayed great potential in
uranium bioreduction. Geobacter species can mediate the
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coupled reduction of Fe(III) and U(VI) under anaerobic
subsurface conditions. G. metallireducens, a Fe (III) reducing
bacterium, exhibited a direct reduction of U(VI) instead of
an indirect reduction of Fe(IIl). The reduction process was
conducive to the growth of bacterial and the culture ceased
to grow once uranium was depleted from the growth medium
[163]. This organism reduced uranium in groundwater samples
and the deposits of uraninite were observed on cell surfaces
[166]. Nitrate, a co-contaminant associated with uranium, is
detrimental to the reduction processes and it was essential
to add sufficient amounts of acetate (as an electron donor)
initially to reduce nitrate [193]. Reduction and precipitation
of uranium on surfaces rich in electron donors bring about
detriment to the cell envelope and interfere with the associated
functions. For the sake of safeguarding cellular integrity and
viability, conductive pili in Geobacter sp. have been reported
as the performance of extracellular reduction of U(VI) to
U(IV) [194]. Pili were considered to be the cardinal uranium
reductases that accepted electrons from the cell envelope and
c-type cytochromes. These acted as electrical conduits between
the cells and uranium. The loss of pili (Pili A-mutant) caused
damage to the reduction of uranium in Geobacter and resulted
in the enhancement of periplasmic mineralization, which, in
turn, reduced cell viability and cellular respiration [195]. G.
sulfurreducens, a sulfate-reducing species of Geobacter, initially
reduced U(VI) to a U(V) intermediate which resulted in the
formation of tetravalent uranium on disproportionation [184].
Cytochromes associated with outer surfaces (c-type) played an
important role in uranium reduction in this organism [159].
Moreover, periplasmic cytochrome MacA, a diheme c-type
cytochrome peroxidase, was found to be essential for U(VI)
reduction in G. sulfurreducens, and a fraction of the reduced
uranium was localized in the periplasm. Growth yields of
Geobacter lovleyiand G. sulfurreducens were decreased when U(VI)
was used as an electron acceptor, indicating that this process
of reduction imposed an additional burden on the growing
cells [196]. The chemical state of biomass and enrichment
mechanism of U(VI) during bioconcentration was analyzed by
XPS and the results showed that uranium displayed two valence
states (U(VI) and U(IV)). After bioconcentration, the resistant
Absidia corymbifera showed the reductive effect of U(VI) to
U(IV), which is also a resistance mechanism for the reduction
of uranium hazards by Absidia corymbifera [197]. Certain studies
have shown that U(VI) in groundwater is removed after in situ
prompting metal reduction, which is usually accompanied by
a significant increase in the growth and activity of different
metal-reducing microorganisms in Deobacteraceae. The
analysis of XPS and FTIR results showed that the removal of
U(VI) by the Absidia corymbifera may be complicated [198].

Under microcosm and in situ conditions, the role of
Geobacter species in uranium bioremediation was essential.
Microcosm studies showed the enrichment of the members
of the Geobacteraceae family could reduce uranium under low
bicarbonate concentrations (1 mM) in the presence of ethanol as
the electron donor [199]. With the supplementation of acetate
as an electron donor, concentrations of U(VI) were observed to
decrease from 0.4 to those below 0.18 pM which was believed
to be the maximum contaminant limit [200].
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An anaerobic myxobacterium isolated from Oak Ridge FRC,
TN, U.S. was identified as A. dehalogenans by using H, as the
electron donor to reduce uranium rather than acetate which
was utilized by Geobacter [201]. Some electron acceptors,
such as Fe(III) citrate or Fe(IIl) oxide, exhibited an inhibitory
effect on the reduction of U(VI) in A. dehalogenans [201]. In the
presence of lactate or H, acted as electron donors, the SRB and
Desulfovibrio desulfuricans have been reported to achieve the
reduction of uranium rapidly and directly. U(VI) and sulfate
reduction occurred simultaneously and reduced uranium was
observed in the form of extracellular uraninite. D.desulfuricans
cells contained within a semipermeable membrane showed
a rapid reduction of uranium at concentrations as high as 24
mM [165]. Bicarbonate extracted uranium from contaminated
soils and subsequently microbial reduced with D. desulfuricans
showing a potential strategy for enriching uranium from
contaminated soil and sediments [202]. Cytochrome c3
seemed to be a component of the electron pathway in vivo
that participated in the reduction of U(VI) to U(IV) in D.
desulfuricans. In the case of lactic or pyruvate as the electron
donor, the cytochrome c3 mutant of D. desulfuricans G20 is
not as effective in reducing uranium as the wild-type strain
(almost 50%) [66]. The capacities of uranium reduction of
various sulfur-reducing bacteria were analyzed [164]. Among
different isolates, Desulfovibrio vulgaris was the most effective
uranium-reducing organism followed by Desulfovibrio baculatus,
Desulfovibrio sulfodismutans, and Desulfovibrio baarsii [164].
Uranium reduction by all these SRBs relied on the supply of
electron donors D.vulgaris was incapable of growing in the case
of U(VI) as the sole electron acceptor, precipitated uranium as
uraninite and both sulfate and uranium reduced simultaneously
which was similar to D.desulfuricans [164]. Another SRB,
Desulfosporosinus sp. and its type strain Desulfosporosinus orientis
showed the capacity for enzymatic reduction of uranium in the
presence of lactate or H, as an electron donor [7].

