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ABSTRACT

Geologic and anthropogenic activities have led to increased heavy metal contamination in soils and
groundwater. This paper describes a newly isolated aerobic denitrifying bacterial strain, WKDN,
with the capacity for calcium carbonate (CaCO,) biomineralization, and evaluates its potential use
in dissolved zinc (Zn) removal. Our 16S rRNA gene-based phylogenetic analysis assigned the newly
isolated strain to the Acinetobacter genus. An in vitro experiment indicated that the g acetate—carbon/g
nitrate-nitrogen ratio of a biomineralization medium affects WKDN’s nitrate-nitrogen removal and
CaCO, biomineralization efficiencies. An X-ray diffraction analysis indicated that calcite-type CaCO,
was the dominant component of precipitates produced in vitro by WKDN. Sand columns treated with
WKDN and a biomineralization medium effectively removed dissolved Zn from an aqueous zinc
chloride solution. The results presented in this study indicate that the bacterial strain WKDN has
good application prospects in in situ dissolved Zn removal from groundwater.
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1. Introduction

Heavy metal-contaminated soils and groundwater have
become a common problem worldwide due to the inter-
action between geologic and anthropogenic activities [1].
Zinc (Zn), a heavy metal, is an indispensable trace element

* Corresponding author.

*These authors have contributed equally to this work.

for living organisms [2]. It is also used for galvanization and
in the production of brass, bronze, and zinc-based alloys
[3]. However, excessive amounts of Zn have been found to
be toxic [4-6]. Therefore, various physical, chemical, and
biological methods have been developed for the remedia-
tion and treatment of heavy metal-contaminated soils and
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groundwater [7]. However, major problems associated with
physical and chemical methods include the high cost of
complete remediation and the considerable risk of releasing
toxic heavy metals to other environments.

In nature, a variety of microbial reactions, including urea
hydrolysis, photosynthesis, denitrification, ammonification,
sulfate reduction, and methane oxidation, induce calcium
carbonate (CaCQO,) precipitation [8]. CaCO, can adsorb
heavy metal ions, including Zn, and its potential adsorption
mechanisms include ion-exchange and precipitation on the
surface of carbonate minerals [9-11]. Therefore, the in situ
removal of heavy metal ions from groundwater originating
from contaminated sites could be made performed using a
permeable reactive barrier (i.e., a permeable treatment wall
[12]) composed of in situ biomineralized CaCO,. Large-scale
excavation and transportation of heavy metal-contaminated
soils and groundwater would not be required to install
biomineralized CaCO,-based permeable reactive barriers,
only small-scale excavation is required to create a well for
the injection of nutrients and microbes that could precipitate
CaCO,. Thus, the risk of releasing toxic heavy metals to
other environments is low.

Urea hydrolysis-driven CaCO, biomineralization has
been extensively investigated for soil improvement and the
treatment of heavy metal-contaminated wastewater [13,14].
However, urea hydrolysis generates ammonia, which has
an unpleasant odor and is detrimental to human health
[14]. Denitrification, a microbial process that involves the
reduction of nitrate (NO;) to molecular nitrogen (N,) via
intermediates (NO; — nitrite [NO;] — nitric oxide [NO]
— nitrous oxide [N,0] — N,), occurs under aerobic and
anoxic conditions [15,16]. The occurrence of H*-consuming
denitrification increases the pH of the surrounding envi-
ronment and produces CO,, which favors carbonate bio-
mineralization [8]. When NO; is efficiently reduced to
gaseous nitrogen compounds through denitrification, toxic
compounds do not accumulate. Some researchers have
studied denitrification-driven CaCO, biomineralization for
soil improvement [17-22]. The installation of a biominer-
alized CaCO,-based permeable reactive barrier might be a
cost-effective method of treating heavy metal-contaminated
soils and groundwater when industrial waste or waste-
water are used as the substrate for denitrification-driven
CaCO, biomineralization [18].

