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Abstract: Natural attenuation of Mn(II) was observed inside the metal refinery wastewater pipeline,
accompanying dark brown-colored mineralization (mostly MnIVO2 with some MnIII

2O3 and
Fe2O3) on the inner pipe surface. The Mn-deposit hosted the bacterial community comprised
of Hyphomicrobium sp. (22.1%), Magnetospirillum sp. (3.2%), Geobacter sp. (0.3%), Bacillus sp. (0.18%),
Pseudomonas sp. (0.03%), and non-metal-metabolizing bacteria (74.2%). Culture enrichment of the
Mn-deposit led to the isolation of a new heterotrophic Mn(II)-oxidizer Pseudomonas sp. SK3, with its
closest relative Ps. resinovorans (with 98.4% 16S rRNA gene sequence identity), which was previously
unknown as an Mn(II)-oxidizer. Oxidation of up to 100 mg/L Mn(II) was readily initiated and
completed by isolate SK3, even in the presence of high contents of MgSO4 (a typical solute in metal
refinery wastewaters). Additional Cu(II) facilitated Mn(II) oxidation by isolate SK3 (implying the
involvement of multicopper oxidase enzyme), allowing a 2-fold greater Mn removal rate, compared
to the well-studied Mn(II)-oxidizer Ps. putida MnB1. Poorly crystalline biogenic birnessite was formed
by isolate SK3 via one-electron transfer oxidation, gradually raising the Mn AOS (average oxidation
state) to 3.80 in 72 h. Together with its efficient in vitro Mn(II) oxidation behavior, a high Mn AOS
level of 3.75 was observed with the pipeline Mn-deposit sample collected in situ. The overall results,
including the microbial community structure analysis of the pipeline sample, suggest that the natural
Mn(II) attenuation phenomenon was characterized by robust in situ activity of Mn(II) oxidizers
(including strain SK3) for continuous generation of Mn(IV). This likely synergistically facilitated
chemical Mn(II)/Mn(IV) synproportionation for effective Mn removal in the complex ecosystem
established in this artificial pipeline structure. The potential utility of isolate SK3 is illustrated for
further industrial application in metal refinery wastewater treatment processes.

Keywords: manganese; natural attenuation; Mn(II)-oxidizing bacteria; microbial community
structure; Pseudomonas

1. Introduction

Soluble Mn(II) ions persist in a wide pH range and, thus, their removal from mining-impacted
waters is a challenging task. For its removal, Mn(II) needs to be oxidized to Mn(III) or Mn(IV), which
precipitate as dark brown Mn-oxides. Although metal refinery wastewaters and mining-impacted
drainages are often acidic, conventional chemical Mn(II) oxidation requires alkaline pH conditions (and,
thus, a large input of neutralizing agents) to overcome the thermodynamic barrier [1]. On the other
hand, the use of Mn(II)-oxidizing microorganisms enables enzymatic Mn(II) oxidation at circumneutral
pHs, without the addition of chemical oxidizing agents [2]. Therefore, the development of a
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bioprocess for Mn(II)-contaminated waters could become a more economical and environmentally
feasible alternative.

Mn(II)-oxidizing bacteria are phylogenetically diverse, including Firmicutes (Bacillus sp.
Brevibacillus sp.), Proteobacteria (Leptothrix sp., Pseudomonas sp., Erythrobacter sp., Pedomicrobium sp.)
and Actinobacteria (Arthrobacter sp.) [2,3]. The presence of multicopper oxidase (MCO; at least four
copper atoms present as cofactor) was reported in these bacteria as Mn(II) oxidase enzyme, exemplified
by MnxG (Bacillus sp. SG-1 [4]), CopA (Brevibacillus panacihumi MK-8 [5]), MofA (Leptothrix discophora
SS-1 [6]), CumA (Ps. putida GB-1 [7]), and MoxA (Pedomicrobium sp. ACM 3067 [8]). More recently, the
involvement of an animal heme peroxidase (AHP) in Mn(II) oxidation was found in Ps. putida GB-1,
showing the first example of an Mn(II)-oxidizing bacterium utilizing both MCO and AHP enzymes [9].

Different types of Mn-oxides were reported as a result of microbial Mn(II) oxidation,
including birnessite ((Na, Ca)0.5(MnIV, MnIII)2O4·1.5H2O), todorokite ((MnII, Ca, Na, K)(MnIV, MnII,
Mg)6O12·3H2O), bixbyite ((MnIII, FeIII)2O3), and hausmannite (MnII, MnIII

2O4), formed by bacteria
and fungi [3,10–13]. It was suggested that birnessite-like biogenic Mn-oxides are initially formed
enzymatically, and later transformed into lower average oxidation state (AOS) Mn-oxides, such as
hausmannite, due to reaction with the remaining Mn(II) or crystallized to todorokite [14,15].

