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Abstract

Microbially mediated oxidation of Mn(II) to Mn oxides has been demonstrated in
previous studies, however, the mechanisms of how bacteria dissolve and oxidize using
a solid Mn(II) substrate are poorly understood. In this study, we examined the role of
extracellular polymeric substances (EPS) from Pseudomonas putida strain MnB1 in
enhancing the dissolution of natural rhodochrosite. The results showed that P. putida
strain MnB1 cells can effectively dissolve natural and synthetic rhodochrosite and
subsequently oxidize liberated Mn(II) ions to form Mn oxides, and EPS were found to
play an important role in increasing the dissolution of natural rhodochrosite.
Compared with EPS-free treatment, the dissolution rate of natural rhodochrosite in the
presence of bacterial EPS was significantly increased with decreasing initial pH and
increasing EPS concentration, ionic strength and rhodochrosite dosage (p<0.05).
Fourier-transform infrared spectroscopy (FTIR) analysis implied that functional
groups like N-H, C=0 and C-H in the EPS contributed to the dissolution of natural
rhodochrosite. This study is helpful for understanding the biogeochemical processes

involved in the formation of biogenic Mn oxides from a solid Mn(II) substrate.

1 Introduction

Mn oxides are thought to be one of the most important minerals in surface waters
(Shiller and Stephens, 2005; Tebo et al., 2005). They are of importance in the cycling
of nutrient elements, the transformation of toxic persistent pollutants and the
immobilization of heavy metals because of their high reactivity and wide existence in
the environment (Tebo et al., 2005; Zhu et al., 2009; Lafferty et al., 2010). Since the
1960s, microbially mediated oxidation of divalent Mn ion to generate Mn oxides was
reported, and some relevant mechanisms of Mn oxidation induced by microbes have
been illustrated recently (Villalobos et al., 2003; Spiro et al., 2010; Learman et al.,
2011a; Learman et al., 2011b; Hansel et al., 2012).

Rhodochrosite is one of the Mn(II) minerals and widely distributed in different
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natural environments (Germann, 1973; Okita, 1992; Roy, 1997; Fan and Yang, 1999).
Oxidative dissolution of rhodochrosite leads to production of Mn(II) and Mn oxides.
The solubility of synthetic rhodochrosite in pure water and saline solution has been
reported (Jensen et al., 2002; Luo and Millero, 2003; Duckworth and Martin, 2004;),
and rhodochrosite oxidation by O, or iron oxides is thermodynamically favourable,
but the oxidation rate is rather slow (Diem and Stumm, 1984; Madden and Hochella,
2005). Recently, oxidative dissolution of natural rhodochrosite by Mn(II) oxidizing
fungi and the role of extracellular superoxide and organic molecules during Mn
oxides formation have been reported (Tang et al., 2013). However, the mechanisms of

natural rhodochrosite dissolution by microbes are poorly understood.

Oxidative dissolution of natural rhodochrosite by microbes may link to a
dynamic process at solid-liquid interfaces (Pan 2010). For example, the bioleaching of
metal sulfide minerals was mediated by a series of interfacial processes such as
attachment of cells to surfaces of minerals, dissolution of mineral by bacterial EPS
and oxidation of low valency Fe and S (Bosecker, 1997; Gehrke et al., 1998; Fowler
et al., 1999; Tributsch, 2001; Rohwerder et al., 2003). Until now, the mechanism of
bioleaching is still an open question for researchers. Therefore, studying the
interfacial processes between the bacterial EPS layer and the rhodochrosite mineral
surface is helpful to understand the mechanism of bacterial oxidation of solid origin

Mn(1II) and the biogeochemical cycle of Mn.

In this study, the role of EPS in oxidative dissolution of natural rhodochrosite
was investigated using a Mn oxidizing bacterium, Pseudomonas putida MnB1. The
dissolution and oxidation kinetics of rhodochrosite were examined by batch
experiments and the products of Mn oxides were analyzed by scanning electron
microscopy and energy dispersive spectrometry (SEM-EDS). Moreover, effects of pH,
EPS concentration, ion strength and rhodochrosite dosage on the dissolution rate of
rhodochrosite in the presence of EPS were also investigated. Functional groups in

EPS involved in dissolving rhodochrosite were analyzed by FTIR.