Aerobic denitrification is a microbial process that
reduces NOj into gaseous nitrogen compounds in the pres-
ence of dissolved oxygen (DO) [16]. Compared to anaerobic
denitrifying microorganisms that require oxygen-limited
conditions for effective denitrification, aerobic denitrifying
microorganisms may efficiently produce CaCQO, in subsur-
face environments where molecular oxygen (O,) is present
[23]. However, to our best knowledge, in situ heavy met-
al-contaminated soil-/groundwater-treatment techniques
utilizing aerobic denitrification-driven CaCO, biomineral-
ization have not been reported.

In this paper, we report a newly isolated bacterial strain,
WKDN, with the capacity for denitrification and CaCO,
biomineralization under aerobic conditions. Further, we
evaluate the dissolved Zn removal potential of a biominer-
alized CaCO,-based permeable reactive barrier prepared
using WKDN and a biomineralization medium.

2. Materials and methods
2.1. Cultivation media used in this study

The composition of the medium used to enrich the
denitrifying microbial community was as follows (per L):
3 g of CH,COONga, 2 g of KNO,, 0.2 g of MgSO,7H,0, 1 g
of K,HPO,, 0.1 g of CaCl,-2H,0, 0.5 g of NH,Cl, and 1 mL
of trace element solution SL-10 [24]. The composition of
the bromothymol blue (BTB) agar plate used to isolate
strain WKDN was as follows (per L): 3 g of CH,COONa,
2 g of KNO,, 0.2 g of MgSO,'7H,0, 1 g of K.HPO,, 0.1 g of
CaCl,2H,0O, 0.5 g of NH,Cl, 1 mL of trace element solution
SL-10, 50 mg of BTB, and 15 g of agar. The composition of the
biomineralization medium was as follows (per L): variable
amount of Ca(CH,COO),, 1.26 g of Ca(NQO,),-4H,0, 0.002 g
of MgSO,-7H,O, 0.01 g of K,.HPO,, 0.005 g of NH,CI, and
1 mL of trace element solution SL-10. Bacto nutrient broth
(3 g/L beef extract, 5 g/L peptone, and 5 g/L NaCl, Becton
Dickinson and Company, Sparks, MD, USA) was used to
cultivate. WKDN following isolation. All medium com-
ponents were sterilized by autoclaving (121°C, 15 min) or
filtration through a 0.22 um pore size filter. The pH of the
media was adjusted to 7.0 using hydrochloric acid or sodium
hydroxide solutions prior to sterilization.

2.2. Isolation procedures of WKDN

Soil samples (5 g each) were collected from five dis-
tinct locations at the National Institute of Technology at
Wakayama College (Gobo, Wakayama, Japan) and mixed
for use as an inoculum to enrich a denitrifying microbial
soil community. This inoculum was added to 100 mL of
the enrichment medium in a 200 mL Erlenmeyer flask. The
flask was then incubated for 2 d with constant agitation at
90 rotations per minute (rpm). Subsequently, 1 mL of the
enrichment culture was transferred to 99 mL of the freshly
prepared enrichment medium in a 200 mL Erlenmeyer flask
and incubated for 2 d with constant agitation at 90 rpm, this
procedure was repeated twice. The resultant suspension
was streaked onto the BTB agar plate, which was then incu-
bated. Based on the relatively rapid color change around the
colonies on the BTB agar plate, strain WKDN, which has
a high denitrification potential, was selected and isolated
by selecting a colony formed on the agar medium. Colony
purification was conducted through repeated streaking
on a BTB agar plate. All incubation was conducted in the
dark under an aerobic atmosphere at 25°C.

2.3.16S rRNA gene-based phylogenetic analysis

The total genomic deoxyribonucleic acid (DNA) of
strain WKDN was extracted following the procedure of
Hiraishi [25]. The almost-full length of the bacterial 165
ribosomal ribonucleic acid (16S rRNA) gene of WKDN
was amplified by a polymerase chain reaction (PCR) using
the extracted genomic DNA, universal bacterial primer
set B27F/U1492R (27F: 5'-AGA GTT TGA TCM TGG CTC
AG-3', U1492R: 5'-GGH TAC CTT GTT ACG ACT T-3'), and
TaKaRa Ex Taq version 2.0 (TaKaRa Bio Inc., Kusatsu, Japan)
according to the manufacturer’s instructions. The resulting
PCR product was purified using a Micro-Elute DNA Clean/
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Extraction Kit (GMbiolab Co., Ltd., Taichung, Taiwan), and
the purified product was then sequenced by Macrogen
Japan Corp. (Kyoto, Japan). A 16S rRNA gene-based phylo-
genetic tree was constructed following the neighbor-joining
method with the Jukes and Cantor correction, as imple-
mented in ARB [26] version 6.0.4. Bootstrap analyses were
conducted for 1,000 replicates to estimate the confidence lev-
els of the tree topologies. The 165 rRNA gene sequence was
deposited in the DDBJ/EMBL/GenBank databases under
accession number LC466957.