Unlike for Fe(II)-oxidizing bacteria, the reason why Mn(II)-oxidizing bacteria oxidize Mn(II) is
still unclear. Although the oxidation of Mn(II) to Mn(III) or Mn(IV) is thermodynamically favorable,
there is no direct evidence linking Mn(II) oxidation to energy conservation [3]. The possible advantages
of microbial Mn(II) oxidation could include storage of Mn-oxides as an electron acceptor and
self-protection by Mn-oxide armoring from environmental insults (e.g., UV, predation, toxic heavy
metals). Also, since Mn-oxide is one of strongest oxidants found in nature, Mn(II)-oxidizing bacteria
may benefit from its capability to degrade recalcitrant humic substances into low molecular organic
compounds for feeding [2,3].

Nonetheless, regardless of which mechanism is involved in microbial Mn(II) oxidation, the activity
of such Mn(II)-oxidizing bacteria have been widely observed not only in natural open environments,
but also within artificial structures, such as freshwater pipelines and sewage treatment plants [16–19].
The majority of naturally occurring Mn-oxides in these environments are considered to originate
directly from microbial Mn(II) oxidation or from the subsequent alteration of biogenic Mn-oxides [3].
This indicates the ubiquitous and robust nature of these Mn(II)-oxidizing bacteria, resulting in an
extensive impact on the Mn geochemistry of the earth’s crust.

The motivation for this study arose from the discovery of natural Mn(II) attenuation in metal
refinery wastewater, which was accompanied by extensive mineralization on the inner surface of the
wastewater pipeline. Based on the pH and ORP values of the wastewater, this phenomenon appeared
to involve biological intervention, rather than spontaneous chemical Mn(II) oxidations. The mechanism
of this natural Mn(II) attenuation could be reconstituted as a bioprocess to be introduced in wastewater
treatment facilities.

So far, utilization of such an Mn(II) removal bioprocess has been reported for the treatment
of ground and drinking waters with Mn(II) concentrations ranging from <1 mg/L to a few
mg/L at neutral pHs, mostly exemplified by sand biofilters [20–23]. In metal refinery industries,
the Mn(II)-oxidizing bioprocess should ideally be introduced further upstream in the water treatment
system. Generally, highly acidic metal refinery waters are first alkalized to facilitate chemical Mn(II)
oxidation to remove Mn-oxide precipitates. The bioprocess could be potentially installed as a
post-treatment following the neutralization step, in order to reduce the vast cost for alkaline agents.
For this aim, it was necessary to find an isolate which withstands high Mn(II) concentrations and
displays robust Mn(II) oxidation, especially in the presence of MgSO4 as a typical major component
in refinery wastewaters. This study reports microbial and chemical analyses of the natural Mn(II)
attenuation phenomena in the metal refinery wastewater pipeline, and isolation and characterization
of a new Mn(II)-oxidizing bacterium with a robust Mn(II)-oxidizing capability.
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2. Materials and Methods

2.1. Collection and Analysis of On-Site Samples

2.1.1. Water Samples

Mn(II)-containing wastewater samples were collected at the inlet and outlet of the wastewater
pipe in the metallurgical wastewater treatment facility. The pH and ORP values were measured
on-site. Concentrations of metals, NO3

−, and TOC (total organic carbon) were determined by ICP-OES
(iCAP 6500, Thermo Scientific, Waltham, MA, USA), ion chromatography (Dionex ICS1000, Thermo
Scientific), and TOC analyzer (TOC-5000A, Shimadzu, Kyoto, Japan), respectively.

2.1.2. Mn-Deposit Sample

Dark-brown-colored precipitates that had accumulated on the inner surface of the wastewater
pipe were collected. An aliquot of the freeze-dried sample was digested with 60% HNO3 (for TOC
analysis), or with aqua regia (HNO3:HCl = 3:1, for metal composition) in Teflon vessels placed in the
microwave digestion system (Ethos Plus, Milestone, Sorisole, Italy) (heated to 210 ◦C with 7 ◦C/min
increments, kept for 15 min at 210 ◦C, and finally allowed to cool to room temperature). The sample
was then filtered (0.22 µm) and diluted (with deionized water) for the TOC (TOC-VCHS, Shimadzu)
and ICP-OES (Optima 8300DV, PerkinElmer, Waltham, MA, USA) analyses.

