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Abstract

Biosorption by microorganisms is an environmentally friendly and efficient method to adsorb heavy metals and radionucli-
eds. The purpose of this study was to transform urease gene (Ure) from Sporosarcina pasteurii DSM33 into D.radiodurans
to prepare a recombinant Deino-Ure strains. The urease was used to decompose urea to produce CO32_, promoting calcium
carbonate precipitation in the presence of Ca**. This enhances the biomineralisation and U(IV) enrichment of D. radio-
durans, which provides a scientific basis for the treatment of low enriched uranium contaminated soil. During Deino-Ure
mineralization of U(VI), uranium may co-precipitate with calcium, forming a stable U(VI)/U (IV)-calcite mineral precipitate.

Keywords Deinococcus radiodurans - Uranium - Urease - Biomineralization - Microbially induced carbonate precipitation

Introduction

As one of the most significant basements of human well-
being, soil has been contaminated by the undue disposition
of pesticides and industrial wastewater, waste gases, and
residues, resulting in an increasingly severe pollution issue
in the soil and gravely threatening public health and food
security [1-4]. Thereinto, a hot and difficulty issue lie in the
control and prevention of radionuclide pollution in soils,
especially the remediation of soil in uranium mining and
metallurgical areas, which urgently requires solving [5-7].
While the uranium in soil could be absorbed into plants
by rhizomes and eventually ingested by the human body
through the food chain. In addition, edaphic uranium could
constantly migrate downward and spread during hydro-
logical changes such as rainfall and irrigation, entering the
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groundwater cycle and causing more extensive pollution. If
the diffused uranium is ingested or inhaled into the human
body, it will trigger a permanent and strong internal radia-
tion that is extremely harmful and may induce cancer [8, 9].

Contemporary remediation technology for contaminated
soil consists of physical remediation, chemical remediation,
and biological remediation [10, 11], and biomineralization
is a inseparable part of biological remediation. Microbi-
ally induced carbonate precipitation (MICP), a remediation
method to treat metallic contamination proposed in recent
years [12—-14], is mainly based on the decomposition of urea
by urease secreted by carbonate-mineralizing bacteria to
produce carbonate that could form precipitation in the pres-
ence of Ca>* or other metal ions [15, 16]. Sporosarcina pas-
teurii (S. pasteurii) possesses favorable secretory ability of
urease and a multitude of studies have shown that it also has
satisfactory urease activity about 100 times that of soybean
urease and 14 folds that of Jack bean urease [17, 18]. Thus,
S. pasteurii is employed as a common strain for bio-induced
calcium carbonate mineralization and has been progressively
utilized in the fields of architecture, environment, and even
medical treatment [19-21]. However, most of carbonate-
mineralizing bacteria may be inherently devoid of tolerance
for radionuclides, making it difficult to achieve pleasing
results in practical applications. While D.radiodurans is
known as the “most resistant bacterium in the world”, which
can survive in a high-intensity radioactive environment,
exhibiting great prospects for exploitation [22]. According
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to previous researches, the urease gene cluster of S. pasteurii
can be successfully heterologously expressed in other hosts
and obtain comparable urease activity to S. pasteurii [23].
Herein, we managed to transfer the urease gene of S. pas-
teurii into D.radiodurans for stable expression and link the
optimized fragment to the E. coli shuttle plasmid (pRADK)
to construct the pRADK-Ure plasmid vector, which was
transferred into D.radiodurans in order to acquire a geneti-
cally engineered bacterium with both radiation resistance
and prominent biomineralization ability, providing theoreti-
cal and experimental support for slowing down the migra-
tion of nuclear waste in the environment and the microbial
treatment of uranium-containing soil.

Material and methods
Bacterial strains and growth conditions

Bacterial strains, primers and plasmids used in this study
were listed in Table 1. E. coli shuttle plasmid (pRADK)
was funded by Yuejin Hua group and D.radiodurans R1 was
preserved in our laboratory. D.radiodurans R1 was cultured
with TGY solid medium at 30+ 1 °C and 220 rpm. TGY
liquid medium was prepared with 0.5% tryptone, 0.1% glu-
cose, and 0.3% yeast extract, while TGY solid medium was
manufactured with liquid medium plus 1.5% agar.