2.4. In vitro denitrification and biomineralization experiments

All WKDN cultures used for in vitro denitrification
and biomineralization experiments were initially cultivated
overnight in bacto nutrient broth at 25°C. Overnight cultures
of WKDN (optical density at 600 nm [OD, ] = 0.3 = ~2 x 10’
colony-forming units [CFU]/mL) were inoculated to 80 or
400 mL of the biomineralization medium containing vari-
able amounts of Ca(CH,COO), and 1.26 g of Ca(NO,),"4H,0O
(inoculum concentration: 1% [vol./vol.]). The flasks were
then incubated in the dark under an aerobic atmosphere at
25°C with constant agitation at 90 rpm. Moderately aerated
conditions were created with a low flask-to-medium ratio of
5:4 [27,28]. An abiotic control experiment (using the biomin-
eralization medium without WKDN inoculation) was also
conducted to assess whether the occurrence of denitrifica-
tion and calcium ion (Ca*') precipitation were attributable to
the strain. The nitrate-nitrogen (NO;-N) removal efficiency
(%) was calculated as the percent of NO;-N removed in rela-
tion to the starting concentration. The precipitated Ca* con-
centration reported in this study was calculated based on
changes in the Ca* concentration in the biomineralization
medium.

The precipitates subjected to X-ray diffraction (XRD)
analysis were prepared using 400 mL of the biomineraliza-
tion medium with WKDN (OD,, = 0.3, inoculum size: 1%
[vol./vol.]). After 14 d of in vitro incubation in the dark under
an aerobic atmosphere at 25°C with constant agitation at
90 rpm, the precipitates produced in the biomineralization
medium were collected by filtration using Whatman filter
paper No. 1 (GE Healthcare UK Ltd., Buckinghamshire,
UK) and washed with distilled-deionized water. The fil-
ter with the precipitates were then dried at 105°C for 24 h
for XRD analysis.

2.5. Sand column experiment

The sand columns (diameter: 3.6 cm, height: 7.2 cm) used
to evaluate the dissolved Zn removal potential of the bio-
mineralized CaCO,-based permeable reactive barrier were
prepared using Toyoura sand (soil particle density: 2.64 g/
cm®, maximum void ratio [void ratio in the loosest state]:
0.978, minimum void ratio [void ratio in the densest state]:
0.605) in 100 mL plastic syringes (inside diameter: 3.6 cm)
with a porous plastic filter (diameter: 3.6 cm, thickness:
2.0 mm, pore size: 30 um; WINTEC, Niigata, Japan) (Fig. 1).
The sand columns were prepared following the water pluvi-
ation method [29]. The initial relative density [30] and void
volume of the sand columns were 70% and 31 mL, respec-
tively. The sand columns were sterilized under a germicidal
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Fig. 1. Schematic of the sand column used in this study.