The freeze-dried Mn-deposit sample was also analyzed by X-ray diffraction (XRD; Ultima IV,
Rigaku, Tokyo, Japan; CuKα 40 mA, 40 kV) and by X-ray absorption near edge structure (XANES)
to calculate the Mn oxidation states (as described in 2.4.2). Genomic DNA was extracted from the
fresh Mn-deposit sample, and next-generation sequencing was performed to analyze the microbial
community structure based on the 16S rRNA gene sequence (Techno Suruga Lab. Co. Ltd., Shizuoka,
Japan). The gene sequences obtained were compared with those from GenBank using the BLAST
search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.2. Isolation, Identification, and Construction of a Phylogenetic Tree for the New Mn(II)-Oxidizing Bacterium

An aliquot of the Mn-deposit sample was diluted 10 times with 0.85% (w/v) NaCl, 100 µL of
which was spread onto the following solid media containing 10 mg/L Mn(II) (as MnCl2): Yu medium
(4.5 g/L PIPES, 2.43 mM MgSO4·7H2O, 0.48 mM CaCl2·2H2O, 0.005% peptone, 15 g/L agarose; pH 7.0),
K medium (20 mM PIPES, artificial seawater, 0.05% yeast extract, 0.02% peptone, 15 g/L agarose; pH
7.0), and J medium (20 mM PIPES, artificial seawater, 1.5 mM NH4Cl, 2 mM KHCO3, 73 µM KH2PO4,
vitamin mix, 0.5% methanol, 15 g/L agarose; pH 7.0). Plates were incubated at 25 ◦C for 3 days
until brown colonies appeared (indicator for Mn(II)-oxidizing activity). After repeating single-colony
isolation four times, four isolates (SK1 from K medium; SK2-3 from Yu medium, SK4 from J medium)
were tested for Mn(II) oxidation ability in respective liquid media containing 100 mg/L Mn(II). As a
result, only isolate SK3 exhibited stable Mn(II)-oxidizing ability during subculturing. Except for Mn(II)
oxidation tests, isolate SK3 was maintained in lysogeny broth (LB) medium.

Genomic DNA was extracted from SK3 cells using the UltraClean Microbial DNA
Isolation Kit (MO-BIO), and the partial 16S rRNA gene was amplified by Touchdown PCR
(Premix Taq, Takara BIO) using universal 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R
(5′-TACGGYTACCTTGTTACGACTT-3′) primers [16]. The PCR product was purified (Mono FAS,
GL Sciences), sequenced (Research Support Center, Graduate School of Medical Sciences, Kyushu
University), and analyzed by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The phylogenetic tree
was constructed using the neighbor-joining method with a bootstrap value of 1000 using ClustalX
v2.0 [24] and visualized by NJplot software.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.3. Mn(II) Oxidation Test

In addition to the new isolate Pseudomonas sp. SK3, the well-studied Mn(II)-oxidizing relative,
Ps. putida MnB1 (ATCC 23483), was also tested as a comparison. Each strain was pre-grown overnight
in LB medium (pH 7.0), washed, and harvested by centrifugation prior to use in the following
Mn(II)oxidation experiments.

In all cases, duplicate flasks were set up and incubated with shaking at 120 rpm. Samples were
routinely withdrawn to monitor cell density (bacterial counting chamber), pH, and Mn(II)
concentration (ICP-OES).

2.3.1. Effect of Initial Mn(II), Cu(II), and MgSO4 Concentrations

Pre-grown cells were resuspended (1 × 109 cells/mL) into 300 mL Erlenmeyer flasks containing
100 mL of PYG-1 medium (1 mM glucose, 0.025% yeast extract, 0.025% peptone, 2.02 mM MgSO4·7H2O,
0.068 mM CaCl2·2H2O, 15 mM PIPES). The initial Mn(II) concentration was set at 100 or 200 mg/L
(added as MnSO4), with or without additional 3 µM Cu(II) (added as CuCl2). Next, in addition to
24 mg/L MgSO4 originally present in PYG-1 medium, its initial concentration was raised to 240, 1200,
or 2400 mg/L to see the effect of excess MgSO4 on microbial Mn(II) oxidation (3 µM Cu(II) was added
in all cases). The initial pH value was set to 7.0 and temperature at 25 ◦C.

2.3.2. Effect of pH and Temperature

Pre-grown cells were resuspended (1 × 109 cells/mL) into 300 mL Erlenmeyer flasks containing
100 mL of PYG-1 medium. The initial Mn(II) concentration was set at 100 mg/L, plus 3 µM Cu(II).
The initial pH was set at 6.0, 6.5, 7.0, 7.5, or 8.0 (25 ◦C), and temperature at 20, 25, 30, 35, or 40 ◦C
(pH 7.0).

