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The interaction of chemical, physical and biological factors that affect the fate, transport

and redox cycling of manganese in engineered drinking water systems is not clearly

understood. This research investigated the presence of Mn-oxidizing and -reducing

bacteria in conventional water treatment plants exposed to different levels of chlorine. Mn

(II)-oxidizing and Mn(IV)-reducing bacteria, principally Bacillus spp., were isolated from

biofilm samples recovered from four separate drinking water systems. Rates of Mn-

oxidation and -reduction for selected individual isolates were represented by pseudo-first-

order kinetics. Pseudo-first-order rate constants were obtained for Mn-oxidation (range:

0.106e0.659 days�1), aerobic Mn-reduction (range: 0.036e0.152 days�1), and anaerobic Mn-

reduction (range: 0.024e0.052 days�1). The results indicate that microbial-catalyzed Mn-

oxidation and -reduction (aerobic and anaerobic) can take place simultaneously in aqueous

environments exposed to considerable oxygen and chlorine levels and thus affect Mn-

release and -deposition in drinking water systems. This has important implications for Mn-

management strategies, which typically assume Mn-reduction is not possible in the

presence of chlorine and oxidizing conditions.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction Mn(II) to form insoluble MnOx(s) precipitates in drinking water
Manganese (Mn) is an abundant transition metal that is

known to undergo biochemical oxidation and reduction

cycling in freshwater and marine systems (Nealson and

Myers, 1992; Nealson and Saffarini, 1994; Stumm and

Giovanoli, 1976; Wetzel, 2001). Soluble manganese, Mn(II),

can be found in freshwater sources due to electron exchange

reactions that take place in the presence of metal-reducing

bacteria under anoxic conditions at the water/sediment

interface (Nealson and Saffarini, 1994). Oxidation of soluble
etrich).
ier Ltd. All rights reserved
systems can cause aesthetic problems such as water discol-

oration and fouling, staining on plumbing fixtures, and

consumer complaints (Dietrich, 2006; Sly et al., 1990; Whelton

et al., 2007). The United States Environmental Protection

Agency set a secondary maximum contaminant level for Mn

of 0.05 mg L�1 (United States Environmental Protection

Agency, 1979). The World Health Organization provides

a guide value of 0.4 mg L�1 for Mn (World Health Organization,

1998). Mn accumulation and release can be a costly and diffi-

cult problem for drinking water utilities to resolve. A study
.
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including several water utilities in the United States reported

that 17% attributed particulate matter problems in their

distribution system to the presence of Mn (Booth and Brazos,

2004). Even though microbiological-mediated redox reactions

of Mn have been widely studied in natural systems (Ehrlich

and Newman, 2009; Schink, 2000), their role in Mn deposi-

tion and release in disinfected drinking water systems are still

unclear.

Many studies have focused on microbial Mn-oxidation in

drinking water systems, mainly for its association with bio-

logical filtration (Burger et al., 2008; Katsoyiannis and

Zouboulis, 2004; Lewandowski et al., 1997; Mouchet, 1992;

Tekerlekopoulou et al., 2008; Vandenabeele et al., 1992). Bio-

logical filtration gained popularity since it is a cost-effective

technology that makes use of microbial oxidation for Mn-

removal from drinking water, minimizing the use of chemical

oxidants that could form undesired by-products (Burger et al.,

2008; Katsoyiannis and Zouboulis, 2004; Mouchet, 1992). Most

of the existing literature evaluates microbial Mn-oxidation in

the absence of a disinfectant to simulate the conditions

necessary for biomass accumulation and activity required for

optimal operation of biofilters. Although studies have been

published on microbial Mn-reduction in drinking water

systems (Chaudhari and Shrivastava, 2003; Davina and

D’Souza, 2000; Petrunic et al., 2005), these are limited when

compared to the existing literature on microbial Mn-oxida-

tion. Likewise, there are limited references focused on the role

of microbial reduction and Mn-release in drinking water

systems exposed to high levels of disinfectant (Chaudhari and

Shrivastava, 2003; Davina and D’Souza, 2000; Petrunic et al.,

2005).

The mechanisms explaining the microbiological factors

affecting release and deposition of Mn in drinking water

treatment and distribution remain poorly understood. A

disinfectant (i.e. chlorine, ozone, or chlorine dioxide) applied

to a drinking water system may serve both as a chemical

oxidant and microbial inhibitor, simultaneously catalyzing

chemical and inhibiting biological Mn(II) oxidation (Sly et al.,

1990). A recent research study (Gabelich et al., 2006) demon-

strated that Mn-desorption from filtration media in water

treatment plants was a source of Mn in drinking water

systems after cessation of chlorination in filtration basins. A

potential chemical interaction between Mn, Fe(III), and Al(III)

coagulant residuals was suggested to explain the Mn-release

(Gabelich et al., 2006). The possible effect of microbiologically

mediated Mn-release was rejected based on the assumption

that high oxygen and disinfectant levels found in drinking

water treatment plants would suppress microbiological Mn-

reduction (Gabelich et al., 2006).