Table 1 Bacterial strains, plasmids, and primers used in this study

Construction of genetically engineered
D.radiodurans containing urease gene clusters

The target gene was designed according to the urease gene
cluster sequence UreABCDEFGD of S. pasteurii DSM33
strain in the NCBI database. Urease expression has been
shown to be enhanced by adjusting the large subunit UreC
in the urease gene cluster upstream of UreA and UreB [24,
25]. Therefore, in this experiment, before the large subunit
UreC gene was moved to UreA and UreB genes, the codon
and ribosome binding sites of the target gene sequence
were optimized by Tsingke Biotech Co., Ltd. to synthe-
size the whole UreCABEFGD gene (hereinafter referred
to as Ure gene) [26-28]. The synthesized Ure gene was
used as a template, and the designed precursors of Ure-
F and Ure-R were added to manipulate the polymerase
chain reaction in order to amplify Ure gene fragment with
Ndel and BstEII enzymatic cleavage sites. coli-D. The
Ure gene was cloned downstream of the strong promoter
of D.radiodurans to construct the recombinant plasmid
pPRADK-Ure. Finally, the recombinant plasmid pRADK-
Ure was transformed into D.radiodurans cells, and posi-
tive clones were screened on TGY agar medium containing
3.4 pg/ml of chloramphenicol.

Source, reference or comment

lab collection
lab collection

Nanjing Tsingke Biotech Co., Ltd

Strains, plasmids and primers Description

Strains

D.radiodurans R1

pRADK D.radiodurans-E. coli shuttle vector, 7.9 kb, containing Amp, Kana
and Cm resistance, with D. deinococcal groEL promoter

Primers

Ure-F 5’CATATGCACCACCACCACCACCACG(NdeI)

Ure-R 5’GGTAACCTCACACGATGTAGTTGGC(BStEII)

UreA-F 5’CTGCACCTGAACCCCGCCG

UreA-R 5’TCAGCTGATGGGGTTGTGCACGG

UreB-F 5’GTGTCGAACAACAACTACATCGTGC

UreB-R 5S’TCATTCCACGCCCTTGTAGC

UreC-F 5’GTGAAGATCAACCGCCAGCAG

UreC-R 5S’TCAGAACAGGAAGTAGCGCTG

UreD-F S’ATGGAGTTCCAGTACCGCGG

UreD-R 5S’TCACACGATGTAGTTGGCGAAC

UreE-F 5S’ATGCTGCTCATCACCAAGATCGTGGG

UreE-R 5S’TCAGTGCTGGTGGCCGCG

UreF-F 5S’ATGGAGACCTACATCCAGGAGAGC

UreF-R 5’TCAGCTGATGAAGAGGCGCG

UreG-F 5S’ATGAAGACCATCCACCTGGGCATCG

UreG-R 5S’TCACTTGCTCTCGCTGGCGC
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Determination of urease activity and calcium
carbonate yield

In this experiment, urease activity was measured by the
electrical conductivity method and the indophenol blue col-
orimetric method. Urea is non-conductive, while the urease
produced by bacteria could hydrolyze urea to generate con-
ductive NH,* and CO,*". The increase in conductivity of the
detected solution was positively correlated to the amount of
hydrolyzed urea, and the relationship between the two was
as given in Eq. (1) [29]:

hydrolyzed urea (mmol/L)
= conductivity change (ms/cm) (D
X 11.11(R* = 0.9988)

The produced NH, " in the urea hydrolysis process could
react with phenol-sodium hypochlorite to form indophenol,
which could increase the absorbance value at 625 nm. Thus
the generated NH,* could be quantitated by measuring the
degree of the chromegenic reaction in order to calculate the
microbial urease activity [30]. Moreover, 1 mL of Deino-
Ure bacterial solution of different concentrations was added
into a mixture containing 0.5 mol/L of urea and 0.5 mol/L
of CaCO;, and the calcium carbonate yield was measured
in different reaction time periods. The mixed solution was
filtered with paper filters, washed with ultrapure water,
and dried. Subsequently, 0.1 mol/L of HCI solution was
added to wash multiple times until no bubbles were formed,
washed with ultrapure water, and dried, then weighed, and
the calcium carbonate yield was calculated as the difference
between the two readings.