2.3.3. Effect of Individual PYG-1 Medium Components (Test for Isolate SK3 Only)

In order to investigate the durability of microbial Mn(II) oxidation in oligotrophic medium,
pre-grown SK3 cells were resuspended (1 × 109 cells/mL) into 300 mL flasks containing 100 mL
of PYG-1 medium lacking single/multiple organic components as follows: −Glu, −YE/Pep,
−Glu/YE/Pep, −Pep (YE 0.01% instead of 0.025%) (Glu, glucose; YE, yeast extract; Pep, peptone).
In addition, the effect of the absence of PIPES was also evaluated (−PIPES). The initial Mn(II)
concentration was set at 100 mg/L plus 3 µM Cu(II). The initial pH value was set at 7.0 and the
temperature at 25 ◦C.

2.4. Characterization of Biogenic Mn-Precipitates

2.4.1. X-ray Diffraction (XRD)

Biogenic Mn-precipitates were periodically collected by centrifugation during Mn(II) oxidation
by isolate SK3 (at 0, 24, 48, and 72 h). The precipitates were washed with deionized water twice
and freeze-dried overnight for XRD analysis (Ultima IV, Rigaku, Tokyo, Japan; CuKα 40 mA, 40 kV).
Standard acid birnessite sample was chemically synthesized as described in [25].

2.4.2. X-ray Absorption Near Edge Structure (XANES)

Biogenic Mn-precipitates were collected during Mn(II) oxidation by isolate SK3 (as described in
2.4.1.) as well as by Ps. putida MnB1 (at 0, 24, 48, 72). Each sample was quantitatively mixed with
boron nitride and pressed into a tablet. The Mn K-edge XANES spectra were collected (transmission
mode; 6200–8500 eV) at SAGA-LS (1.4 GeV, 75.6 m; Kyushu University Beam Line 06), using standard
chemicals MnIISO4, MnIII

2O3, and δ-MnIVO2 (Wako pure chemicals). The ratio of Mn species and the
average oxidation states (AOS) were calculated based on the linear combination fitting of Mn K-edge
XANES spectra (6200–6600 eV) using the Athena program (Demeter version 0.9.24) [26].
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2.4.3. Scanning Electron Microscope (SEM)

Biogenic Mn-precipitates were fixed with a mixture of 2% glutaraldehyde and 2.5% formaldehyde
in 0.1 M phosphate buffer solution (PBS; pH 7.6) (4 ◦C, 30 min), washed twice with 0.1 M PBS,
dehydrated with ascending concentrations of ethanol (70%, 80%, 90%, and 99.5% for 5 min each, and
100% for 10 min), dried in vacuum desiccator for 24 h, and finally magnetron sputter-coated with
Au–Pd (MSP-1S, Vacuum Device, Ibaraki, Japan), prior to SEM observation (SEM; VE-9800, Keyence,
Osaka, Japan; 5 kV).

3. Results and Discussion

3.1. Analysis of On-Site Samples

The physicochemical characteristics of the wastewater and Mn-deposit samples are shown in
Table 1. Compared to other solutes, the Mn(II) concentration was noticeably lowered from 1–n to 0.n
mg/L as the water traveled through a wastewater pipe (Table 1). The inner pipe surface was found to
be heavily encrusted with dark-brown precipitates, the typical color of Mn-oxides. In fact, the main
metal constituent of the precipitate was Mn, with less abundant metals such as Fe, Ca, and Mg (Table 1)
and XRD detected crystalline MnIVO2, MnIII

2O3, and Fe2O3 (Figure 1). Owing to the neutral pH and
low ORP values of the water samples (Table 1), spontaneous chemical Mn oxidation was unlikely
to be triggered, and it was suspected that microbiological interaction was involved in this natural
attenuation phenomenon. The linear combination fitting of Mn K-edge XANES spectra (data not
shown) indicated that the ratio of Mn oxidation states of the Mn-deposit was Mn(IV) 84%, Mn(III) 13%,
and Mn(II) 3%, with an average oxidation state (AOS) of 3.75.

Naturally occurring biogenic Mn-oxides are generally formed as poorly crystalline birnessite,
as observed in environments such as hot springs and streambed crusts [16,27]. These primary biogenic
Mn-oxides were reported to transform into different crystalline Mn-oxides (e.g., todorokite), through
prolonged exposure to interlayer cations such as Mg(II), Ca(II), Ni(II), and Zn(II) [14,28]. The reaction
of primary biogenic Mn-oxides (by Bacillus sp. SG-1) with Mn(II) was also shown to result in the
abiotic formation of secondary feitknechtite (MnIIIOOH) or phyllomanganate, depending on the Mn(II)
concentration [29]. Based on the water characteristics shown in Table 1, such natural transformation
reactions also likely took place in the wastewater pipe during years of operation to produce crystalline
Mn-oxides deposits, even though the primary products were poorly crystalline.

Table 1. Characteristics of wastewater samples (taken from the inlet and outlet of the wastewater pipe).