ultraviolet light lamp (wavelength: 254 nm) in a biosafety
cabinet for 2 h. Following sterilization, 46 mL of the live or
autoclave (121°C, 15 min)-killed WKDN cells (OD,,, = 0.3,
prepared by overnight cultivation in bacto nutrient broth)
was supplied to the sand columns, which were then incu-
bated for 6 h for biofilm formation. Subsequently, 31 mL
of the biomineralization medium (g acetate—carbon [ace-
tate—C]/g NO;-N ratio: 6) was supplied to the sand columns,
and they were incubated for another 7 d for biomineral-
ization. Following treatment with the biomineralization
medium, 310 mL of distilled-deionized water was supplied
to the sand columns to wash away any remaining biomin-
eralization medium. To evaluate the dissolved Zn removal
potential of the sand columns, 31 mL of aqueous zinc chlo-
ride (ZnCl,) solution (298 mg dissolved Zn/L, pH 6.8) was
supplied to the sand columns. After 24 h of incubation,
31 mL of the aqueous ZnCl, solution was again supplied
to the sand columns, and the drained liquid was collected
to measure the dissolved Zn and Ca* concentrations. All
incubation was conducted in the dark under an aerobic
atmosphere at 25°C. In all procedures, the solutions were
supplied from the top of the sand columns, and the drainage
from the lower part of the sand columns was immediately
stopped by a control valve after the complete permeation
of the solutions into the sand columns. To prevent micro-
bial contamination from the air, the sand columns were cov-
ered with aluminum foil during incubation. The dissolved
Zn removal efficiency (%) was calculated using Eq. (1):

Removal efficiency(%) = % X 100(%) (1)

in

where C,_ is the dissolved Zn concentration in the aque-
ous ZnCl, solution supplied to the sand columns, and C_,
is the dissolved Zn concentration of the drainage obtained
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after the second addition of the aqueous ZnCl, solution
(mg dissolved Zn/L).

2.6. Analytical methods

All samples used in quantifying the NO;-N, nitrite-
nitrogen (NO;-N), Ca*, and dissolved Zn concentrations
were filtered through a 0.22 um pore size filter prior to
quantification.

The NO;-N concentration was determined following the
brucine method [31] with slight modification. In brief, 1 mL
aliquots of the samples were mixed with 0.2 mL of a sodium
chloride solution (300 g/L), 1 mL of a sulfuric acid solution
(4:1 mixture of concentrated sulfuric acid and distilled-de-
ionized water), and 0.05 mL of a brucine-sulfanilic acid
solution (10 g/L brucine sulfate heptahydrate, 1 g/L sulfa-
nilic acid, and 30 mL/L concentrated hydrochloric acid) and
heated at 100°C for 20 min. After cooling, the absorbance
at 410 nm was determined using a DR6000 spectrophotom-
eter (HACH Company, Loveland, CO, USA). The NO,-N
concentration was determined based on the Griess reaction
[32]. In brief, 2 mL of a sample was mixed with 0.08 mL
of the Griess reagent (1 g/L N-1-naphthylethylenediamine
dihydrochloride, 10 g/L sulfanilamide, and 100 mL/L
concentrated phosphoric acid) and incubated at room
temperature (~25°C) for 10 min. After incubation, the absor-
bance at 540 nm was determined using a DR6000 spectro-
photometer (HACH Company). The Ca* concentration was
measured using a Ca® meter (LAQUAtwin B-751; HORIBA,
Kyoto, Japan). The dissolved Zn concentration was mea-
sured following the Zincon method (HACH method 8009;
HACH Company). The DO concentration was measured
using a DO meter (PDO-520; FUSO Co., Ltd., Tokyo, Japan).

The pH was measured using either a pH meter (HM-25R;
DKK-TOA Corporation, Tokyo, Japan) or a potable pH
meter (LAQUAtwin B-712; HORIBA, Tokyo, Japan).

The OD,,, was measured using a DR6000 spectropho-
tometer (HACH Company).

XRD analysis of the precipitates produced by strain
WKDN was performed using a Smart Lab (Rigaku Corp.,
Tokyo, Japan) with Cu Ka radiation (A =1.541862 A) operated
at 40 kV and 30 mA. The precipitates were powdered with
a mortar and pestle prior to XRD analysis. The XRD anal-
ysis was conducted by the Industrial Technology Center of
Wakayama Prefecture (Wakayama, Japan).

2.7. Statistical analysis

Statistical significance was assessed with a one-way
analysis of variance (ANOVA) with post-hoc Tukey’s hon-
estly significant difference (HSD) test or two-tailed Student’s
t-test. A p-value < 0.05 was considered statistically signifi-
cant. All statistical analyses were conducted using statistical
software R version 3.3.2 (http://www.r-project.org/).