This study documents the simultaneous existence of

manganese-oxidizing and -reducing bacteria in chlorinated

drinking water systemswhich include aqueous environments

typically exposed to considerable oxygen and disinfectant

levels. The specific objectives of the study were to: (1) isolate

Mn-oxidizing and -reducing microorganisms from drinking

water systems exposed to different levels of chlorine; (2)

identify thesemicroorganisms; and (3) measure Mn-oxidation

(aerobic) and -reduction (aerobic and anaerobic) rates for

selected microorganisms isolated from chlorinated drinking

water systems.
2. Materials and methods

2.1. Sample sites

Samples were collected from two drinking water systems in

Virginia,USA (Water Systems1and2), one system inHonduras

(Water System 3), and one system in North Carolina, USA

(Water System 4). All these systems used free chlorine as the

primary disinfectant for pathogen inactivation during water

treatment. The characteristics of the four water systems are

listed in Table 1. Systems 1, 3, and 4 have previously reported

Mn-associatedproblems.Particularly, System3hashada long-

term and chronic problem with elevated levels of Mn (Cerrato

et al., 2006). Water samples with no visible suspended matter

were obtained from the sedimentation and filtration basins

(rapid filtration) of Systems 1e3, and from the distribution

system of System 3. Samples of anthracite/sand filter media

were collected from Systems 1e4. Samples were collected in

500 mL autoclaved polyethylene bottles from the filtration

media and also from the top (recently deposited) and bottom

(accumulated) sludge layers of the sedimentation basin. Sedi-

mentation basin sludge and filtration media samples were

collected to visually obtain approximately 50% solid (i.e.

sludge, anthracite or sand) and 50%water.Wet galvanized iron

and PVC pipes of 200 diameter were obtained from the distri-

bution network of System 3. The PVC pipes had been in service

for 15 years and the galvanized ironpipes for 30 years. Samples

were stored at room temperature and shipped via express

courier service, taking approximately 5e7 days between

collection and laboratory processing.

2.2. Mn content of filter material and pipes surfaces

Representative sections of internal pipe surface walls were

scraped using a spatula in order to obtain approximately 1 g of

material. The total Mn content of pipe surface from System 3

and filter media from Systems 1e4, including the adherent

biofilm, was measured by adding 0.20 g dry weight of each

solid to 100 mL of de-ionized water in 125 mL acid washed

polyethylene bottles and then adding 4 mL of 12 M HCl and

2 mL 10% hydroxylamine to the solution (Parks et al., 2004).

The contents were heated to 90 �C for 24 h and allowed to cool.

The Mn concentration of the resulting solution was then

measured using a PerkineElmer 5100 flame atomic absorption

spectrophotometer (Waltham, MA, USA). The results are

reported as mgMn (g dry weight of sample)�1.

2.3. Recovery of biofilms from mixed filters and pipe
surfaces

For the purpose of this study, a biofilm was defined as

including the biological and particulate material dislodged

from an individual sample. Biofilm materials were recovered

from anthracite or sand media by suspending 1 g aseptically

handled media sample in 5 mL chlorine-free sterile tap water

in a sterile 50 mL screw cap centrifuge tube and vortexed for

60 s. A representative 2 cm� 2 cm section of the inside pipe

surface of both PVC and iron pipes was scraped and sus-

pended in 5 mL sterile tap water to obtain a biofilm



Table 1 e Description of the water systems.

Water
system

Water
source

Description of treatment
processes

Sample
obtained

1. Virginia

(coastal region)

Surface water

reservoir

Conventional water treatment processes

combined with dissolved air flotation for

solid removal and biological filtration.

Ozone is used as an oxidant and primary

disinfectant, and chloramines for

secondary disinfection. Dual-media filter

beds of anthracite and sand

Sedimentation basin (top and

bottom sludge)

Filtration basins (anthracite and sand

filtration media)

No chlorine is applied in the filtration

basins

2. Virginia

(Appalachian region)

River Conventional water treatment processes.

Chlorine is used for primary disinfection,

chlorine dioxide for oxidation, and

chloramines for secondary disinfection.

Dual-media filter beds of anthracite and

sand

Sedimentation basin (top and

bottom sludge)

Filtration basins (anthracite and sand

filtration media) with approximately

0.5 mg L�1 Cl2 residual in the filter effluent

3. Honduras Surface water

reservoir

Conventional water treatment processes

combined with aeration for chemical

oxidation. Chlorine is used for primary

and secondary disinfection. Filter beds

consist of sand media only

Sedimentation basin (top and bottom

sludge)

Filtration basins (anthracite and sand

filtration media) with approximately

0.3 mg L�1 Cl2 residual in the filter effluent.

Distribution system (iron and PVC pipes)

with approximately 0.3e0.6 mg L�1 Cl2
residual

4. North Carolina Surface water

reservoir

Conventional water treatment processes.

Dual-media filter beds of anthracite and

sand. Chlorine is applied for disinfection

and oxide coated media regeneration

Cl2 residual in the filter effluent ranges

from 3 to 6 mg L�1
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suspension. The biofilm scraped from the PVC and iron pipe

surfaces was homogenized in a sterile tissue homogenizer

and transferred to a sterile 16� 125 mm screw cap tube.