Wastewater Samples Mn-Deposits Sample
Inlet Outlet

pH 7.9 7.6 -
ORP (mV) 100 105 -

TOC (mg/L) 4 ND 2.5
NO3 (mg/L) 11 ND ND

Metal Composition (mg/L) (mg/g)

Mn 1–n 0.n 617
Fe < 0.01 < 0.01 121
Cu < 0.01 < 0.01 0.06
Ca 389 386 59
Mg 280 276 51
Si 5.3 5.3 ND

Note: ND: Not Determined.
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(52%) of which were Porphyrobacter spp. (Figure S1; mostly P. sanguineus)—they receive light energy 
with bacteriochlorophyll but perform aerobic photoheterotrophic metabolism requiring organic 
substrates for growth [30]. Since the wastewater was once pooled in open storage before entering the 
pipe, the photoheterotrophs may have taken advantage of the light to dominate the community in a 
nutrient-limiting environment. 

The second dominant genus (22.1%) was aerobic, methylotrophic budding bacteria 
Hyphomicrobium (Figure 2) (mostly H. zavarzinii and H. hollandicum; Table S2), characteristic in 
producing hyphal filaments during growth. Hyphomicrobium has been widely detected as a dominant 

Figure 1. X-ray diffraction patterns of the Mn-deposit collected from the metal refinery wastewater
pipe. F, α-MnIVO2 (JCPDS 44-141); �, MnIII

2O3 (JCPDS 41-1442); N, Fe2O3 (JCPDS 39-1346).

3.2. Microbial Community Structure Analysis

The bacterial community structure in the Mn-deposit was analyzed in order to search for
Mn(II)-oxidizing bacteria responsible for its formation in the wastewater pipe. The number of 16S
rRNA gene sequences analyzed was 22,733, from which 18,605 (81.8%) were unclassified and 352
(1.5%) did not match database entries. Figure 2 shows the bacterial community structure based on the
remaining 3776 (16.6%) classified sequences (the full analysis result shown in Figure S1).
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Figure 2. Bacterial community structure in the Mn-deposit collected from the metal refinery wastewater
pipe. Values in brackets indicate the total number of sequences and the percentage.

Around 74.2% of the community was unknown as metal-metabolizing bacteria, the majority (52%)
of which were Porphyrobacter spp. (Figure S1; mostly P. sanguineus)—they receive light energy with
bacteriochlorophyll but perform aerobic photoheterotrophic metabolism requiring organic substrates
for growth [30]. Since the wastewater was once pooled in open storage before entering the pipe,
the photoheterotrophs may have taken advantage of the light to dominate the community in a
nutrient-limiting environment.

The second dominant genus (22.1%) was aerobic, methylotrophic budding bacteria
Hyphomicrobium (Figure 2) (mostly H. zavarzinii and H. hollandicum; Table S2), characteristic in
producing hyphal filaments during growth. Hyphomicrobium has been widely detected as a dominant
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member in Mn-deposits from worldwide locations, including freshwater pipelines [19] and sewage
treatment plants [17]. Despite its abundance in Mn-deposits, the difficulty in its isolation and steady
maintenance makes it still unclear whether or not Hyphomicrobium is indeed directly responsible for
Mn(II) oxidation [19,31]. The observation that Hyphomicrobium are capable of autotrophic growth [32]
and that they were found associating with the initial building up of Mn-deposits in the recirculatory
apparatus [31] lead us to speculate upon its important role in primary colonization via a unique hyphae
network onto the pipeline surface, establishing the structural and nutritional scaffolds to support
secondary colonization of heterotrophic Mn(II)-oxidizers against a continuous water flow (Figure 3).
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Microaerobic magnetotactic bacteria, Magnetospirillum spp. (all Ms. gryphiswaldense; Table S2)
accounted for 3.2% of the community structure (Figure 2). Ms. gryphiswaldense synthesizes nanosized
magnetosomes (Fe3O4) by active uptake and reduction of Fe3+ through ferric reductase [33].
Mn concentration in the wastewater may have been affected by this bacterium to some extent, since
Mn can be incorporated into magnetite crystals [34].