Experimental design using response surface
methodology

To explore the effects of different Ni>*, Ca**, and urea con-
centrations on the urease activity of the recombinant strain
Deino-Ure, the optimal design using the Box-Behnken
response surface model was analyzed by Design-Expert 12
software. Taking the urease activity and calcium carbonate
yield of the recombinant strain as the response surfaces and
values, concentrations of Ni>* (A), urea (B), and Ca** (C)
were designed to optimize the response surface, and the opti-
mal conditions for the urease activity and calcium carbonate
yield of the recombinant deino-ure strain were calculated
through simulation analysis (Table 2).

Uranium mineralization enrichment experiment

A certain amount of bacterial solution was centrifuged, and
the medium was discarded. Then an equal volume of 0.9%

4093
Table 2 Designed factor level of Box—Behnken experiment
Factors Levels
-1 0 1
A:Ni** concentration(mmol/L) 0.25 0.5 0.75
B:Urea concentration(g/L) 20 30 40
C:Ca** concentration(g/L) 5 10 15

NaCl was added to resuspend the bacteria. Subsequently, the
bacterial suspension was mixed with uranium solution, urea
solution, Ca** solution, and Ni2* solution, and the pH of the
mixture was adjusted by NaOH and HCI. Furthermore, 0.9%
NaCl was added to make the final concentrations of urea,
Ca”*, and Ni** 30 g/L, 10 g/L, and 0.5 mol/L, respectively.
Finally, the uranium mineralization enrichment experiment
was carried out at 30 °C and 220 rpm. After the minerali-
zation was completed, the concentration of uranium in the
centrifugal supernatant was determined by the value change
of absorbance of azoarsine (III) method at 652 nm [31] to
calculate the enrichment rate (R) as given in Eq. (2)

R=(Cy-C,)/Cyx100% )

R (%) represented the enrichment rate of uranium, C,
indicated the initial concentration of uranium, and C, served
as the remaining concentration of uranium in solution after
the time of uranium enrichment.

Scanning electron microscopy (SEM), Energy
dispersive spectrometer (EDS), X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD)

of mineralised Deino-Ure cells

30 mL of the solution before and after the mineralization
experiment was transferred to a 50 mL centrifuge tube and
centrifuged at 4000 rpm for 10 min. Then the supernatant
was discarded, and the precipitate was dried at 65 °C for
24 h to remove water. After cooling down, the dried sol-
ids were scraped off and ground into powder in a mortar,
weighed, and placed in a 1.5-mL EP tube for later SEM,
EDS, XPS, and XRD analysis experiments.

Results and discussion

Identification of the recombination strain Deino-Ure
Single colony of D.radiodurans was picked from TGY solid
medium plate with 3.4 pg/mL chloramphenicol and cultured.
Then the plasmid was extracted for PCR experiment, and

the results were shown in Fig. 1. In the first lane, the bands
matching the size of the target genes were exhibited (303 bp
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2000 bp Ure C
Ure D
Ured o (1713 bp) 500 bp—> (774 bp)
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Ure E
(447 bp)

Ure G
(636 bp)

Fig.1 The PCR results of recombinant plasmid pPRADK-Ure. PCR amplification products of UreA, B, C, D, E, F, and G genes; Line M: DNA

Marker; Line 1: UreA, B, C, D, E, F, G gene PCR amplification products

of UreA, 381 bp of UreB, 1713 bp of UreC, 774 bp of
UreD, 447 bp of UreE, 609 bp of UreF, and 636 bp of
UreG, respectively), indicating that the recombinant plas-
mid pRADK-Ure had been successfully transformed into
D.radiodurans. Then the PCR products were sequenced
and compared by NCBI’s nucleic acid Blast alignment,
which illustrated that the pPRADK-Ure recombinant plas-
mid had been successfully transferred into D.radiodurans
to construct a genetically engineered bacterium with
radiation tolerance and the urease gene Ure.

Study on the growth and urease activity
of Deino-Ure

Single colonies of wild D.radiodurans and Deino-Ure
recombinant strains on TGY solid medium were selected
and cultured to OD¢yy~1 at 30 °C in TGY liquid medium.
Then bacterial solutions were transferred to fresh TGY
liquid with an inoculum size of 2%. ODg,, was meas-
ured every 2 h to obtain growth curves for Deino-w¢ and
Deino-Ure, as shown in Fig. 2. The result illustrated
that the growth curves of Deino-wt and Deino-Ure were
highly overlapping and there was no significant differ-
ence, indicating that the Ure gene would not affect the
growth of recombinant strains.