2.4. Detection and enumeration of Mn-oxidizing
microorganisms

A dilution series of biofilm suspensions were prepared in 5 mL

sterile tap water (10�1 to 10�5) and 0.1 mL from each dilution

tube was spread in duplicate on Mn-oxidation (Stein et al.,

2001) agar media. The Mn-oxidation agar media consisted of

the following per liter of 10 mM HEPES buffer (pH 7.4): 0.001 g

FeSO4$7H2O, 0.15 g MnSO4$H2O, 2 g Peptone (Becton Dick-

inson, Sparks, MD), 0.5 g Yeast Extract (Becton Dickinson,

Sparks, MD), and 15 g agar. The Mn-oxidation broth media

consisted of all the above described without agar. After inoc-

ulation, the Mn-oxidation agar was incubated at 30 �C and

examined every week for the appearance of colonies with

dark centers or edges as evidence of deposition of dark

(oxidized) Mn. Each putative Mn-oxidizing colony type was

picked, streaked for isolation and grown in Mn-oxidation

broth and a portion frozen (�70 �C) for storage after glycerol

was added to a final concentration of 20%. Total colony

forming units (CFU) and CFU for each putative Mn-oxidizing

isolate per mL of water or g or cm2 of biofilm in the original

sample were calculated.

2.5. Detection and enumeration of Mn-reducing
microorganisms

A dilution series of biofilm suspensions were prepared in 5 mL

sterile tap water (10�1 to 10�5) and 0.1 mL of each dilution tube
was spread in duplicate onMn-reduction (Myers and Nealson,

1988a) agar media. The Mn-reduction media consisted of the

following per liter of 10 mM HEPES buffer (pH 7.4): 0.2 g of

amorphous MnO2(s), 0.2 g yeast extract, 2 g sodium acetate,

and 15 g agar. The Mn-reduction broth media consisted of all

the abovewithout agar. Immediately after plateswere poured,

the Mn-reduction agar was stored in anaerobic jars (GasPak�,

Becton Dickinson, Sparks, MD). The inoculated Mn-reduction

agar was incubated anaerobically (GasPak�, BectonDickinson,

Sparks, MD) at 30 �C. Putative Mn-reducing isolates were

picked based on the disappearance of MnO2 granules

surrounding the colony, streaked for isolation and grown

anaerobically in Mn-reduction broth and a portion frozen

(�70 �C) for storage after glycerol was added to a final

concentration of 20%. Total CFU and CFU for each putative

Mn-reducing isolate per mL of water or g or cm2 of biofilm in

the original sample were calculated.

2.6. Molecular identification of Mn-oxidizing
and -reducing bacteria

DNA was extracted from the isolated pure cultures using the

FastDNA Spin Kit (MP Biomedicals LLC, Solon, OH) following

the manufacturer’s protocol and stored at �20 �C prior to use.

Polymerase chain reaction (PCR)was performed to amplify the

16S-rRNA genes from the DNA extracts. Each 25 mL reaction

mixture consisted of 5 mL of 5�TaqMaster PCR Enhancer, 2.5 mL

of 10�TaqBufferwithMg2þ, an additional 1.5 mLof 25 mMMg2þ

solution, 0.2 mM of dNTP mix, 0.2 mM of fD1 (50-AGAGTTT-
GATCCTGGCTCAG-30) and rP1 (50-GGWTACCTTGTTACGACTT-

30) primers (Weisburg et al., 1991), 0.25 mL of formamide, and

1.75U of TaqDNApolymerase (5 Prime Inc., Gaithersburg,MD).
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A C1000 Thermal Cycler (Bio-Rad Laboratories Inc., Hercules,

CA) was used to perform the DNA amplification. The temper-

ature profile consisted of one cycle of an initial melting step at

95 �C for 3 min; 35e50 cycles at 95 �C for 30 s, 50 �C for 30 s, and

72 �C for 1.5 min, followed by one final extension step at 72 �C
for 7 min. The PCR products were cleaned using ExoSAP-IT

according to the manufacturer’s protocol (USB Corporation,

Cleveland, OH) and sequenced by the Core Laboratory Facility

at the Virginia Bioinformatics Institute (Blacksburg, VA) using

primer V3F (50-CCAGACTCCTACGGGAGGCAG-30). This

provided fragments ranging from 695 to 1074 bp of the 16S-

rRNAgene, including theV3hypervariable region (Chakravorty

et al., 2007), for identification. The Basic Local Alignment

Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov) was used to

identify sequences within the GenBank database sharing the

highest DNA sequence similarity with the isolated

pure cultures. Sequences were submitted to the GenBank

database and are available under accession numbers

HM055943eHM055995.

2.7. Measurement of Mn

The concentration of oxidized Mn was measured by the leu-

coberbelin method (Stein et al., 2001). The leucoberbelin

method can distinguish between Mn(II) and oxidized Mn, but

cannot differentiate Mn(III) fromMn(IV) (Gabelich et al., 2006).