Facultative anaerobes, Geobacter spp. (mostly Gb. sulfurreducens; Table S2), comprised 0.3% of
the community (Figure 2). These Fe(III)-reducing bacteria may adversely affect Mn(II) oxidation
in the wastewater pipe, as they may reduce Mn-oxides in anaerobic respiration in the event of
oxygen depletion [35]. The genus Bacillus and Pseudomonas accounted for a minor portion of the
community structure (0.18% and 0.03%, respectively; Figure 2). Mn(II) oxidation is well-studied in
some Bacillus and Pseudomonas strains, such as Bacillus sp. SG-1 [36], Ps. putida MnB1 [25], and Ps. putida
GB-1 [37]. From the Mn-deposit in this study, six different Bacillus spp. and Ps. resinovorans were
detected (Figure S1). However, the Mn(II)-oxidizing ability is yet unknown in these species. As was
proposed in Figure 3, the growth of these possible heterotrophic Mn(II) oxidizers (perhaps as well
as non-Mn-metabolizing Porphyrobacter) may depend on the growing biofilms of Hyphomicrobium,
by scavenging organic exudates deriving from these primary colonizers.

3.3. Isolation of Pseudomonas sp. SK3 and Its Phylogenetic Analysis

Three Mn(II)-oxidizing isolates (SK1, 2, and 3) were obtained after repeated single colony isolation.
Following several rounds of subculturing and Mn(II) oxidation tests at 100 mg/L Mn(II), isolate SK3
was selected as the most stable and strongest Mn(II)-oxidizer for further studies. Based on the 16S
rRNA gene sequence of isolate SK3 (1398 bp), its closest relative was shown to be Ps. resinovorans
ATCC 14235T (AB021373) with a similarity of 98.4% (Figure 4). So far, several Mn(II)-oxidizing strains
have been reported from the Ps. putida group. However, the presence of Mn(II) oxidation ability
is so far unknown in Ps. resinovorans (Figure 4). Identification of Pseudomonas sp. SK3 implies that
Mn(II)-oxidizing ability may be more diversely present across the genus Pseudomonas.
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rRNA gene sequence, constructed by the neighbor-joining method (using Bacillus sp. SG1 as the
outgroup). Known Mn(II)-oxidizing strains are marked (F). Scale bar indicates the number of
nucleotide substitutions per site. Numbers at nodes indicate bootstrap values for 1000 replicates of the
original dataset. NCBI accession numbers are summarized separately in Table S1. Numbers in brackets
indicate the 16S rRNA gene sequence identities with isolate SK3.
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3.4. Mn(II) Oxidation by Pseudomonas sp. SK3

3.4.1. Effect of Initial [Mn(II)], [Cu2+], and [MgSO4]

Our challenge in this study was to find a robust Mn(II)-oxidizer which can be potentially utilized
in an industrial Mn(II) treatment process. Ideally, the new bioprocess would be placed further upstream
of the metal refinery wastewater treatment system to deal with a few tens of mg/L Mn(II) contaminant
coexisting with MgSO4 at neutral or slightly acidic pH values.

First, pre-grown cells of isolate SK3 (as well as Ps. putida MnB1, a well-studied Mn(II)-oxidizer,
for comparison) were tested for Mn(II) oxidation at 100 and 200 mg/L (each with or without additional
3 µM Cu(II)). As shown in Figure 5a, isolate SK3 completely oxidized 100 mg/L Mn(II) by 48 h (plus
Cu(II)), while the absence of Cu(II) clearly slowed down its Mn(II) oxidation. A similar effect of Cu(II)
was apparent with Ps. putida MnB1, but its Mn(II) oxidation was generally slower, compared to isolate
SK3 (Figure 5a). When the initial Mn(II) concentration was raised to 200 mg/L, Mn(II) oxidation by
Ps. putida MnB1 became negligible, while isolate SK3 managed to partially oxidize Mn(II), especially in
the presence of Cu(II) (37 mg/L oxidized in 70 h; Figure 5a). The presence of 3 µM Cu(II) was found to
be sufficient, since the addition of Cu(II) at higher concentrations (5 or 10 µM) resulted in similar Mn(II)
oxidation removal efficiencies by isolate SK3 (data not shown). The results here support the hypothesis
that isolate SK3 also shares the activity of MCO enzyme in Mn(II) oxidation, as was reported with
Ps. putida GB-1 [7] as well as in other genera, such as Bacillus [4], Brevibacillus [5], and Leptothrix [6].

Isolate SK3 exhibited remarkable resistance to high MgSO4 doses. Although an increasingly
longer delay in Mn(II) oxidation was observed, corresponding to higher MgSO4 doses, isolate SK3
still managed to effectively oxidize Mn(II) nearly to completion by 120 h (Figure 5b). On the other
hand, the presence of 1200 or 2400 mg/L MgSO4 mostly or completely stopped Mn(II) oxidation by
Ps. putida MnB1, respectively (Figure 5b), even in the presence of Cu(II).
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Figure 5. Mn(II) oxidative removal by isolate SK3 (solid symbols with solid lines) in comparison
with Ps. putida MnB1 (open symbols with broken lines) under different conditions (pHini 7.0, 25 ◦C).
(a) Effects of the initial Mn(II) concentration (100 or 200 mg/L) was tested in the presence (�, �) or
absence (•, #) of 3 µM Cu(II). [MgSO4] = 24 mg/L (present originally in PYG-1 medium). (b) Effects of
increasing dose of MgSO4 was tested by adding extra MgSO4 to a final concentration of 240 mg/L (•,
#), 1200 mg/L (N,4) or 2400 mg/L (�, 3), in comparison with the controls (�, �; 24 mg/L MgSO4

originally present in PYG-1 medium). [Mn2+] = 100 mg/L. [Cu(II)] = 3 µM.