2 Materials and methods
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2.1 Culture of Bacterium

The Mn oxidizing bacterium, Pseudomonas putida strain MnB1 (ATCC 23483) was
used in this study. The P. putida MnB1 cells were cultured in the medium under
aerobic conditions as reported by Kim et al., (2012), which was composed of 0.5 g L™
of yeast extract, 1 g L' of glucose, 0.5 g L' of casamino acids, 0.815 g L
MgS0, *7H,0, 0.294 g L' of CaCl, *2H,0, 0.001 g L™ FeCl; *7H,0 and 1ml of trace
element solution. The trace element solution was composed of 2.496 g L’
CuSOy * 5H,0, 12.653 g L' ZnSOy4 * 7TH,0, 4.758 g L CoCl, * 6H,0 and 3.145 g
L Na;MoOy4 * 2H,0. The cells were harvested after two days of culture for further
experiments. For batch experiments, P. putida MnB1 cells were incubated at 25°C in
the #279 medium (ATCC™) containing 0.15 g of Fe(NH4)»(SO4), * 6H,0, 0.075 g of
yeast extract, 0.15 g of sodium citrate, 0.05 g of NasP,O7 * 10H,O in one liter of

ultra-purified water with an initial pH of 6.8.

2.2 Preparation of rhodochrosite

Natural rhodochrosite mineral used in this study was collected from a Mn mine near
Xiangtan city, Hunan province, China. The mineral samples were dried at ambient
temperature and sieved through a 200 mesh nylon screen after grinding. SEM-EDS
analysis (Fig. 1a) showed that natural rhodochrosite was mainly composed of O, Mn
and C, and other foreign ions such as Al, Mg, S and K. Powder X ray diffraction
(XRD) analysis (Fig. 1c) shows that the raw mineral mainly contains rhodochrosite
(83.4%) and some quartz (16.6%) with a total Mn content of 201.93 + 11.42 mg g
Prior to batch and other experiments, the samples of natural rhodochrosite were
washed three times with ultra-purified water to remove the dissociative Mn(II) used
for further experiments. Fresh synthetic rhodochrosite was prepared before
experiments by dropwise addition of 2 M NH4sHCO;3; to 1 M MnSO4 * H,O with
vigorous magnetic stirring at ambient temperature. The particles were washed three
times with ultra-purified water and then dried for 12h at 85°C. The characteristics of

synthetic rhodochrosites were analysed by XRD (Fig. 1 ¢) and SEM-EDS (Fig. 1b).
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2.3 Oxidative dissolution of rhodochrosite by P. putida MnB1

Experiments on oxidative dissolution of natural and synthetic rhodochrosite by P.
putida MnB1 were carried out in 100 ml glass bottles fitted with rubber stoppers. 50
ml of fresh sterilized medium, 0.2 g of natural rhodochrosite and 1 ml of cell
suspension pre-cultured for 2 days were added into the glass bottles. The final
bacterial cell density was approximately 4% 10" cells ml”'. Inactivated control was
performed using Nas;N treatment (0.3%, wt) to inhibit the biological activity of P.
putida MnB1. The bottles without cells were used as the sterile control. All the
treatments were carried out in triplicate. The bottles were shaken at 120 rpm and 25°C.
At different time intervals, concentrations of Mn(II) in solution and Mn oxides were

determined accordingly.

2.4 Dissolution of natural rhodochrosite by bacterial EPS

For EPS extraction, cells were grown in the medium at 120 rpm and 25°C for 3 days
(ODg09=0.8). The method for EPS extraction was slightly modified based on a
previous report (Zhang et al., 2013). Briefly, the cell samples were centrifuged at
11600 g for 5 min at 4°C to remove superfluous medium. The pellets were
re-suspended in ultra-purified water and centrifuged at 26000 g for 25 min at 4°C. The
suspension was collected and filtered through a 0.45 um acetate cellulose membrane
and further purified by 3500 Dalton dialysis membrane for 5 times (every 12 h) at 4°C
in the dark. After purification, the characteristics of EPS samples including TOC,
proteins, polysaccharides and pH were determined and the results are as follows: TOC,
51 + 1.52 mg L™"; proteins, 47.03 + 0.22 pg mL™"; polysaccharides, 11.12 + 0.04 pg
mL™"; and pH 6.8. In addition, dissolved and freeze dried EPS samples were stored at

-20°C in the dark for further experiments.