Thus, the term oxidized Mn will be used in this study to refer

to either Mn(III) or Mn(IV). In a microcentrifuge tube, 0.2 mL of

the early stationary phase culture was mixed with 1 mL of

0.04% leucoberbelin blue I (Aldrich Chemical Co., St. Louis,

MO, USA) in 45 mM acetic acid. The concentration of oxidized

Mn was measured by comparing the absorbance (620 nm) to

a standard curve constructed using 0.1% (wt/vol) KMnO4. For

measurement of Mn-reduction, sample volumes of 0.7 mL

were withdrawn and the amorphous MnOx(s) and cells were

separated from the broth by filtration through 0.1-mm pore

size filters. In a polystyrene tube, 0.4 mL of the filtrate was

mixed with 3.6 mL of de-ionized water and Mn concentration

was measured at a wavelength of 279.5 nm using a Per-

kineElmer 5100 flame atomic absorption spectrophotometer

(Waltham, MA, USA). An additional control was performed to

verify the oxidation state of Mn in the filtrate: 0.1 mL of filtrate

wasmixedwith 0.9 mL of 0.04 % leucoberbelin blue. All theMn

in these filtrates was observed to be soluble Mn(II).

2.8. Measurement of Mn(II)-oxidation by individual
isolates

Putative Mn-oxidizing isolates were grown in 10 mL Mn-

oxidation broth in 16� 150 mm screw capped tubes and

incubated at 30 �C with aeration air flushing (rotation at

60 rpm). Samples were removed at weekly intervals. A nega-

tive (abiotic) control was established by filling screw cap tubes

only with sterile Mn-oxidation broth. A complementary killed

control was also attempted, but was confounded because the

agents or methods used to kill the cells (e.g., azide addition,

autoclaving, pasteurization) caused increasedMn-release into

solution as reported by others (Edenborn et al., 1985; Ross and

Bartlett, 1981; Shiller and Stephens, 2005). The concentration

of oxidized Mn was measured as described above. The results
are reported in Supplementary material as mg Mn(III/IV) per

liter formed after 2 weeks. An isolate was considered to

“oxidize Mn” if the concentration of Mn oxidized by a partic-

ular strain was greater than the mean Mn concentration

obtained for the control plus 3 times its standard deviation

(n¼ 4, 0.9� 0.2 mg L�1 Mn). Results were corrected with

respect to the abiotic control.

2.9. Measurement of Mn(IV)-reduction by individual
isolates

Screw capped, 16� 125 mm tubes containing 5 mL of Mn-

reduction broth were prepared and immediately after auto-

claving (15 min at 15 psi) placed in an anaerobic jar. The

medium was inoculated with a single colony of each putative

Mn-reducing isolate. A culture volume of 1 mL was inoculated

in 9 mL of fresh Mn-reduction broth medium and incubated

with loose caps at 30 �C for 30 days under anaerobic condi-

tions without agitation. An abiotic control was established by

filling screw cap tubes only with sterile Mn-reduction broth.

The concentration of reduced Mn was measured as described

in the previous section, “measurement of Mn”. The results are

reported in Supplementary material as mg Mn(II) per liter

formed after 5 weeks. An isolate was considered to “reduce

Mn” if the concentration of Mn transformed by a particular

strain was greater than the mean Mn concentration obtained

for the control plus 3 times its standard deviation (n¼ 4,

2.2� 0.7 mg L�1 Mn). Both aerobic and anaerobic Mn-reduc-

tions were measured for selected individual isolates. Aerobic

reduction experiments were carried out by inoculating 1 mL of

culture in 9 mL of fresh Mn-reduction broth medium and

incubating at 30 �Cwith aeration (rotation at 60 rpm). Samples

were removed at weekly intervals and reduced Mn was

measured using the same procedure described in the previous

section.

Although much lower than that observed in the cultures,

a certain degree of Mn-release was observed in the abiotic

control for Mn-reduction incubated under anaerobic condi-

tions. Other studies have reported that various organic

compounds can cause abiotic reduction of Mn (III) and Mn (IV)

oxides (Kostka et al., 1995; Stone and Morgan, 1984). Thus, the

HEPES buffer and other organic compounds contained in the

Mn-reduction broth media used for culture experiments per-

formed under anaerobic conditions likely influenced this

result. For this reason all the results obtained for Mn-reduc-

tion in this study were corrected for the abiotic control.

2.10. Data analysis for rates of Mn-oxidation and
-reduction

A nomenclature system was developed to represent the

isolates included in this study. The letters MB (Manganese

Bacteria) followed by a number are used to refer to each isolate

as organized in Supplementary material. For example, MB-1

indicates “Manganese Bacteria, isolate 1”. Specific isolates

were selected to measure Mn transformation rates based on

their Mn-oxidation and -reduction performance in cultures.

The intent was to measure rates for isolates with “high”,

“medium” and “low” Mn-oxidation and -reduction

capabilities.

http://blast.ncbi.nlm.nih.gov
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Pseudo-first-order kinetics were used to represent micro-

bial Mn transformations (either oxidation or reduction):

d
�
Mntransformed

�

dt
¼ k1

�
Mntransformed

�
(1)

After separation of variables and integration of Equation (1):

ln
�
Mntransformed

� ¼ k1t (2)

Data from the log phase of the Mn-oxidation or Mn-reduction

curves (Figs. 1(a), 3(a), and 5(a)) were used for the pseudo-first-

order kinetic analysis; points in the lag phase were excluded.