3. Results and discussion

3.1. Identification of WKDN by 16S rRNA gene-based
phylogenetic analysis

Microbial denitrification is one of most suitable meth-
ods to induce CaCO, biomineralization in soils, based on not

only the type and amount of by- or side-products, but also
the substrate solubility, CaCO, precipitate yield, and reaction
rate [19]. Therefore, in this study, a non-motile, rod-shaped
denitrifying bacterial strain, WKDN, was isolated from
soil collected from the grounds of the National Institute of
Technology at Wakayama College using the BTB agar plate
technique developed for isolating aerobic denitrifiers [16,33].
A neighbor-joining phylogenetic tree was constructed based
on the 16S rRNA gene sequence of WKDN and other phy-
logenetically-related gammaproteobacterial strains (Fig. 2).
Based on the phylogenetic tree, we concluded that WKDN
is a species of Acinetobacter. Members of this genus are fre-
quently found in diverse environments, including soils,
foods, water, and sewage [34]. Several isolates of Acinetobacter
have been identified as bacterial denitrifiers [16]. For safe
use of this strain in real groundwater treatments, further
phenotypic characterization of WKDN is required.

3.2. In vitro aerobic denitrification and biomineralization
capacity of WKDN

The simultaneous denitrification and biomineraliza-
tion capacity of strain WKDN under an aerobic atmosphere
was examined in vitro. As the carbon to nitrate (C/N) ratio
of the biomineralization medium affects denitrification per-
formance [16], the influence of the g acetate-C/g NO,-N
ratio on WKDN’s denitrification and biomineralization was
evaluated. The effect of the g acetate-C/g NO,-N ratio on
the removal efficiency of NO;-N (%) and precipitated Ca*
concentrations (mg/L) in the WKDN-inoculated biomineral-
ization medium (initial medium volume: 80 mL) after 7 d of
incubation is shown in Fig. 3. Among the tested medium com-
positions, NO;-N removal and Ca* precipitation occurred
most efficiently at a g acetate—C/g NO,-N ratio of 6, with effi-
ciency and concentration of 87.4% + 2.0% and 250 + 20 mg/L
(average + standard deviation [SD], n = 3), respectively.

We further examined temporal changes in the concen-
trations of NO;-N, NO;-N, precipitated Ca*, and DO,
OD,,, and pH in the WKDN-inoculated biomineralization
medium (initial medium volume: 400 mL) at a g acetate—C/g
NO;-N ratio of 6 (Fig. 4). Over the 14 d of this experiment,
the DO concentration in the biomineralization medium was
maintained at approximately 4-5 mg/L. The OD,, value of
the biomineralization medium increased significantly until
day 4 due to the growth of strain WKDN and Ca? precip-
itation in the biomineralization medium. The OD,, value
was then maintained at approximately 0.2-0.3 until in vitro
incubation ceased. The pH of the biomineralization medium
increased slightly from 7.0 to 7.3-7.4 after in vitro incubation.
The slight increase in pH during the progression of aerobic
denitrification was likely due to the pH-buffering effect of
carbonate precipitation [22]. The precipitated Ca* concen-
tration in the biomineralization medium increased with the
decrease in the NO;-N concentration, while the precipitated
Ca* concentration plateaued after 10 d of in vitro incubation,
which was most likely due to the depletion of the NO;-N
in the biomineralization medium. The observed Ca? precip-
itate yield (g) per g NO;-N consumed was 1.8 g Ca* pre-
cipitate/g NO,-N. This precipitate yield (equivalent to 4.5 g
CaCQ, precipitate/g NO;-N) is similar to or lower than those
obtained by using anaerobic denitrifying bacterial strains
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Fig. 2. Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences showing the phylogenetic position of strain WKDN.
The scale bar represents the estimated number of nucleotide changes per sequence position. The symbols at the nodes indicate the
bootstrap values (only those >50% are indicated) obtained after 1,000 resamplings. DDBJ/EMBL/GenBank accession numbers are
shown in parentheses.
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of Pseudomonas denitrificans (1.3-10.6 g CaCO, precipitate/g
NO;-N [17]), Diaphorobacter nitroreducens (14.1 g CaCQO, pre-
cipitate/g NO;-N [20]), and Pseudomonas aeruginosa (18.9 g
CaCO, precipitate/g NO;-N [20]). It should be noted that
the presence of O, inhibits and represses anaerobic denitri-
fication activity [15,16], which produces the alkalinity
required for effective CaCO, precipitation [19]. Therefore,
for use in the installation of a biomineralized CaCO,-based

permeable reactive barrier in subsurface environments
where O, is present, WKDN might be a useful denitrifying
bacterial strain capable of CaCO, biomineralization.