Dissolution of natural rhodochrosite by EPS was carried out in 50 ml Erlenmeyer
flasks on a reciprocating shaker at 200 rpm and 25°C. Effect of environmental factors,
such as pH, ionic strength, EPS concentration and rhodochrosite dosage were

examined. The treatment without addition of EPS was set as the control. The
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experimental parameters of the natural rhodochrosite dissolution rate for different
treatments are summarized in Table 1. The pH of all test solutions was adjusted by
0.01 M NaOH or HCI and measured by an automatic potentiometric titrator with a pH
electrode (Metrohm 702, Switzerland). Different ionic strengths were obtained by
addition of different amounts of NaCl. Each experiment was conducted in triplicate.
After 360 min reaction, the samples were collected and filtered through 0.22 pm
filters for Mn(II) concentration and FTIR analysis. For FTIR analysis, the filtered EPS
was directly lyophilized by a vacuum freeze dryer. The dissolution rate of natural

rhodochrosite was calculated as follows:

_C xV
T

k

k: The dissolution rate of natural rhodochrosite (ug Mn(II) min"); C: Mn”*" ion
concentration in solution after dissolution of natural dissolution (ug Mn(II) L"); V: total

volume of experimental solution (L); T: dissolution time (min).

2.5 Preparation of Mn oxides for SEM-EDS and XRD analysis

After oxidative dissolution of rhodochrosite experiments, Mn oxides with live
cell treatments were collected. Moreover, biogenic Mn oxides, which used dissolved
Mn*" ions as the Mn(II) origin, were obtained by oxidizing Mn*" ions (5 mg L") in
the presence of 50 ml living cells and sterile #279 medium after reaction for 24 h.
Before SEM-EDS and XRD analysis, these biogenic Mn oxide samples were washed
three times with ultra-purified water and then lyophilized by a vacuum freeze dryer.

0-MnO; was synthesized according to a published method (Villalobos et al., 2003).

2.6 Analytical methods

For oxidative dissolution experiments, at different time intervals, 1 ml of samples
were collected and centrifuged at 15,600 g for 5 min. The concentration of Mn(Il) in
the supernatant was analyzed by manganese formaldehyde oxime spectrophotometry
(Brewer and Spencer, 1971). The residues were resuspended in 1 ml ultra-purified

water and 0.2 ml LBB (wt, 0.04 %) and 3 ml 45 mM acetic acid were added and the



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

absorbance value at 620 nm was determined for Mn oxides concentration (Okazaki et
al., 1997). The standard curves for the LBB colorimetric method were obtained by

oxidation of LBB by KMnQO, and the data shown as MnO, equivalents.

The content of TOC in EPS samples was determined using a TOC analyzer
(Model 1030, Aurora, USA). The polysaccharide content in EPS was determined by
the phenol-sulfuric acid method (Saha and Brewer, 1994). The content of protein in

EPS was measured using a modified Lowry procedure (Paxman, 1972).

FTIR analysis of EPS samples were recorded using a FTIR spectrophotometer
(Vertex 70, Bruker, Germany). Mn oxide samples were sprayed with gold and
analyzed by SEM (Zeiss Super 55VP, Germany) coupled with EDS spectroscopy
(Bruker XFlash 5010, Germany). XRD spectra were obtained using an X-ray powder
diffractometer (Bruker D8, Germany). The components were identified by

comparison with standards diffraction data provided by software of Jade 5.0.

2.7 Statistics

Means and standard errors (n=3) were calculated and the significance between
control and experimental treatments was obtained using Tukey’s test. The significance

level was accepted when the value of p was less than 0.05.

3 Results and discussion

3.1 Oxidative dissolution of rhodochrosite by P. putida MnB1

Oxidative dissolution of natural rhodochrosite by live P. putida MnB1 resulted in the
oxidation of liberated Mn(II) in solution and formation of biogenic Mn oxides
(Figs. 2 and 3). Mn oxides produced by P. putida MnB1 which used dissolved Mn®"
ions and natural rhodochrosite as the Mn(Il) origin and synthetic 6-MnO, were
analyzed by SEM-EDS (Fig. 2). SEM showed that a number of cells (the arrows)
adhered to the surface of biogenic Mn oxides (Fig. 2a-d). XRD and SEM results
indicated that biogenic Mn oxides were poorly ordered, poorly crystalline

phyllomanganate, which was similar to 8-MnQO,, but varied in morphology (Figs. 2
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and 3). EDS analysis showed that the biogenic and synthetic Mn oxides were mainly

composed of O and Mn, and other elements as Fe, P and Mg.