Pseudo-first-order rate analysis was performed for selected

isolates only when three or more points were obtained in the

log phase. Previous studies have also used pseudo-first-order

kinetics to represent rates of microbial Mn(IV)-reduction

(Dollhopf et al., 2000), Mn(II) disappearance via chemical

oxidation with oxygen in an initially homogenous solution

(Davies and Morgan, 1989; Morgan, 2005), and biological

manganese oxidation and removal in groundwater treatment

(Katsoyiannis and Zouboulis, 2004).

3. Results

3.1. Mn content of filter material and pipes

The totalMncontents of anthracitemedia for Systems1, 2, and

4 were 9.7, 3.7, and 30.7 mg Mn (g dry weight of sample)�1,
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Fig. 1 e (a) Time course of Mn(II)-oxidation by selected

individual isolates. (b) Time course of aerobic growth in

Mn-oxidation broth for individual selected isolates. The

control consisted of uninoculated sterile media. MB-1 was

identified as B. cereus and MB-2, MB-3, and MB-4 were

identified as B. pumilus (GenBank Accession Numbers

HM055943eHM055946).
respectively. The totalMn contents of sand filtrationmedia for

Systems 1e3, were 0.4, 0.5, and 0.5 mgMn (g dry weight of

sample)�1, respectively. The total Mn contents of surface

scrapings of PVC and iron pipes collected from System 3 were

11.7 and 1.1 mg Mn (g dry weight of sample)�1, respectively.

The values are similar to those reported in another study that

led to the identification of treatment plant anthracite filter

material as the source of Mn in the water effluent from the

filtration basin (Gabelich et al., 2006). These data show that

there is considerable totalMn in the surfacesoffiltrationmedia

of the four drinking water systems and the pipes of System 3.

3.2. Recovery of Mn-oxidizing and -reducing bacteria

Mn-oxidizing and Mn-reducing bacteria were recovered from

biofilms of all four water systems (Table 2). Specifically, Mn-

oxidizingandMn-reducing isolateswere recoveredfrombiofilm

suspensions from sedimentation basins of all four systems, the

filtrationbasins of Systems2and4, and thedistributionpipes of

System 3. The average Mn concentration transformed by the

microorganisms recovered fromall these locations ranged from

2.7 to 4.7 mgL�1 Mn oxidized and from 7.9 to 25.7 mgL�1 Mn

reduced. The concentrations of Mn-oxidized and -reduced by

these isolates are comparable to those reported in other studies

performed in natural freshwater and marine systems (Burdige

and Nealson, 1985; Francis et al., 2001; Myers and Nealson,

1988a, Myers and Nealson, 1988b, Tebo et al., 2005). The CFU of

the isolates in theoriginal biofilmsranged from5� 101 to5� 104

per g of biofilm forMnoxidizers and from5� 101 to 1.7� 105 per

g of biofilm for Mn-reducers (Supplementary material). This

represented between 10�5 and 10�2% of the total CFU (data not

shown). Of the 20 Mn-reducing isolates recovered, 4 were

capable of also performingMn-oxidation.Mn-reduction byMn-

oxidizing isolates was not investigated.

3.3. Identification of Mn-oxidizing and -reducing
bacteria

Of the 53 bacteria isolated, 47 were identified as Bacillus spp.

(15 Lysinibacillus fusiformis, 17 Bacillus pumilus, 7 Bacillus cereus,

5 Bacillus sphaericus, 2 Bacillus simplex, and 1 Brevibacillus brevis),

4 as Pseudomonas spp. (1 Pseudomonas aeruginosa and 3 Pseu-

domonas saccharophila), and 2 as Brevundimonas nasdae. These

results are presented in more detail in Tables 3 and 4. Inter-

estingly, some of the isolates identified as L. fusiformis, B.

pumilus, and B. cereus could both oxidize and reduce Mn (Table

3). A similar profile of bacterial species was recovered from all

four sites (Table 4). A list of the Mn-oxidizing isolates is

provided in Supplementary material 1 and a list of the Mn-

reducing isolates is provided in Supplementary material 2.

The percent sequence similarity for all the isolates analyzed

ranged from 98 to 100% as determined by alignment to

sequences in the GenBank database using the Basic Local

Alignment Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov).

3.4. Rates of Mn-oxidation for selected individual
isolates

Fig. 1(a) shows the accumulation of Mn oxidized by selected

isolates as a function of time. Isolate MB-1 (obtained from

http://blast.ncbi.nlm.nih.gov


Table 2 e Average Mn-oxidation and Mn-reduction by isolates recovered from Water Systems 1e4.

Mn transformations performed by isolates recovered from

Sedimentation basin Filtration basin (anthracite/sand) Distribution system (iron and PVC)

Oxidizersa Reducersb Oxidizers Reducers Oxidizers Reducers

Water System 1

No. of isolates 16 4 4 0 N.S.d N.S.

Mn (mg L�1)c 3.4� 1.2 25.4� 15.2 4.0 0 N.S. N.S.

Water System 2

No. of isolates 4 6 3 3 N.S. N.S.

Mn (mg L�1) 3.2� 1.1 13.1� 7.0 3.1� 1.2 13.6� 6.1 N.S. N.S.