1.5 mL of different ODy, solutions were added to
13.5 mL of 0.5 M urea solution, and the conductivity of
the mixture was measured at certain intervals. As eluci-
dated in Fig. 3a, the increase in bacterial concentration
could significantly accelerate the urea hydrolysis process,

@ Springer
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Fig.2 Growth curves of Deino-wt and Deino-Ure

and the decomposition rate of urea was the fastest when
the ODyg, of the bacterial solution equaled 1.0. In addi-
tion, the conductivity of the four concentrations reached a
peak at about 72 h, indicating that the urea in the solution
had been completely decomposed at this time. The yield of
CaCO; increased with the increase in bacterial concentra-
tions (Fig. 3b), reached a higher value within 3 days with
the increase in reaction time, and then slowly and gradu-
ally increased. Therefore, increasing the concentration of
bacteria at a certain concentration of urea and Ca>* could
effectively enhance the production of CaCOj;.
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Fig.3 Changes of conductivity and calcium carbonate yield at different bacterial concentrations. a Changes of conductivity at different bacterial
concentrations; b Yield of calcium carbonate with different bacterial, concentrations

Effects of different substrate concentrations
on the growth and urease activity of recombinant
bacteria Deino-Ure

Effect of Ni* concentration on the growth and urease
activity of Deino-Ure

Urease is a metal-dependent enzyme whose active center
requires the involvement of Ni** [32, 33]. The growth
curve and urease activity of the recombinant strain Deino-
Ure under different concentrations of Ni** were exhibited
in Fig. 4. With the increase in Ni%* concentration, the
ODy value of the recombinant bacteria and the growth
rate decreased significantly, and the recombinant bacteria

a —8— 0 mmol/L Ni%
0.25 mmol/L Ni%'
—A— 0.5 mmol/L Ni%'
0.75 mmol/L Ni%'
2 | [—®— 1 mmol/L Ni
g
=l
a
o

could hardly grow when the concentration of Ni** reached
1 mmol/L. However, as presented in Fig. 4b, Ni** played a
significant role in enzyme activity, and with the increase in
Ni?* concentration, urease activity increased significantly,
reaching a peak at 0.5 mmol/L of Ni**. When Ni** surpassed
0.5 mmol/L, urease activity could decrease. Combined with
the growth curve of Ni** concentration, it was inferred that
the appropriate concentration of Ni** could be conducive
to the production of active urease by Deino-Ure, while the
decrease in urease activity may be due to the cytotoxicity
and the inhibitory effect on the growth of recombinant bacte-
ria caused by the overly high level of nickel [34, 35]. There-
fore, 0.5 mmol/L of Ni%* was determined to be the optimal
condition for the following mineralization.
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Fig.4 Growth curve and urease activity at different concentrations of Ni** a Growth curves at different concentrations of Ni>*; b Urease activity

at different concentrations of Ni’*
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Effect of urea concentration on growth and urease activity
of Deino-Ure

Urea is an essential substrate for MICP, which could provide
carbon and nitrogen source for bacteria, but excessive con-
centration of it could also reduce the deposition efficiency
of MICP. As shown in Fig. 5a, when the urea concentration
exceeded a certain range, the growth of recombinant strains
was inhibited, which might be attributed to a large amount
of CO,*~ and NH,* produced by the excessively hydrolyzed
urea, which could affect the ion balance in the intracellular
and extracellular environment and raise the pH, which was
not conducive to the survival of bacteria. The urease activity
at different urea concentrations was illustrated in Fig. 5b.
The urease activity of the strain increased significantly with
the increase in urea concentration, and when the urea con-
centration was 30 g/L, the urease activity reached a maxi-
mum value of 3.74 mmol/L hydrolyzed urea/min. Combined
with the growth curve of urea concentration, 30 g/L of urea
was selected as the optimal mineralization condition.

Effect of Ca?* concentration on growth and urease activity
of Deino-Ure

In the process of MICP, the concentration of Ca?" has
a great influence on the growth of strains and the pre-
cipitation amount of calcium carbonate [36], because Ca’t
continuously reacts with CO32_ to form CaCOj; precipita-
tion during the reaction, which will affect the change in

—— Og/L
—8— 5g/L
—A— 10g/L|
15g/L
ok e 20en
25g/L]
30g/L
—e— 35g/L
40g/L.
—&— 50g/L
—%— 70g/L
—><— 90g/L]

OD600

4 —=— ODg,=1.0

Urease activity (mM hydrolysed urea/min)