In the presence of acetate, glucose, or ethanol, a field
study associated with the growth and activity of indigenous
microorganisms was performed [203]. The replenishment
of these electron donors brought out the development of an
anaerobic and reducing environment that was conducive to the
reduction of NO,, Fe(III), and U(VI). NO,-dependent, microbial -
mediated U(IV) oxidation is an important process in regulating
the stability of U(VI) reduction in places contaminated with
high concentrations of nitrates. Supplementation with acetate,
and in situ uranium bioremediation trials were carried out.
Rapid reduction of uranium prevalent in the form of Ca-
UO0,-CO, ternary complexes was achieved by iron and uranyl
respiring Geobacter species [204]. In subsequent studies,
at the same location, in the presence of acetate, lactate,
hydrogen release compound (HRC), or vegetable oil, uranium
reduction was observed [205]. Another report described U(VI)
bioreduction over an extended period. Emulsified vegetable oil
amendments caused effective bioreduction at depths up to 50
m [206]. Recent studies have confirmed U(VI) bioreduction in
iron oxide-rich sediments following ethanol supplementation
[207]. The major problem associated with in situ bioremediation
of uranium-contaminated sites is the fate of U(IV) induction in
sub-surfaces which re-oxidizes to U(VI) form and affects the
process economy negatively.
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Uranium bio precipitation refers to the direct entry and
immobilization of U(VI) into mineral lattice under the action
of microorganisms. Unlike the bioreduction of uranium,
U(VI) does not accept electrons in this process. Most of the
uranium bio precipitation is aerobic and facultative aerobic
microorganisms. The process and mechanism of interaction
between U(VI) and microorganisms were studied and found
that the uranium bio-precipitation process is involved in
the microbial adsorption of U(VI), coordination of functional
groups with uranium, and stress regulation of phosphatases.

The number of aerobic microorganisms exhibited an
excellent adsorption capacity for uranium. Chen, et al. found
that Bacillus thuringiensis could reach a high uranium removal
rate within 2 h with a maximum capacity of 416 mg/g biomass.
The functional groups present on the cell surface play an
important role in the microbial immobilization of U(VI). In the
initial stage of interaction between U(VI) and microorganisms,
U(VI) is first quickly adsorbed on the surface of microorganisms
by electrostatic action, and then further immobilized by
functional groups such as peptidoglycan, amino group,
carboxyl group, and phosphate group on the cell surface [161].
Choudhary and Sar found that Pseudomonas aeruginosa isolated
from uranium slag contains carboxyl, amino, and phosphoric
acid groups, which are the dominant functional groups for
U(VI) immobilization. Two types of Bacillus sphaericus JG-7B
and Sphingomonas sp. S15-S1 which was isolated from extreme
environments exhibited the capacity of U(VI) precipitation on
the surface or inside of cells. Potentiometric titration analysis
shows that the organic functional groups on the cell surface
(carboxyl, amino, hydroxyl, and phosphate groups) are the
primary binding sites of uranium [208]. Screening of the
functional groups directly on the cell surface weakens the
ability of microorganisms to adsorb heavy metals to a certain
extent [209].