Water System 3

No. of isolates 2 1 1 0 1 3

Mn (mg L�1) 2.7� 2.1 25.6 4.9 0 4.7 7.9� 0.6

Water System 4

No. of Isolates N.S. N.S. 2 3 N.S. N.S.

Mn (mg L�1) N.S. N.S. 2.7� 0.4 20.1� 0.3 N.S. N.S.

a Mn oxidized¼Mn(II) oxidized to Mn(IV) after 2 weeks� standard deviation.

b Mn reduced¼Mn(IV) reduced to Mn(II) after 5 weeks of anaerobic incubation� standard deviation.

c Results corrected for the abiotic controls of Mn-oxidation and -reduction.

d N.S.¼ not sampled.
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the sedimentation basin of Water System 1) was identified

as B. cereus while isolates, MB-2 (obtained from the sedi-

mentation basin of Water System 2), MB-3 (obtained from

the sedimentation basin of Water System 1) and MB-4

(obtained from the filtration basin of Water System 4) were

identified as B. pumilus. The pseudo-first-order rate

constants obtained for Mn-oxidation by selected isolates

range from 0.106 to 0.659 days�1 and the results are illus-

trated in Fig. 2. The mean R2 value obtained for the

regressions illustrated in Fig. 2 for the pseudo-first-order

rate analysis of Mn-oxidation was 0.96� 0.04. Note that the
Table 3 e Identity of isolates and their Mn-oxidation and
-reduction (aerobic or anaerobic conditions) capabilities.

Identitya Number of
isolates

Number of isolates:
Mn transformation

Oxidation Reduction

Aerobic Anaerobic

L. fusiformisb 15 5 1 10

B. pumilusb 17 14 2 3

B. cereusb 7 4 1 3

B. sphaericus 5 3 N.M.c 2

P. aeruginosa 1 1 N.M. N.M.

P. saccharophila 3 2 N.M. 1

B. nasdae 2 2 N.M. N.M.

B. simplex 2 2 N.M. N.M.

B. brevis 1 1 N.M. N.M.

a The percent sequence similarity for all isolates analyzed ranged

from 98 to 100% as determined by alignment to sequences in the

GenBank database using the Basic Local Alignment Search Tool

(BLAST, http://blast.ncbi.nlm.nih.gov).

b Some strains were capable of performing more than one Mn

transformation.

c N.M.¼ not measured.
concentration of oxidized Mn was highest well after cells

reached stationary phase and the onset of spore-formation

(Fig. 1(b)) as observed by another study (Francis et al., 2001).

The k1 rate constants of microbial Mn-oxidation for this

study are comparable to those reported previously for

pseudo-first-order reactions related to Mn(II) disappearance

via chemical oxidation in an initially homogenous solution

(Davies and Morgan, 1989; Morgan, 2005) and in sea water

(Katsoyiannis and Zouboulis, 2004).

3.5. Rates of aerobic Mn-reduction for selected
individual isolates

Fig. 3(a) shows the accumulation of Mn reduced aerobically by

selected isolates as a function of time. Isolates MB-4 (obtained

from the filtration basin of Water System 4) and MB-5

(obtained from the distribution system of Water System 3)

were identified as B. pumilus, MB-6 (obtained from the sedi-

mentation basin ofWater System 1) was identified as B. cereus,

and MB-7 (obtained from the sedimentation basin of Water

System 2) was identified as L. fusiformis. The results in Fig. 3(b)

show that there was modest growth among the aerobic Mn-

reducing isolates, relative to the Mn-oxidizing isolates. The

pseudo-first-order rate constants obtained for aerobic Mn-

reduction ranged from 0.036 to 0.152 days�1 and the results

are illustrated in Fig. 4. The mean R2 value obtained for the

regressions illustrated in Fig. 4 for the pseudo-first-order rate

analysis of aerobic Mn-reduction was 0.90� 0.08. The k1 rate

constants obtained for aerobic Mn-reduction by individual

isolates are comparable to those reported in a previous study

(Dollhopf et al., 2000).

3.6. Rates of Mn-anaerobic reduction for selected
individual isolates

Fig. 5(a) shows the accumulation of Mn reduced anaerobically

by selected isolates as a function of time. Selected isolatesMB-

http://blast.ncbi.nlm.nih.gov


Table 4 e Identity of the isolates related to the sampling location.

Identity Number of isolates Sampling location

System 1 System 2 System 3 System 4

Seda Filtb Sed Filt Sed Filt DSg Filt

Tc Bd Ae Sf T B A S T B S A

L. fusiformis 15 4 3 3 2 1 1 1

B. pumilus 17 4 2 2 1 3 1 4

B. cereus 7 3 1 1 1 1

B. sphaericus 5 2 1 1 1

P. aeruginosa 1 1

P. saccharophila 3 2 1

B. nasdae 2 1 1

B. simplex 2 1 1

B. brevis 1 1

a Sed¼ sedimentation basin.

b Filt¼ filtration basin.

c T¼ top sludge.

d B¼ bottom sludge.

e A¼ anthracite filtration media.

f S¼ sand filtration media.

g DS¼ distribution system.
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4 (obtained from the filtration basin of Water System 4), MB-5

(obtained from the distribution system of Water System 3),

and MB-8 (obtained from the filtration basin of Water System

4) were identified as B. pumilus while isolate MB-9 (obtained

from the filtration basin of Water System 4) was identified as

B. cereus. The results in Fig. 5(b) show that there was no

measurable growth of the anaerobic Mn-reducing isolates,

which is not unexpected given the low cell yields typical of

anaerobic cultures (Francis et al., 2000; Myers and Nealson,

1988a). The pseudo-first-order rate constants obtained for

anaerobicMn-reduction ranged from0.024 to 0.052 days�1 and

the results are illustrated in Fig. 6. Themean R2 value obtained

for the regressions illustrated in Fig. 6 for the pseudo-first-

order rate analysis of anaerobic Mn-reduction was 0.95� 0.06.