Ca®" concentration (g/L)

Fig.6 Urease activity at different concentrations of Ca**

conductivity, so the concentration change of NH, N was
determined by the indigophenol blue colorimetric method
to reflect the urease activity. Figure 6 presented that high
concentrations of Ca®* had a significant inhibitory effect
on urease activity, attributable to the fact that Ca?* could
change the permeability of bacteria, which was embodied
in the preparation of competent cells [37]. In addition,
Ca’* functioned as a second messenger in cells to promote
or regulate a variety of biochemical activities [38], while

| [—=—0Dg,=1.0

N w S
T T

Urease activity (mM hydrolysed urea/min)
T

o

- n 1
10 20 30 40
Time Chours)

Urea concentration (g/L)

Fig.5 Growth curve and urease activity at different concentrations of urea. a Growth curves at different concentrations of urea; b Urease activity

at different concentrations of urea
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excessive amounts of calcium ions will lead to intracel-
lular calcium overload, resulting in irreversible damage
to cells and ultimately apoptosis [39, 40]. Therefore, the
optimal mineralization condition of Ca®* concentration
was set at 10 g/L in subsequent experiments.

Urease activity and calcium carbonate yield of recombinant
strain optimized by the response surface

Urease activity According to the 17 sets of experiments
simulated by Design-Expert 12 software and the linear fit-
ting of multiple regression from the experimental data in
Table 3, the linear equation of multiple regression of urease
activity was obtained as Eq. (3):

Y =-6.45+20.68A + 0.25B + 0.16C + 0.003AB — 0.024AC

+0.00075BC — 19.25A% — 0.004B* — 0.014C>

3)

According to the results of ANOVA (Table 4), A, B,
and C all showed extremely significant effects on ure-
ase activity (P <0.01), and the single factor effect was
Ca®" > Ni?* > urea, with F=91.28 and P <0.01 indicating
that the regression equation model fitted well in the entire
studied regression region. Moreover, the complex correla-
tion coefficient R>=0.9916 inferred that the regression equa-
tion model had a good correlation, and the corrected abso-
lute coefficient Radj2=0.9938 informed that 98.07% of the
variability of the experimental data could be explained by
this regression model. Therefore, the model of the obtained

experiments was reasonable, and it could be used to analyze
and predict urease activity.

With an elliptical shape, the contour shape of Fig. 7
showed vertices in both the response surface and the con-
tour map, indicating that there were extreme values in the
selected range and that the interaction between Ca>* con-
centration, Ni%™ concentration, and urea concentration was
significant, which was basically consistent with the results
of ANOVA. Through the analysis of the response surface
and contour map, the regression model was calculated, and
the optimal conditions for predicting urease activity were
Ca’*=7.86 g/L, Ni** =0.54 mmol/L, and urea=32.67 /L,
with the urease activity calculated to be 3.54 mmol/L hydro-
lyzed urea/min.

Calcium carbonate yield According to Design-Expert 12
and the fitting of the experimental data in Table 3, the mul-
tiple regression linear equation of calcium carbonate yield
was obtained as Eq. (4):

Y =—-257.754+613.8A +6.768B + 11.215C + 0.4AB

+3.2AC + 0.25BC — 594.8A% — 0.104B* — 0.697C*

“

From the ANOVA results (Table 5), A,B,C showed sig-
nificant effects on calcium carbonate yield (P < 0.05), indi-
cating that Ca®*, Ni**, and urea concentration are important
key control factors for calcium carbonate yield. By analysing
the response surface and contour map of the interaction of
each response factor on calcium carbonate yield (Fig. 8),
and combining with the software to calculate the regression

Table 3 Response surface

, ) Serial number Ni** concen-  Urea concen- Ca?* concen- Urease activity mM CaCO;,
experlmental' d.emgn and rﬁfsults tration A tration B tration C hydrolysed urea/min productiv-
of urease ac.t1v1ty and calcium ity%
carbonate yield

1 0 -1 -1 3.01 48
2 1 0 1 1.52 46
3 1 0 -1 2.67 40
4 0 1 1 2.19 62
5 0 0 0 3.25 81
6 0 0 0 3.51 83
7 -1 0 -1 1.96 16
8 -1 -1 0 1.25 10
9 -1 0 1 0.93 6