3.4.2. Effect of pH and temperature

Mn(II) oxidation activity by isolate SK3 peaked over the relatively wider pH range (7.0–8.0) when
3 µM Cu(II) was present, whereas the activity of Ps. putida MnB1 peaked at pH 7.0 and a slight pH
shift, due especially to alkali, caused a detrimental effect (Figure 6a). Chemical Mn(II) oxidation is
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thermodynamically unfavorable at acidic pHs for initiation of Mn(II) oxidation coupled with O2 [1].
However, even at the slightly acidic pH of 6.5, Mn(II) oxidation by isolate SK3 persisted, even with
a greater Mn removal rate than that by Ps. putida MnB1 at its optimal pH 7.0. Both strains lost their
Mn(II) oxidation activity at pH 6.0 (Figure 6a). Interestingly, however, the absence of Cu(II) resulted in
total deactivation of Mn(II) oxidation by isolate SK3 at pH 7.5 and 8.0 (Figure 6a). Isolate SK3 showed
a clear preference for the temperature of 25 ◦C, while lower (20 ◦C) or higher (30 ◦C) temperatures
slowed down Mn(II) oxidation by one-fourth (Figure 6b). On the other hand, the Mn(II) oxidation rate
by Ps. putida MnB1 was nearly stable over 20–30 ◦C. Both strains lost Mn(II) oxidation ability at 35 ◦C
(Figure 6b), although no decrease in the cell density was observed (data not shown). Overall, it was
clearly shown that under optimal conditions, Mn(II) oxidative removal by isolate SK3 was shown
significantly greater than Ps. putida MnB1 (Figure 6a,b). The positive effect of Cu(II) in Mn(II) oxidation
by isolate SK3 was also emphasized here. Although under the detection limit (Table 1), a small amount
of available Cu(II) ions might have facilitated on-site Mn deposition in the wastewater pipe.
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of isolate SK3 (also relative to the representative Mn(II)-oxidizing Pseudomonas strain) for industrial 
application. Therefore, isolate SK3 was further tested for its persistence in the oligotrophic medium 
by omitting one or more organic components from the PYG-1 medium (Figure 7). Removing glucose 
caused some delay in Mn(II) oxidation, but no severe effect was seen as long as complex nutrients 
were provided (Figure 7a). The amount of complex nutrients could be lowered (by removing peptone 
and, at the same time, halving yeast extract) without altering Mn(II) oxidation activity. However, the 
total absence of complex nutrients led to a severe decline in cell densities (Figure 7c) and, thus, no 
Mn(II) oxidation was achieved (Figure 7a). These results indicated that in actual industrial operation, 
feeding a minimum amount of complex nutrients would be essential to promote oxidative Mn(II) 
removal. The absence of buffering agent (PIPES) caused a pH drop from 7.0 to 6.0, owing to the 
proton-generating Mn(II) oxidation reaction (Mn2+ + 1/2 O2 + H2O → MnO2 + 2H+) to consequently 

Figure 6. Mn(II) oxidative removal rates at different initial pHs (a) and temperatures (b). •, isolate SK3
with 3 µM Cu(II) (calculated for the time period of 0–48 h). �, isolate SK3 without Cu(II) (calculated
for the time period of 0–63 h). #, Ps. putida MnB1 with 3 µM Cu(II) (calculated for the time period
of 0–72 h). Initial conditions: [Mn(II)] = 100 mg/L; [MgSO4] = 24 mg/L (originally present in PYG-1
medium). (a) The temperature was set at 25 ◦C. (b) The initial pH was set at 7.0. Fitting curves were
drawn only for isolate SK3 with 3 µM Cu(II). The experiments were conducted in duplicate.