LBB tests also supported the oxidation of Mn(II) (Fig. 4). In the sterile control and
inactivated control, oxidation rates of natural and synthetic rhodochrosite were rather
slow or the oxidation process was inhibited, which indicated that an abiotic oxidation
process was thermodynamically favourable but at a rather low rate (Diem and Stumm,
1984). On the contrary, the presence of P. putida MnB1 caused a significant increase
in Mn oxides concentration through the reaction time (p<0.05). For the natural
rhodochrosite treatment, after reaction from 1 d to 7 d, the Mn oxide content increased
from 6.28 + 0.42 mg L™ to 22.31 + 5.31 mg L. For the synthetic rhodochrosite
treatment, at the end of the experiments (7d), Mn oxides content was 60.32 = 5.20 mg
L' in the presence of synthetic rhodochrosite, obviously higher than the natural
rhodochrosite treatment. These results may be mainly attributed to the difference in
crystal structure or the incorporation of foreign ions such as Al, Mg and Si (Boéttcher

and Dietzel, 2010; Prieto et al., 2013; Putnis and Ruiz-Agudo, 2013).

Fig. 4a and b shows the changes in dissolved Mn(II) concentration during
reaction of P. putida MnBl1 with natural and synthetic rhodochrosite. Mn(II)
concentrations were significantly lower for live P. putida MnB1 treatments than the
sterile control and the inactivated control (p<0.05). Over the entire reaction time,
dissolved Mn(II) released from the natural rhodochrosite with a concentration of less
than 0.5 mg L' was observed in the presence of live cells, while Mn(Il)
concentrations were significantly increased with respect to the inactivated cells
treatment (P<0.05). This meant that live cells could effectively oxidize Mn(II) in
solution to form Mn oxides, but abiotic dissolution of natural rhodochrosite only
caused release of dissolved Mn(Il) (Fig. 4) (Jensen et al., 2002; Luo and Millero,
2003). Overall, it was concluded that only live cells could effectively dissolve natural
and synthetic rhodochrosite and subsequently oxidize liberated Mn(II) ions to form
Mn oxides, while inactivated cell treatments or cell-free treatments did not contribute

to the formation of Mn oxides.
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3.2 Dissolution of natural rhodochrosite by bacterial EPS

The dissolution rate of natural rhodochrosite at various pHs, ionic strengths, EPS
concentrations and rhodochrosite dosages with and without bacterial EPS are listed in
Table 1. The dissolution rate of natural rhodochrosite by EPS was significantly
increased at low pH conditions (pH=5.0) (p<0.05) in comparison with the EPS-free
treatment. When the solution initial pH varied from 8.0 to 5.0, the dissolution rate for
the control treatment was only increased about 1.2 times, however, in the presence of
EPS, the rate was increased more than 26 times. Moreover, the dissolution rate was
increased with EPS concentration under neutral conditions (pH=7.0). The dissolution
rates were 0.055 + 0.003, 0.075 + 0.003 and 0.111 + 0.018 pg Mn(II) min™ with EPS
concentrations of 0, 0.4 and 1.6 mg TOC L', respectively. High levels of ionic
strength (0.1 and 0.5 M NaCl) were favourable to an increase in Mn(Il) concentration
in the presence of 0.8 mg TOC L™ EPS, and the dissolution rate increased by 15.6%
as the ionic strength increased from 0.1 to 0.5 mol L™. For the EPS treatment, the
dissolution rate of natural rhodochrosite also increased with the rhodochrosite dosage.
In addition, EPS did not exhibit the ability to oxidize Mn>* to Mn oxides during 5 d
reaction (Fig. 5). These results indicate that bacterial EPS contributed to increasing
dissolution of natural rhodochrosite, which was influenced by water chemistry factors,
such as pH, EPS concentration and ionic strength. This suggested that EPS secreted
by P. putida MnB1 cells played a significant role in enhancing the dissolution of
natural rhodochrosite and subsequent release of Mn(II) for bacterial Mn oxidation

(p<0.05).