10 0 -1 1 1.76 40
11 0 1 -1 3.29 65
12 0 0 0 3.46 85
13 1 -1 0 1.87 39
14 1 1 0 2.19 60
15 -1 1 0 1.54 27
16 0 0 0 3.15 79
17 0 0 0 3.26 80

@ Springer



4098 Journal of Radioanalytical and Nuclear Chemistry (2024) 333:4091-4106

urease activity (mM)

3
g 5
: &
g
5
B: urea (g/L) 045 055
A: Ni (mmol/L)
urease activity (mM)
I;'
27
%‘ ;;I,;;;;;'l@'
E i
z 2
2 S
S o)
@
a
ki
5
C: Ca(g/L) 035 A: Ni (mmol/L)
A: Ni (mmol/L)
urease activity (mM)
s
E 3
z 3
E (9]
4
3
5

C:Ca(g/l) B: urea (g/L)

B: urea (g/L)

Fig.7 Effect of interaction of various factors on urease activity. a contour plots of Ca’* and Ni** concentrations on urease activity, ¢
Response surface curves and contour plots of urea concentration and Response surface curves and contour plots of Ca** and urea concen-
Ni%* concentration on urease activity, b Response surface curves and tration on urease activity
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model can be predicted that the optimal conditions for urease
activity are when the Ca®* = 9.86 g/L, Ni*" = 0.54 mmol/L,
and urea = 34.65 g/L. By substituting the three factors into
the regression equation, it was calculated that at this time,
the calcium carbonate yield was 85.59%.

Comparison of urease activity and calcium carbonate yield
under different conditions In light of Design-Expert 12,
the optimal urease activity was analyzed under the follow-
ing conditions: concentrations of Ca**, Ni**, and urea were
7.86 g/L, 0.54 mmol/L, and 32.67 g/L, respectively. The con-
ditions for the optimal calcium carbonate yield were 9.86 g/L.
of Ca**, 0.54 mmol/L for Ni**, and 34.65 g/L for urea.
Considering the limitations of the experimental conditions,
the experimental conditions of the former were adjusted to
0.5 mmol/L of Ni**, 33 g/L of urea, and 8 g/L of Ca>", and
those of the latter were adjusted to 0.5 mmol/L, 35 g/L, and
10 g/L for Ni**, urea, and Ca®*, respectively. Under these
conditions, urease activities were 3.5 +0.05 mmol/L hydro-
lyzed urea/min and 3.5 +0.01 mmol/L hydrolyzed urea/min,
respectively, and the calcium carbonate yields were 82 +1%
and 85 +0.6%, respectively. The experimental results were
close to the theoretical values, indicating that the model was
reliable and suitable for the optimization of urease activity
and calcium carbonate yield.

Based on the above results, 0.5 mmol/L of Ni**, 35 g/l
of urea, and 10 g/L of Ca**, were selected as the subsequent
mineralization experimental conditions (Table 4).

Effects on minerilization of uranium by Denio-Ure. Shak-
ing flask experiments were utilized to investigate the effects
of changes in time, pH, and initial uranium concentration
on the uranium mineralized by Deino-Ure, as shown in
Figs. 9, 10, 11. On the first day of enrichment (Fig. 9), both
Deino-wt and Deino-Ure provided extremely fast rates of
enriching uranium, slowing down over time without signifi-
cant change in uranium concentrations beyond the second
day, possibly due to the large number of available adsorp-
tion sites on the surface of both bacteria at the beginning of
enrichment to bind uranium to their surfaces. With the pas-
sage of time, the adsorption sites on the surface of Deino-wt
decreased until they were completely occupied and finally
reached enrichment equilibrium, with a maximum enrich-
ment rate of only 70%. However, the Deino-Ure strain did

not reach the enrichment equilibrium until the seventh day,
which might be due to the fact that the urease produced by
Deino-Ure continuously decomposed the urea in the solu-
tion environment to produce carbonate ions and formed
calcium carbonate precipitation with Ca** in the solution,
which promoted the continuous co-precipitation of uranium
and calcium with a maximum enrichment rate of 90%.

pH could affect the mineralization process by influenc-
ing the chemical properties (charge distribution) of uranium
and the urease activity of Deino-ure. The results (Fig. 10)
showed that the Deino-Ure strain had a high level of ura-
nium mineralization efficiency in the pH range of 6 ~9,
with a maximum enrichment rate of 90%, indicating that
it was more prone to mineralization under alkaline condi-
tions, which might be attributable to the optimal pH range
of bacterial urease in the pH range of 6 ~9, in which it could
exert its best activity [41]. Meanwhile, H* in the acidic envi-
ronment could produce an acid-base neutralization reaction
with carbonate and ammonia, which was not conducive to
the formation of calcium carbonate crystals (Table 5).