The accumulation of NO,-N, a denitrification intermedi-
ate, should be avoided as it is highly toxic to living organisms
[35-37]. In this study, NO,-N was detected in the biominer-
alization medium during incubation, but its concentration
was below 0.1 mg NO,-N/L. This indicates that WKDN
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can reduce NO;-N into gaseous nitrogen compounds with-
out significant accumulation of NO,-N, making WKDN
promising for use in biotechnological applications.

XRD analysis was conducted to elucidate the mineralogy
of the precipitates produced by WKDN (Fig. 5). The XRD
patterns indicated that calcite-type CaCO, was the dominant

component of the precipitates produced by WKDN in the
biomineralization medium.

3.3. Dissolved Zn removal potential of the biomineralized
CaCO,-based permeable reactive barrier

The dissolved Zn removal potential of the biominer-
alized CaCO,-based permeable reactive barrier prepared
using strain WKDN and the biomineralization medium was
evaluated by passing an aqueous ZnCl, solution (298 mg
dissolved Zn/L, pH 6.8) through sand columns treated with
the biomineralization medium and live or deceased WKDN
cells. The dissolved Zn concentration reflected the range of
the Zn concentrations in landfill leachates (0.03-1,000 mg/L)
summarized by Christensen et al. [38]. The sand column
experiment showed that dissolved Zn could be almost com-
pletely removed from the ZnCl, aqueous solution by pass-
ing through the sand columns treated with live WKDN
cells (removal efficiency: 98.5% + 0.7% [average + SD], n = 3)
(Fig. 6). This removal efficiency was significantly higher
(p-value < 0.05 by the two-tailed student’s ¢-test) than that
achieved in the sand columns treated with autoclave-killed
WXKDN cells (1.1% + 1.0% [average + SD], n = 3). The results
indicated that live WKDN cells with the capacity for CaCO,
biomineralization are required for the efficient removal of
dissolved Zn. Notably, 190 + 20 mg Ca*/L (average + SD,
n = 3) was detected in the drainage from the sand columns
treated with live WKDN cells, while the Ca?* concentration
in the drainage from the sand columns treated with auto-
clave-killed cells was below the quantification limit of the
Ca® meter used in this study (i.e., <40 mg Ca*/L). The aver-
age molar ratio of the removed dissolved Zn concentration
to the produced Ca* concentration in the ZnCl, aqueous
solution that passed through the sand columns treated with
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Fig. 6. Dissolved Zn removal efficiency [%] of the sand columns
treated with live or autoclave-killed strain WKDN cells. The dis-
solved Zn concentration of the aqueous ZnCl, solution supplied
to the sand columns was 298 mg/L. The error bars represent the
standard deviation (n = 3). The asterisk indicates statistical sig-
nificance (p-value < 0.05) according to the two-tailed Student’s
t-test.

live WKDN cells was 0.94 + 0.06 (average + SD, n = 3). The
data suggested that the ion-exchange capability of CaCO,
significantly contributed to the efficient removal of dissolved
Zn from the aqueous ZnCl, solution. Further large-scale
experiments are essential to clarify the applicability of the
biomineralized CaCO,-based permeable reactive barrier for
the removal of dissolved Zn from real groundwater.

4. Conclusion

Overall, the results obtained in this study showed that
bacterial strain WKDN with the capacity for aerobic denitri-
fication and CaCO, biomineralization has good application
prospects in the in situ removal of dissolved Zn from ground-
water. However, owing to the limitations of these results,
further investigation is required to clarify the applicability
of the biomineralized CaCO,-based permeable reactive bar-
rier for the removal of dissolved Zn from real groundwater.
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