3.3 Dissolution mechanism of natural rhodochrosite identified by FTIR

Oxidative dissolution of natural rhodochrosite to produce Mn oxides by fungi has
been reported (Tang et al., 2013), however, little is known about the involvement of
EPS in the dissolution of natural rhodochrosite. Functional groups of bacterial EPS
involved in the dissolution of natural rhodochrosite were explored by FTIR

spectroscopy (Fig. 6). For the purified EPS, the band at 3422 cm™ was attributed to



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

O-H stretching in polysaccharides or protein groups and the band at 2931 cm’
corresponded to C-H stretching (Braissant et al., 2007). The band at 1653 cm™ was
ascribed to the C=0 stretching in amide I, while the band at 1541 cm™ was confirmed
as N-H bending in proteins (Guibaud et al., 2003; Guibaud et al., 2005). The band
near 1400 cm™ was identified as the symmetric stretching of C=0 in COOH and the
band at 1241 cm™ was ascribed to N-H bending and C-N stretching vibrations (Nara
et al., 1994; Omoike and Chorover, 2004). The band at 1038 cm’ was mainly
attributed to the stretching of C-O-C and C-H in polysaccharides (Guibaud et al., 2005;
Comte et al., 2006; Zhang et al. 2006). After reaction with natural rhodochrosite, the
bands at 1241 cm™ and 1541 cm™ disappeared, whereas the bands near 1653 cm™ and
1400 cm™' became much weaker. Besides, the bands near 2931 cm” and 1083 cm’
became a doublet located at 2938 cm™ and 2885 cm™, 1110 cm™ and 1046 cm’,
respectively. Overall, these results suggested that the functional groups of N-H in
proteins, C=0 in COOH or amide I and C-H or C-O-C in polysaccharides were
involved in the dissolution of natural rhodochrosite. The strong Mn(II) binding
ability of EPS to rhodochrosite might partly explain the enhanced dissolution of
rhodochrosite in the presence of EPS. However, the detailed mechanism of EPS

dissolution of natural rhodochrosite at water-mineral interfaces needs further study.

4 Conclusions

In this study, P. putida MnB1 cells could effectively dissolve natural and synthetic
rhodochrosite and subsequently oxidize liberated Mn(II) ions to form Mn oxides, and
EPS from the bacteria played an important role in enhancing the dissolution of
rhodochrosite. The dissolution rate of natural rhodochrosite in the presence of EPS
was significantly enhanced under acidic conditions. Other factors such as EPS
concentration, ionic strength and rhodochrosite dosage also significantly affected the
dissolution of natural rhodochrosite. FTIR spectroscopy indicated that the dissolution
of natural rhodochrosite by EPS was mainly attributed to the involvement of N-H,
C=0 and C-H groups. This study demonstrates for the first time the important role of

bacterial EPS in biotic dissolution and oxidation of natural rhodochrosite.
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Table 1. Dissolution rates of rhodochrosite under various conditions. Data were

means * standard error (n=3) and significant levels between control and EPS

treatments were indicated by asterisks (p < 0.05).

Rhodochrosite EPS Ionic
Experimental Initial Dissolution rates
dosage concentration strength
parameters pH (ug Mn(IT) min™)
(gL™) (mg TOCL™) (M)

5 0 5.0 0.01 0.101 +0.001
5 0.8 5.0 0.01 0.768 £ 0.181*

5 0 7.0 0.01 0.055 = 0.003

Initial pH

5 0.8 7.0 0.01 0.106 = 0.016*

5 0 8.0 0.01 0.047 + 0.004

5 0.8 8.0 0.01 0.028 £0.015

5 0 7.0 0.01 0.055 £ 0.003
5 0.8 7.0 0.01 0.106 £ 0.016*

5 0 7.0 0.1 0.081 +0.005

Ionic strength

5 0.8 7.0 0.1 0.141 £ 0.009*

5 0 7.0 0.5 0.111 +0.005
5 0.8 7.0 0.5 0.163 +0.002*

5 0 7.0 0.01 0.055 £+ 0.003
EPS 5 0.4 7.0 0.01 0.075 +0.003*
concentration 5 0.8 7.0 0.01 0.106 £ 0.016*
5 1.6 7.0 0.01 0.111 +£0.018*

2 0 7.0 0.01 0.059 +0.004
2 0.8 7.0 0.01 0.088 = 0.007*

Rhodochrosite 5 0 7.0 0.01 0.055 +0.003
dosage 5 0.8 7.0 0.01 0.106 + 0.016*

10 0 7.0 0.01 0.057 +£0.001
10 0.8 7.0 0.01 0.107+0.011*
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(b); XRD patterns of natural and synthetic rhodochrosite (¢) (R, Rhodochrosite; Q,
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Fig. 6. Comparsion of FTIR spectra of EPS before and after reaction with natural

rhodochrosite: (a) Pristine EPS; (b) EPS after reaction with natural rhodochrosite.