In addition to the functional groups, phosphatase also
plays an important role in the bioprecipitation of uranium.
The overexpression of phosphatase as a result of heavy metal
stimulation could be used as a detoxification mechanism for
bacteria. Phosphate produced by intracellular phosphatase
under the stimulation of U(VI) promoted the immobilization
of uranium better, which can reduce the toxicity of U(VI)
to cells to some extent. About 30 years ago, Macaskie, et al.
discovered that Citrobacter sp. could achieve the transformation
of U(VI) into U(VI) phosphate minerals under the mediation of
phosphatase. Subsequently, it was reported that phosphatase
could cooperate with extracellular lipopolysaccharides to
promote the conversion of U(VI) to NH ,UO,PO, [19]. In addition,
phosphatase was also involved in the immobilization of U(VI)
to phosphate in Bacillus sphaericus JG-7B and Sphingomonas sp.
S15-S1 [208]. Islam, et al. studied the effects of uranium on a
variety of bacteria isolated from uranium deposits and found
that most of them could immobilize uranium into uranyl
phosphate compounds or uranyl phosphate saline compounds
in a phosphorus-free solution, so it was speculated that these
bacteria might induce uranyl ion immobilization by increasing
the concentration of surrounding phosphate under the action
of phosphatase [210]. A study on the sorption mechanism of
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Kocuria toward U(VI) indicated that uranium adsorption by —P
= 0, -OH, -C = 0, -COOH at a short time and then forming
Cau(PO,), precipitation in the surface. Thus, the effect of
sorption by Kocuria cells not only depends on the passive
adsorption of active sites but also on the release of phosphate
from the cell. Fast immobilization of U(VI) on the cell surface
firstly and gradually more phosphate was released by Kocuria
and was immobilized with U(VI) as the species of uranium
phosphate with very low solubility [148]. The process of
uranium mineralization was investigated by Saccharomyces
cerevisize and the toxicity experiments showed that the
viability of the cell was not significantly affected by 100 mg/L
U(VI) under 4 days of exposure time. Moreover, the batch
experiments showed that the phosphate concentration and pH
value rose over time during U(VI) adsorption [54]. Meanwhile,
thermodynamic calculations demonstrated that the adsorption
system for UO,HPO, was supersaturated. The X-ray Diffraction
(XRD), Fourier Transform Infrared (FTIR), Field Emission
Scanning electron Microscope (FE-SEM) equipped with Energy
Dispersive X-ray spectroscopy (EDX), and X-ray Photoelectron
Spectroscopy (XPS) analysis indicated that the U(VI) was first
attached onto the cell surface and reacted with the groups that
exist on cell surface, such as hydroxyl, carboxyl, and phosphate
groups, through electrostatic interactions and complexation.
As the immobilization of U(VI) transformed it from an ionic to
an amorphous state, lamellar uranium precipitate came into
being on the cell surface. With the prolongation of time, the
amorphous uranium compound vanished, and some crystalline
substances were observed extracellularly, which were well-
identified as tetragonal-chernikovite. Furthermore, the size
of chernikovite was regulated by cells at the nano-scale,
ultimately, the perfect crystal was generated [156]. Radiation-
resistant Deinococcus and E. coli could immobilize uranium
in the form of uranium phosphate and the phosphatases
in both bacteria. In addition to bacteria, the interaction and
mineralization between fungi represented by yeasts and
uranium have also attracted the attention of some scholars. A
study on the interaction between a variety of selected yeasts
and uranium mineralization found that yeasts could utilize
phosphatase to decompose phosphates produced by organic
phosphorus sources, thereby immobilizing uranium on the cell
surface in the form of phosphate. A yeast stimulated by uranium
can release a large amount of phosphate under the action of
phosphatase. These generated phosphates will be transferred
from the cell to the extracellular and bound to uranium. After 4
days of action, hydrogen uranium mica [H,(UO,),(PO,),-8H,0]
with obvious crystal will be formed outside the cell [211].
The research mentioned above indicated that phosphatase
immobilized uranium mainly through phosphate produced
by the decomposition of organophosphorus sources, and the
addition of glycerol phosphate and other substances as the
organophosphorus source in the process of immobilization of
uranium by aerobic bacteria could facilitate the immobilization
of uranium by bacteria better [212]. In oxygen-containing and
low pH environments, the low solubility of U(VI)-phosphate
minerals makes it a good form of U(VI) immobilization [213].
There is increasing research on the interaction between aerobic
bacteria and uranium, but the mechanism of aerobic bacteria
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immobilizing uranium still has a lot of research space. Li, et
al. found that the accumulation of uranium by Streptomyces was
related to the surface functional groups and may also involved
in the ion exchange process [102]. The first study by Bader,
et al. found that the interaction between archaea and uranium
was a multi-stage process, which may include adsorption
under the action of functional groups and mineralization after
adsorption, but the specifics of these two processes are yet to
be studied [214]. In another study, Gerber, et al. found that the
interaction between Acidovorax facilis and uranium consisted
of an adsorption and post-adsorption equilibrium process
[215]. Transmission electron microscopy analysis showed
that uranium-containing substances accumulated outside
and inside the cell, which was related to phosphorus, but the
specific mechanism of action still needed further exploration.
Moreover, the previous research on the biomineralization
of uranium mostly focused on the observation of the cell
surface. Some studies have found that the product of bacterial
immobilization of uranium existed in the cell, but there is no
detailed study and explanation of how these substances are
produced [208]. Pan, et al. conducted electron microscopy and
XRD analysis on the interaction of two other strains of Bacillus
thuringiensis with U(VI) and found that in the initial stage of
the interaction between bacteria and uranium, uranium was
first adsorbed on the cell surface in the form of an amorphous
substance. This amorphous material gradually entered the cell
and converted into NHA(UOZ) (POA)-3H20 minerals stored in
the cell around 10 nm [216]. This process of intracellular and
extracellular transformation suggested that aerobic bacteria
may not only be able to immobilize uranium but also could
immobilize nano-scale uranium minerals in micro-scale
cells so that they could be stored better, which was important
for reducing the mobility of uranium. However, there was
no further study on how the uranium-containing material
transferred from extracellular to intracellular.