The k1 rate constants obtained for anaerobic Mn-reduction by

individual isolates are comparable to those reported in

a previous study (Dollhopf et al., 2000).
Fig. 2 e Pseudo-first-order rate constants for Mn(II)-

oxidation by selected individual isolates.
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Fig. 3 e (a) Time course of “aerobic” Mn(IV)-reduction by

selected individual isolates. (b) Time course of aerobic

growth in Mn-reduction broth for individual selected

isolates. The control consisted of uninoculated sterile

media. MB-4 and MB-5 were identified as B. pumilus, MB-6

was identified as B. cereus, and MB-7 was identified as

L. fusiformis (GenBank Accession Numbers HM055946-

HM055949).



Fig. 4 e Pseudo-first-order rate constants for “aerobic” Mn

(IV)-reduction by selected individual isolates.
Fig. 6 e Pseudo-first-order rate constants for “anaerobic”

Mn(IV)-reduction by selected individual isolates.
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4. Discussion

Mn-oxidizing and -reducing bacteria were isolated from

chlorinated drinking water systems, suggesting that bacteria

may influence Mn-release and -deposition in such systems.

Both Mn-oxidizing and -reducing microorganisms were
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Fig. 5 e (a) Time course of “anaerobic” Mn(IV)-reduction by

selected individual isolates. (b) Time course of anaerobic

growth in Mn-reduction broth for individual selected

isolates. The control consisted of uninoculated sterile

media. MB-4, MB-5, and MB-8 were identified as B. pumilus,

and MB-9 was identified as B. cereus (GenBank Accession

Numbers HM055946, HM055947, HM055950 and

HM055951).
recovered from the sedimentation basin of Systems 1e3.

Anaerobic conditions in the sedimentation basin sludge and

excessive microbiological growth can allow Mn-release to

drinking water (Hoehn et al., 1987). The data indicate that

chlorinated drinking water systems harbor biofilm pop-

ulations capable of Mn-oxidation and -reduction, even for

treatment of plants that have not reported any Mn-related

problems. For instance, Systems 1, 3, and 4 chosen for this

study have acknowledged Mn problems (e.g. water discol-

oration) and employ measures to avoid MnOx(s) deposition in

the distribution system. System 1 applies biological filtration

for Mn-removal so no chlorine residual is maintained in the

filtration basins. System 2 has not reported Mn-associated

problems, although higher Mn levels have been measured in

its source water on a seasonal basis and chlorine is applied

at the plant to prevent Mn(II) entering the distribution

system. System 3 has significant Mn problems on a seasonal

basis and no solution has yet been applied to control this

problem. System 4 maintains a high chlorine residual on top

of the manganese oxide coated filters, ranging from 3 to

6 mg L�1, to prevent Mn(II) release to the distribution system

since previous studies have shown that MnOx-coatings on

filter media surfaces catalyze Mn-oxidation when chlorine

and Mn(II) are present in the water (Hargette and Knocke,

2001; Knocke et al., 1990). Despite the differences in

geographic location, water treatment practice, and Mn

occurrence, most of the species of Mn-oxidizing and

-reducing bacteria recovered were found in two or more

systems. This indicates the ubiquity of these microorgan-

isms, and if culture bias is considered, then there are likely

even more Mn oxidizers and reducers present that were not

detected. Drinking water systems provide enormous

surfaces for biofilm formation and thus, the total capacity

for microbial-catalyzed Mn-oxidation and -reduction could

be quite high. The data reported in this study suggest that

microbial-catalyzed processes should be considered when

dealing with Mn deposition and release problems in chlori-

nated drinking water systems.

The results of this study have direct applicability to

drinking water systems that use chlorine as a disinfectant as

spore-formingMn-oxidizing and -reducingmicroorganisms of

the Bacillus spp. can survive in these environments under



wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 3 9 3 5e3 9 4 5 3943
a wide range of stressful conditions. Mn-oxidation by meta-