Finally, the effect of different initial uranium concen-
trations on the mineralized uranium of radiation-tolerant
D.radiodurans Deino-Ure was investigated, and the results
were stated in Fig. 11. When the initial concentrations of
uranium were 20 mg/L and 30 mg/L, the uranium minerali-
zation efficiency was higher, which may be due to the fact
that when the initial concentration of uranium was low, the
solution contained fewer uranyl ions, so there was enough
Ca”" in the solution to support the continuous co-precipita-
tion of uranium and calcium, triggering higher mineraliza-
tion efficiency. With the increase in the initial concentration
of uranium, the amount of Ca®* in the solution remained
unchanged, and when Ca®* in the solution was consumed,
the uranium mineralization efficiency gradually decreased
with the increase in the amount of uranyl remaining in
the solution. In addition, due to the radiation resistance
of DR, the enrichment rate of uranium was still more than
60% when the uranium concentration was high, which had
important potential value in exploring the bioaccumulation
of high-concentration uranium wastewater.

SEM, EDS, XPS, and XRD analyses Figure 12 verbalized the

SEM images of the samples before and after the mineraliza-
tion experiment. Before the experiment, the surface of the
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«Fig. 8 Effect of interaction of various factors on calcium carbonate
yield. a Response surface curves and contour plots of urea concentra-
tion and Ni** concentration on calcium carbonate yield, b Response
surface curves and contour plots of Ca?* and Ni** concentrations on
calcium carbonate yield, ¢ Response surface curves and contour plots
of Ca®* and urea concentration on calcium carbonate yield

sample was relatively smooth and flat (a). After mineraliza-
tion, the morphology changed gravely. The surface structure
of the bacteria was destroyed, and clear patterns of crystals
appeared on the surface after mineralization (b—c). Calcium
carbonate is generally divided into three crystal forms:
rhombohedral calcite, rod-shaped aragonite, and spherical
vaterite. Calcite is the most stable form. As exhibited in the
figure, clear crystals appeared after mineralization, among
which were similar to the globular configuration of vaterite
and the tetrahedral configuration of calcite.

Table 4 Variance analysis of urease activity by response surface model

The EDS spectra of the Deino-Ure recombinant strain
before and after uranium mineralization (Fig. 13) elucidated
that the recombinant Deino-Ure strain after mineralization
presented obvious medium calcium and uranium peaks at
a binding energy of 3~4 keV (Fig. 13b), confirming that
uranium ions could enter the lattice of calcium carbonate
to occupy the Ca** position and form (U,Ca)CO; crystals.

In order to further study the mechanism of uranium min-
eralization by Deino-Ure, XRD analysis was performed. The
results in Fig. 14 illustrated that the sample after minerali-
zation of U(VI) by Deino-Ure contained Ca, U, and O (A),
proving that the sample might be a combination mineral
of Ca, U, and O elements. (B) is the U4f spectrum after
Deino-Ure mineralized U(VI). The U4fs,, peak appeared at
388.26 eV, and the U4f,,, peak was exhibited at 384.37 eV.
The peaks of U4f;,, peak at 391.98 eV and U4f,, peak at
384.78 eV were represented as U(VI), and the peaks of
U4fs,, peak and U4f;,, peak at 388.67 eV and 380.98 eV

Source of variance Sum of square Degree of freedom Mean square F value P value Significance
Model 11.49 9 1.28 91.28 <0.0001 wE

A:Ni** concentration 0.83 1 0.83 59.0356 0.0001 wE

B:Urea concentration 0.2178 1 0.2178 15.5738 0.0056 o

C:Ca®* concentration 2.5651 1 2.5651 183.4188 <0.0001 o

AB 0.0002 1 0.0002 0.016 0.9026

AC 0.0036 1 0.0036 0.257 0.6275

BC 0.0056 1 0.0056 0.4022 0.5461

A? 6.09 1 6.09 435.72 <0.0001 *

B? 0.7095 1 0.7095 50.73 0.0002 *

C? 0.5247 1 0.5247 37.52 0.0005 o

Residual 0.0979 7 0.0140

Lack of fit 0.0050 3 0.0017 0.071 0.9722 Not significant
Pure Error 0.0929 4 0.0232

Sum 11.59 16

R*=0.9916 R,;"=0.9807

** indicates that the result is highly significant, P <0.01
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Fig. 11 Effect of uranium initial concentration on uranium enrich-
ment in Deino-wt and Deino-Ure

were represented as U(IV), elucidating that after Deino-Ure
mineralized U(VI), its reaction products were coexisting
substances of U(IV) and U(VI).