Whether the phenomenon of uranium immobilization in
cells, intracellular and extracellular transfers was a special
case or universal and what role enzymes play in them required
further research. For some uranium-contaminated soil and
water that were not suitable for bioreduction, bioprecipitation
provided novel strategies, but its related mechanism had not
been fully clarified. The functional groups and phosphatases
contained in microorganisms played a significant role in the
immobilization of uranium, and the formation of uranium-
phosphate products is a relatively common phenomenon.
To a certain extent, relative to microbial reduction, whether
it is in the size and stability of the uranium product or the
possible storage form of the product, there is a relatively large
exploration space for uranium bio-precipitation.

By summarizing the research results of the four mechanisms
in recent years, it is found that the treatment of uranium-
containing wastewater by microorganisms was not the role of
a single mechanism, but a joint action of multiple mechanisms.
Microorganisms could adsorb uranium on the surface of
cells through surface adsorption; When the phosphorus
source supplementation was sufficient in the organism, the
immobilization of uranium could be more and more stable;
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Under reducing conditions, microorganisms could survive
through the biological reduction process, simutaneously,
completing the immobilization of uranium; Biomineralization
could act as a supplementary technology for bioreduction, and
the concentration of uranium ions can be maximized regardless
of the reduction or oxidation conditions.

Microbial reaction to uranium immobilization

As we all know, uranium can cause liver, lung, and kidney
damage in humans [10,11]. Although many microorganisms
have been proven to respire uranium, the toxicity of uranium
in microorganisms has been confirmed from the inhibition
of microbial activity, cell surface deformation and loss of cell
viability, transcription and translation process suspension,
growth arrest, DNA replication suspension, and oxidative
damage [74,106]). For the purpose of resisting toxicity and
reducing the harm caused by the presence of uranium,
microorganisms have undertaken a series of stress responses to
counteract, showing the potential of uranium immobilization
and bioremediation.