bolically dormant spores of Bacillus spp. has been reported in

other studies (Bargar et al., 2000; Dick et al., 2008; Rosson and

Nealson, 1982). Spore-formation by these Mn-oxidizing and

Mn-reducing bacilli is likely to confound the problem as

spores are disinfectant-resistant. The four water systems

selected are supplied by surface water sources, have

conventional treatment plants, and are exposed to different

chlorine levels. Mn-oxidizing and -reducing bacilli were iso-

lated from water systems exposed to chlorine levels ranging

from 0.3 to 0.6 mg L�1 as observed in Systems 2 and 3, to

chlorine levels that range from 3 to 6 mg L�1 as observed in

System 4 (Table 1). Studies performed under controlled chlo-

rine-demand-free conditions have shown that Bacillus spores

survive more than 40 min to 4 h exposure of 0.8e2.0 mg L�1

free available chlorine at pH 7e8 (Rice et al., 2005; Rose et al.,

2005). Bacteria in drinking water systems could also be pro-

tected from biocidal action due to the resistance of cells in

biofilms (Codony et al., 2005; Lechevallier et al., 1987). Thus,

a substantially higher concentration of chlorine would be

required for bacterial inactivation in a real drinking water

system versus that required for inactivation of suspended

cells under laboratory chlorine-demand-free conditions.

Chlorine concentration profile gradients obtained as a func-

tion of biofilm depth using a microelectrode showed

a sigmoidal shape where the inflection point was located at

the biofilm surface, indicating a decrease in chlorine concen-

tration as a function of depth (de Beer et al., 1994a).

Isolates identified in this study as L. fusiformis, B. pumilus,

and B. cereus were able to oxidize and reduce Mn. Some of

these isolates were obtained from the same biofilm sample

which indicates the simultaneous existence of Mn-oxidizing

and -reducing bacteria. Isolate MB-4 was able to oxidize and

reduce (aerobically and anaerobically) Mn. MB-4 was isolated

from the anthracite filtration media sample obtained from

System 4 and was identified as B. pumilus. Pseudo-first-order

rate constants were obtained for isolate MB-4 for Mn-

oxidation, aerobic Mn-reduction, and anaerobic Mn-reduc-

tion as shown in Figs. 2, 4, and 6. It has been previously

reported that certain Bacillus and Pseudomonas species are

capable of performing Mn-oxidation (Dick et al., 2008; Tebo

et al., 2005) and Mn-reduction (Lovley, 1991; Nealson and

Saffarini, 1994). Microbiological “aerobic” Mn-reduction as

an environmental process has been reported in aerobic

regions of the water column of a lake (Bratina et al., 1998;

Ehrlich and Newman, 2009) and in marine environments

(Ehrlich and Newman, 2009; Ghiorse and Ehrlich, 1976).

Specifically, Mn-reduction performed under aerobic condi-

tions by a marine Bacillus has been previously demonstrated

(Ghiorse and Ehrlich, 1976). This finding could be important

as the role of microbiological reduction under aerobic

conditions has not been considered to explain Mn-release in

drinking water systems. Oxygen gradients decrease as

a function of depth in a cell cluster of a biofilm (de Beer

et al., 1994b). Oxygen consumption by cells in biofilms in

drinking water systems will allow for growth and metabo-

lism by anaerobic bacteria.

Mn can be released from filters in water treatment plants

when chlorination is discontinued (Gabelich et al., 2006;

Hargette and Knocke, 2001). Although the laboratory
conditions employed in this study are different than those

typically observed in a drinking water system, the time at

whichmicroorganisms performed aerobicMn-reduction (Figs.

3(a) and 4) is comparable to the time at which Mn-release was

observed in drinking water systems. In one treatment plant,

Mn-release resulted in effluent concentrations of

0.07e0.11 mg L�1 total Mn approximately 17 days after chlo-

rination was discontinued. In that study, it was stated that

coagulant and pH played a key role in determining the release

of Mn and that microbial-catalysis was unlikely to have had

a significant role in Mn-release. Another study of Mn-release

and -deposition in distribution systems found that water

quality modeling based on chlorine and oxygen levels and

accepted kinetic constants could not predict the Mn concen-

trations observed, suggesting that an additional factor, like

bacterial catalysis, could have played a role (Cerrato, 2005;

Cerrato et al., 2006). Our data show that bacterial Mn-reduc-

tion occurred under aerobic conditions by Bacillus spp. after 9

days and the Mn transformed over time continued to increase

after 16 days of incubation. These data support the implica-

tion of bacterial cycling of manganese in water treatment

processes.
5. Conclusions

� Mn-oxidizing and -reducing bacteria were isolated from

biofilms of four geographically diverse drinking water

systems. This study provides supporting evidence of the

simultaneous existence of Mn-oxidizing and -reducing

bacteria in drinking water systems.

� Most of the isolates (88%) recovered from the drinkingwater

systems were identified as Bacillus spp. and several of these

bacteria were observed to be capable of both oxidizing and

reducing Mn. Specific microorganisms identified in this

study were L. fusiformis, B. pumilus, B. cereus, B. sphaericus,

B. simplex, B. brevis, P. aeruginosa, and B. nasdae.

� The pseudo-first-order rate constants obtained for Mn-

oxidation range from 0.106 to 0.659 days�1. The pseudo-

first-order rate constants obtained for aerobic Mn-reduction

and anaerobic Mn-reduction ranged from 0.036 to

0.152 days�1 and from 0.024 to 0.052 days�1, respectively.

� The results obtained from this study indicate that bacterial

influenced Mn-oxidation and -reduction (aerobic and

anaerobic) take place in aqueous environments exposed to

considerable oxygen and chlorine levels.
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