Finally, the composition of the Deino-Ure-enriched ura-
nium product was analyzed by X-ray diffraction (XRD),
as shown in Fig. 14c. According to the relevant data of
the PDF standard card (PDF#72-1937), the characteristic
peaks of calcite appeared in the sample, describing that
the products after the mineralization of U(VI) by Deino-
Ure mainly existed in the form of calcite, and combined
with the results of SEM, EDS, and XPS analyses of the
sample, which inferred that uranium might have co-precip-
itated with calcium during the mineralization of U(VI) at
Deino-Ure, forming a stable U(VI)/U(IV)-calcite mineral
precipitation.
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Table 5 Variance analysis of calcium carbonate yield by response surface model

Source of variance Sum of square Degree of freedom Mean square F value P value Significance
Model 11,000.05 9 1222.23 285.66 <0.0001 o

A:Ni** concentration 1984.5 1 1984.50 463.82 <0.0001 *E

B:Urea concentration 741.2 1 741.12 173.22 <0.0001 *E

C:Ca®* concentration 28.13 1 28.23 6.57 0.0373 *

AB 4.00 1 4.00 0.9349 0.3658

AC 64.00 1 64.00 14.96 0.0062 o

BC 6.25 1 6.25 1.46 0.2660

A? 5818.87 1 5818.87 1360.00 <0.0001 o

B’ 457.6 1 457.60 106.95 <0.0001 3

C? 1278.44 1 1278.44 298.80 <0.0001 wE

Residual 29.95 7 4.28

Lack of fit 6.75 3 2.25 0.3879 0.9722 Not significant
Pure Error 23.20 4 5.80

Sum 11,030.00 16

R*=0.9973 R,;7=0.9938

*Indicates that the result is significant, 0.01 <P <0.05 ** indicates that the result is highly significant, P <0.01

b

»‘/‘

Fig. 12 SEM images before and after uranium mineralization by Deino-Ure. (a) SEM image of Deino-Ure before mineralization; b ¢ SEM
images of different multiples after mineralization of Deino-Ure

Fig. 13 EDS spectra of U(VI)
mineralized by Deino-Ure. a
EDS spectrum of Deino-Ure
before mineralization of U(VI);
b EDS spectrum of Deino-Ure
after mineralization of U(VI)
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Fig. 14 XPS analysis and XRD pattern of U(VI) mineralized by Deino-Ure. a Full spectrum of U(VI) mineralized by Deino-Ure; b U4f spec-
trum of U(VI) mineralized by Deino-Ure; ¢ XRD pattern of U(VI) mineralized by Deino-Ure

Conclusion

In this study, a genetically engineered bacterium Deino-
Ure with prominent radiation resistance and mineralization
ability was successfully constructed, and the transfer of Ure
gene did not affect the growth of the proposed bacterium.
The urease activity and mineralization ability of Deino-
Ure were successfully verified, and its urease activity was
relatively outstanding under 0.5 mmol/L of Ni**, 10 g/L of
Ca®*, and 30 g/L of urea. After the experimental analysis of
the response surface, the optimal concentrations for min-
eralization of Ni**, Ca’*, and urea were calculated to be
0.5 mmol/L, 10 g/L, and 35 g/L, respectively. Moreover,
the enrichment rate of uranium by Deino-Ure could reach
90% when the mineralization time was beyond 7 days, the
pH was in the range of 6 ~9, and the initial concentration of
uranium was 30 mg/L. During the mineralization of U(VI)
by Deino-Ure, uranium might co-precipitate with calcium
to form mineralized crystallization and attachment to the
surface of the thallus, forming a stable U(VI)/U(IV)-calcite
mineral precipitation. This study provided a new strategy
for the remediation of uranium in soil, and the use of geneti-
cally engineered bacteria to mineralize uranium into calcite
structures, so as to reduce the harmful and toxic effects of
uranium in soil on the environment and organisms.
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