Growth change and the responses of physiological and
biochemical: Transcriptomics studies were conducted on
Metallosphaera prunae exposed to high concentrations of soluble
uranium (1,238 mg/L) and found that within 15 min of uranium
exposure, large amounts of cellular RNA degradation and the
termination of transcription and translation processes in the
organism, which may be to resist uranium toxicity [219]. It
was pointed out that siderophores may play a vital role in the
uranium chelation of M. prunae because it was found that genes
related to the iron complex transport system were significantly
induced during uranium exposure [219]. It was reported that
when exposed to U(VI), the growth rate of G.sulfreducens
was slightly reduced, and numerous proteins that related
to central metabolism were in low abundance. Moreover,
phosphoenolpyruvate synthase, a protein that is involved in
translation, ribosome biogenesis, and amino acid biosynthesis
were all in less abundance after exposure to uranium [220,221].
The morphological changes of B.amyloliquefaciens rich in
U(VI) were determined using scanning electron microscopy
and energy dispersive spectroscopy, the results showed that
the morphological characteristics of B. amyloliquefaciens
after bioconcentration were significantly different from
those before, in which the cell surface is smooth and rod-
like. However, after only 3 h of exposure to 200 mg/L of
uranium, the bacterial surface became rougher and damaged
fragments of cells existed on the bacterial surface. Moreover,
in the absence of uranium, the surface of B.amyloliquefaciens
exhibited a clear cell wall structure, and some organelles
inside the cell were also localized, the morphology of the
whole cell was complete. Under 200 mg/L of uranium stress,
part of the uranium ion enters the cytoplasm first, As the
inner organelle and cell wall of the cell are destroyed, the
whole cell interior becomes a homogeneous system, losing the
protection function, thus making it easier for uranium to enter
the cell interior and combine with the intracellular desmin,
making the cell lose its function, and eventually leading
to cell disintegration [60]. The same phenomenon occurs
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in C.utilis, under the action of uranium stress, intracellular
biomolecules of C.Utilis combine with U(VI) and even lead to
the breaking of biochemical bonds of biomolecules, organelle
disintegration, impaired cell function, resulting in metabolic
effects, and ultimately hindering the growth of C.Utilis. In
addition, the effects of different concentrations of uranium
on the growth of C.Utilis were diverse. The biomass of C.Utilis,
MDA (Malondialdehyde), H,0,, GSH (Glutathione), and SOD
were measured under different concentrations of uranium.
Changes in the concentrations or contents of GSH and SOD
with the increase of U(VI) concentration, the microbial
biomass gradually decreased, and the contents of MDA and
H,0, increased first and then decreased, indicating that the
ability of active oxygen cleared of C.Utilis cells under U(VI)
stress is time-delayed. GSH and SOD reflect the ability of cells
to remove reactive oxygen species, and the changes of the two
have greater synchronization [222]. A number of previous
studies have found that many microorganisms are destroyed
to varying degrees following heavy metal or radionuclide
enrichment, such as Arsenic enrichment in R.oryzae, Cobalt
enrichment in A.niger, and U(VI) enrichment in Mucor [58,223].
Another study on the immobilization of uranium by Bacillus
velezensis Strain UUS-1 showed that under the stress of
uranium with the concentration of 10 mg/L, the morphology
of bacterial cells was changed and more flagella was observed,
which plays a vital role in the movement of the bacterium to
a suitable environment for growth. As a heavy metal, a high
concentration of uranium was possibly toxic to biological
entities, and UUS-1 generated more flagella to escape the high
uranium environment is undoubtedly a self-protect mechanism
[88]. A study on the bioaccumulation and transformation of
U(VI) by sporangiospores of Mucor circinelloides showed that
the intracellular and extracellular morphological structure
changed significantly, and levels of intracellular H0,, 0%,
GPx, and SOD compounds in sporangiospores increased
significantly under U(VI) stress [149]. What is more, the
resistance of M.circinelloides to U(VI) and As(V) stress is mainly
attributed to the biosynthesis of thiol compounds (NP-SH and
PBSH), activation of antioxidant enzymes (SOD and CAT), and
secretion of organic acids (oxalic acid and citric acid) [58].

In summary, the radionuclide U(VI) has the ability to
inhibit the growth of cells and induce the production of reactive
oxygen species.

Differential expression of key biomolecules: It is
possible to understand the expression of genes/proteins
under different stress conditions with the development of
analytical and bioinformatics techniques. The identification of
functional genes and proteins implicated in metal responses is
fundamental in deciphering underlying molecular mechanisms
and for developing in situ bioremediation strategies.

For the purpose of assessing how bacterial cells respond
to the presence of U(VI), G.sulfurreducens that were grown
anaerobically to the mid-exponential phase were exposed to
100 mM uranyl acetate for 4 h and then collected for proteomic
analysis. A total of 1363 proteins were detected in cells. There
were 203 proteins detected with higher abundance during
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exposure to U(VI) compared with the control cells and 148
proteins with lower abundance. This accounted for 26% of
the total proteins detected, indicating that protein expression
was significantly affected by the presence of U(VI). Proteins
associated with energy conservation had the highest number of
proteins with greater abundance following uranium exposure.
However, in the presence of U(VI), the proteins involved in
translation, and ribosome biogenesis were all in less abundance,
which reflected that protein biosynthesis in the presence of
U(VI) also seems to be less important [224].