3.4.3. Effect of Medium Components

The above Mn(II) oxidation tests under different conditions indicated the potential effectiveness
of isolate SK3 (also relative to the representative Mn(II)-oxidizing Pseudomonas strain) for industrial
application. Therefore, isolate SK3 was further tested for its persistence in the oligotrophic medium
by omitting one or more organic components from the PYG-1 medium (Figure 7). Removing glucose
caused some delay in Mn(II) oxidation, but no severe effect was seen as long as complex nutrients
were provided (Figure 7a). The amount of complex nutrients could be lowered (by removing peptone
and, at the same time, halving yeast extract) without altering Mn(II) oxidation activity. However, the
total absence of complex nutrients led to a severe decline in cell densities (Figure 7c) and, thus, no
Mn(II) oxidation was achieved (Figure 7a). These results indicated that in actual industrial operation,
feeding a minimum amount of complex nutrients would be essential to promote oxidative Mn(II)
removal. The absence of buffering agent (PIPES) caused a pH drop from 7.0 to 6.0, owing to the
proton-generating Mn(II) oxidation reaction (Mn2+ + 1/2 O2 + H2O→MnO2 + 2H+) to consequently
halt microbial activity. This suggests that the addition of a buffering effect would be necessary to
maintain microbial activity when applying to actual industrial wastewaters.
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3.4.4. Analysis of Biogenic Mn-Oxides Produced by Pseudomonas sp. SK3

The over-time change in XRD peaks of biogenic Mn-oxide precipitates is shown in Figure 8.
The broad peak at around 20◦ deriving from cellular carbon (Figure 8a) gradually became unnoticeable,
accompanied by the emergence of increasingly evident birnessite peaks (Figure 8b–d). The mineral
surface morphology of biogenic birnessite (Figure 8f) and chemically synthesized acid birnessite
(Figure 8g) were compared. A number of bacterial cells were found attached onto the biogenic
birnessite surface, hidden in the mineral pores, or encrusted by self-produced Mn-oxides. The surface
of the biogenic birnessite was coated with string-like biofilm structures (Figure 8f). The XANES LCF
fitting indicated that the over-time maturation of biogenic birnessite (Figure 8 a–d) was accompanied
with a change in the Mn oxidation states (Figure 9a). The ratio of Mn(II) and Mn(III) in the birnessite
structure steadily decreased during Mn(II) oxidation by isolate SK3, altering the AOS from 3.5 (at 24 h)
to 3.8 (at 72 h). A slower Mn(II) oxidation by Ps. putida MnB1 compared to isolate SK3 (Figure 5a)
was accompanied by a slower change in the Mn AOS (from 3.5 at 24 h to 3.73 at 120 h; Figure 9b).
The enhancing effect of Cu(II) on Mn(II) oxidation (observed in 3.4.1–3.4.2) together with the sequential
change in the Mn oxidation state of biogenic birnessite observed here, in fact, support the one-electron
Mn(II) oxidation reaction suggested for MCO enzymes [38,39].

Chemically synthesized birnessite (such as biogenic birnessite) were reported to undergo
structural transformation via the synproportionation reaction between adsorbed Mn(II) and the
surrounding Mn(IV), leading to Mn(III) formation, with the Mn AOC shifting from 3.7 to 3.5 in
20 days [40]. This decrease in the Mn AOS of birnessite during mineral ripening results in its
deactivation as the chemical oxidant. The oxidative removal of Mn(II) from wastewaters would rely
both on microbial (enzymatic) Mn(II) oxidation and chemical Mn(II) oxidation by Mn(IV). Therefore,
accumulation and passivation of Mn(III) onto MnIV-oxides needs to be avoided in order to maintain
effective and continuous Mn removal.

The ability of isolate SK3 to effectively raise the Mn AOS to 3.8 (Figure 8a) would therefore be
advantageous for steady and continuous water treatment. Together with the efficient in vitro Mn(II)
oxidation displayed by isolate SK3, the high Mn AOS level of 3.75 observed with the in situ pipeline
Mn-deposit suggests that continuous generation of Mn(IV) was promoted via the robust in situ activity
of indigenous Mn(II) oxidizers (including strain SK3). This microbial reaction also likely pushed the
chemical Mn(II)/Mn(IV) synproportionation reaction, resulting in synergistic Mn oxidative removal
within the complex ecosystem established in this artificial pipeline structure.
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(e). •, birnessite (JCDD 43-1456). Sampling times of the Mn-precipitates correspond to those shown in
Figure 5a (�, +Cu(II)). SEM images of sample (d) and (e) are shown in (f) and (g), respectively.
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(b). The ratios of Mn(II) (white), Mn(III) (grey), and Mn(IV) (black) were calculated from the linear
combination fitting result (broken lines) of Mn K-edge XANES spectra (solid lines). Sampling points
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Figure S1: Bacterial community structure in Mn-deposits collected from the metal refinery wastewater pipe (full
data). Table S1: NCBI accession numbers used to construct the phylogenetic tree in Figure 4. Table S2: Species
names under the genera Hyphomicrobium, Magnetospirillum, Geobacter, Bacillus, and Pseudomonas detected in the
bacterial community structure shown in Figure 2.
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