Although there are no known uranium-specific
detoxification systems in microorganisms, metal efflux pumps
for other toxic metals exist and could conceivably play a role in
preventing uranium toxicity. Several efflux pumps in the RND
(resistance-nodulation-cell division) family, which confer
metal tolerance by extruding a wide spectrum of metals, were
more abundant in cells exposed to U(VI) [224,225]. Many other
proteins related to the binding and transport of metals were
also significantly more abundant in the presence of U(VI), such
as the putative periplasmic tungstate ABC transporter, which is
part of the tungstate transport complex, and MgtA commonly
involved in Mg transport [224]. Besides, G.sulfreducens showed
increased levels of several efflux pumps belonging to the RND
family of superoxide dismutase and superoxide reductase upon
exposure to uranium [226]. Proteins involved in phosphate
and iron metabolism were found to be abundant in a uranium-
tolerant bacterium. Microbacterium oleivorans A9 and the role
of siderophores were proposed in uranium transportation in
this bacterium [227]. In addition, many proteins related to the
regulation of gene expression in response to changes in the
environment were differentially expressed when cells were
exposed to U(VI). For instance, the transcriptional regulator
of the Fur family was expressed in higher abundance when
U(VI) was present. The fur regulon is of great significance
in the regulation of the iron uptake pathway, indicating
iron uptake increase under U(VI) exposure [228]. Two
transcriptional regulatory proteins of the G.sulfurreducens TetR
family that coordinate the expression of efflux pumps were
also expressed in higher abundance. The TetR family has a
hand in the regulation of efflux pumps and tolerance to toxic
compounds [229]. The transcriptional regulators of the ArsR
family, which responds to metal ion stress and modulates the
transcription of genes involved in metal efflux, sequestration,
and detoxification, were expressed in high abundance [230-
233].

For the detoxification of heavy metal, another strategy
is precipitation [171,234]. It is understood that several
microorganisms were able to use the phosphate derived
from polyphosphates to precipitate uranium [13]. In the cells
that were exposed to uranium, polyphosphate kinase and
exopolyphosphatase, which catalyze the transfer of phosphate
from ATP to the formation of long-chain polyphosphates and
irreversibly hydrolyzes polyP to form phosphate, respectively,
both exhibited higher abundance, indicating its excellent
prospect in uranium detoxification. In addition, polyphosphates
can indirectly affect the outflow of other heavy metals, such as
cadmium in E. coli, Anacystis nidulans, and nickel in Staphylococcus
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aureus, thereby regenerating ATP, which can then be used to
activate the outflow of ATPase [235-237]. Proteome analysis of
C. crescentus exposed to uranium revealed the down regulation
of cell cycle regulators, motility, chemotactic proteins, and
up regulation of possible phytase [238]. Phytase provides the
necessary phosphate groups for uranium precipitation and
facilitates the survival of C. crescentus cells in the presence of
uranium [239]. The raise of protein expression involved in
general stress response or reactive oxygen species detoxification
was observed in uranium-exposed cells of A. ferrooxidans [240].
Similarly, E. coli cells exposed to uranyl ions showed different
accumulation of oxidative stress proteins and other proteins
such as NADH/quinone oxidoreductase WrbA [241].

Uranium has a high affinity for organic molecules and is
capable of forming strong bonds with functional groups in
proteins [242]. The uranium binding can bring out changes
in the conformation of proteins [243,244]. Uranium ions can
produce ligands containing functional groups of thiolates as
well as carboxylate from acidic amino acids [243,245,246].
Enzymes in G. sulfurreducens that contribute to protein folding
may help to avoid these potential pernicious effects. For
example, exposure to U(VI) resulted in higher expression of
the chaperonin GroES, the DnaJ-related molecular chaperone,
and the DnaJ adenine nucleotide exchange factor that is
involved in the protection and renaturation of heat-labile
proteins [224]. This is in consistent with a former study which
reported that transcripts of DnaJ and GrpE were found to be
expressed in higher abundance in cells of the dissimilatory
metal-reducing bacterium Shewanella oneidensis strain MR-1
[182]. The expression of several proteins related to peptide
secretion and trafficking was also more abundant in the
presence of U(VI). For example, SecE and SecF, which belong to
the general Sec system, and PulQ and GspK, which are part of
the type II secretion system, were in higher abundance in the
presence of U(VI) [224]. Previous studies have suggested that
the type II secretion system has an essential role in localizing
several metal-containing proteins on the outer surface of the
cell [247,248]. Besides protein, uranium also possesses a high
affinity for DNA, which can result in DNA strand breakage and
inhibition of DNA-protein interactions [242,244,245,249].

Exposing G. sulfurreducens to U(VI) resulted in a higher
abundance of both superoxide dismutase (sodA) and
superoxide reductase [226]. A former transcriptional study
of the Geobacter species reported that the gene encoding
the superoxide dismutase was highly expressed despite the
presence of a highly reduced environment [250]. Another
study evaluating the transcriptional expression of the Geobacter
uraniireducens also showed that the sodA gene was upregulated
when the isolate was grown in the contaminated subsurface
sediments [251]. Both results suggested that the expression of
the superoxide dismutase could not only be triggered by oxygen
stress but also by other factors in the sediments. Furthermore,
the gene encoding the superoxide dismutase upregulated when
cells of the highly uranium-tolerant oligotrophy, Caulobacter
crescentus, were exposed to uranium, cadmium, chromate, and
dichromate, suggesting that this enzyme is involved in the
response to a wide range of heavy metals [252].
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Perspective and outlook

Microbes possess many advantages in treating low-
concentration uranium-containing wastewater. However, it
is only in the stage of experience and laboratory, and there
are still many challenges and critical issues in practical and
industrial applications that need to be addressed further. It can
be studied from the following aspects:

1) The particle size of the microbial reduction and non-
reduction products of uranium is relatively small, and it
is easy to migrate or oxidize in the environment. How to
regulate the process of crystallization and whether the
particle size of the crystal can be changed by artificial
regulation becomes a concern.

2) Nowadays, the research on microbial immobilization
of uranium is mostly focused on the role of anaerobic
bacteria, while immobilization of uranium by aerobic is
relatively few. But, in the actual environment, there are
many aerobic bacteria in the surface and shallow water,
and the treatment of uranium pollution by anaerobic
bacteria alone may not meet the needs of surface
treatment. However, in the process of immobilizing
uranium, aerobic bacteria often sacrifice their own
phosphate, resulting in their survival rate decreased.
It may be possible to consider artificial regulation
to improve the survival rate of bacteria while better-
assisting bacteria to immobilize uranium. Some studies
have observed the migration and transformation of
uranium in and out of cells during the process of
microbial mineralization, but there is no explanation
about how this process occurs and what the influencing
factors are.

3) Single microorganisms and the microbial community
stability. The immobilization mechanism of different
types of microorganisms on uranium still needs to be
studied further. The type and quantity of ligands on the
cell surface affected the surface adsorption capacity,
while the specific influence means is not yet clear. It is
possible with the help of modern instrument analysis
to analyze and modify the groups on the cell surface
that interact with uranium to obtain better adsorption
materials. Using genetic recombination technology
to cultivate '"super strains" with high adsorption
performance and low environmental pollution can be
more effective in treating low-concentration uranium-
containing wastewater.

4) Microbial treatment of uranium is usually by a variety
of mechanisms, how to combine bioreduction and
biomineralization together to achieve a better ability
to remove uranium is one of the research directions in
the future. In addition, it is found that the microbial-
mediated uranium mineralization process is the result
of a variety of microorganisms performing different
mechanisms. Therefore, it is not sufficient to study
uranium immobilization by a single microorganism.
Studies are carried out from this perspective and based
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on this to explore the diversity of microorganisms to
enhance the stability of the microbial system used
to treat uranium-containing wastewater, thereby
enhancing the ability of uranium immobilization.

Conclusion

The microbial adsorption of uranium is a complex process,
and its adsorption mechanism is not singular in most cases.
Only from the perspective of the molecular to study biological
adsorption mechanism, the chemical composition and
biological synthesis pathway of the effective adsorption of the
cell wall can find out the microbial and its environment that
is suitable for adsorption of uranium, thereby improving the
adsorption selectivity of adsorbents on the specific ion. Various
testing and analysis techniques can be used to study the
binding sites and forms of uranium on the surface and interior
of cells, the changes in binding energy between uranium and
specific functional groups in cells, as well as the structure
and characteristics of functional groups. With the continuous
development of genetic engineering technology, strengthening
genetic engineering research, creating gene libraries, and
constructing engineering bacteria with strong adsorption
capacity are the future development directions.
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