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Introduction

Driven by the need to comply with the Stage 2 

Disinfectant/Disinfection  By-Product  (DDBP) 

Rule,1 there has been an in-creasing trend 
towards the use of monochloramine as a sec-

ondary disinfectant in drinking water in the U.S. 

An undesir-able outcome is nitrification, a 

microbial  oxidation  process  that converts 

ammonium to nitrite and/or nitrate. Nitrifica-tion 

leads to a loss of disinfectant residual, increased 

nitrate  and  nitrite concentrations,  elevated 

microbial counts, and de-creased pH in poorly 

buffered waters.2,3 Utilities struggle to control 
nitrification because of the limitations placed on 

op-erational conditions and concentrations  of 

disinfectants.  In  a case  study  from  a 

chloraminated drinking water treatment plant, 

significant nitrification episodes persisted despite 

an annual mitigation regime. This illustrates 

the complexity of drinking water disinfection 

and how utilities can struggle

a Center for Biofilm Engineering, Montana State University, Bozeman, MT 59717, 

USA. E-mail: anne_c@erc.montana.edu

b Department of Microbiology and Immunology, Montana State University, 

Bozeman, MT 59717, USA

c Department of Land Resources and Environmental Science, Montana State 

University, Bozeman, MT 59717, USA
d Department of Civil Engineering, Montana State University, Bozeman, MT 59717, 

USA

† Electronic supplementary information (ESI) available: Supporting information 

includes the original DGGE image, primer sequences and thermal cycler condi-tions 

for PCR, probe sequences for FISH, and the sequences deposited in the GenBank 

NCBI database as well as identities of DGGE bands from copper and PVC coupon 

biofilms. See DOI: 10.1039/c5ew00273g

‡ Current address: Department of Plant Pathology, North Carolina State Univer-sity, 

Raleigh, NC 27695, USA.

Archaeal ammonium oxidation coupled with bacterial nitrite 
oxidation in a simulated drinking water premise plumbing 
system†

Gem E. Santillana,‡ab Heidi J. Smith,ac Mark Burra and Anne K. Camper*ad

Simulated copper and PVC premise plumbing reactors modeling chloramine decay were monitored for complete 

nitrification of 0.71 mg NH4-N L
−1 ammonium to nitrate with no nitrite detected. PCR, qPCR, fluorescent in situ 

hybridization (FISH) and DNA sequencing were used to investigate the microbial com-munity responsible for 

nitrification in the reactors' influent and biofilm on copper and PVC surfaces. No bacterial ammonium oxidizers 

were detected by directly targeting the bacterial amoA gene or 16S rRNA gene amplicons. FISH images indicated 

an archaeal population on both surfaces. Archaeal 16S rRNA and amoA gene sequences showed 98.6% and 87.6% 

similarity to the known archaeal ammonium oxidizer, Candidatus Nitrosotenuis uzonenis. Copy numbers of the 

archaeal 16S rRNA gene and archaeal amoA ap-proximated a 1 : 1 ratio, suggesting that any archaea in the systems 

are likely to be ammonium oxidizers. Further, there was evidence for the presence of bacterial nitrite oxidizers. 

Copper surfaces supported fewer archaea as detected using the archaeal 16S rRNA and amoA genes. The results 

provide strong evidence for biofilms in a drinking water premise plumbing system composed of archaeal 

ammonium oxidizers and bacterial nitrite oxidizers, capable of complete oxidation of ammonium to nitrate. Since 

no bacterial am-monium oxidizers were found, this study adds to the growing body of research indicating an 

important role for archaeal ammonium oxidizers in freshwater/drinking water environments in the conversion of 

ammo-nium to nitrite.

Chloramines added for disinfection of drinking 

water can decay to release ammonium, which 

then acts as a substrate for  nitrification. 

Nitrification causes undesired changes in water 

quality and can lead to corrosion, particularly in 

premise plumbing. This study demonstrates the 

possible role of archaea in drinking water 

distribution system nitrification, prompting the 

consideration of the importance of this group of 

organisms in water distribution systems.

Water impact



these reactors had shown differences in nitrification

depending on the surfaces (copper or polyvinyl chloride

(PVC)) in response to potential control mechanisms (addi-

tion of copper to PVC, dosing with chlorite, increasing chlo-

rine : ammonia ratios).9To further elucidate potential rea-

sons for these differences in nitrification, a more thorough

understanding of the microbial ecology governing nitrifica-

tion was sought. Specific objectives were to 1) determine

differences in populations and diversity between the two

types of reactors (copper and PVC) at two time points, 2)

identify the organisms responsible for nitrification, 3) assess

the relative abundance of these organisms in the biofilms

on two surfaces (copper and PVC), and 4) evaluate the diver-

sity and abundance of bacterial and archaeal 16S rRNA

genes and genes for nitrification. A culture-independent ap-

proach was coupled with the use of propidium monoazide

(PMA) to analyze both total cells and those with intact

membranes.36

Because complex factors control nitrification and due to

the general inability to mitigate the process once it begins,

there is a need to better understand the microbial ecology of

nitrification in drinking water systems. This understanding

would lead to improved predictive capabilities by identifying

appropriate targets for detection which will enable the eluci-

dation of reasonable control strategies.

Methods
Reactor set-up

Reactors simulating premise plumbing that had been actively

nitrifying (complete conversion of ammonium to nitrate) for

six years9were used for this study. Baseline conditions (feed

of 0.71 mg L−1NH4-N) from the previous work were continu-

ously maintained. There were four replicate reactors

containing copper or PVC coupons that had been in place for

a minimum of six years. Reactors were kept in the dark and

at room temperature. To simulate premise plumbing, periods

of flushing and stagnation were included in the operational

conditions of the reactors (one reactor volume, three times

daily).

Reactors were fed a combination of mineral amended re-

verse osmosis (RO) water, Bozeman tap water treated by pass-

ing through a biologically active carbon (BAC) column (BAC

water; surface water source, no background ammonium,

chlorinated), and a humic substances organic feed extracted

from Elliot silt loam soil (International Humic Substances So-

ciety). Constituents of the feedwater have been reported pre-

viously.9Ammonium sulfate was added to a final concentra-

tion of 0.71 mg L−1 as N, equivalent to the ammonia

concentration from the complete decay of 4 mg L−1chlora-

mine. BAC water provided a continuous inoculum of indige-

nous organisms (104CFU mL−1of heterotrophic plate count

(HPC)). No other inoculum of nitrifiers was added. All reac-

tors showed signs of stable, complete nitrification as mea-

sured by conversion of ammonia to nitrate.

with balancing disinfectant choice, regulations, and water 

quality.4

In premise plumbing, extended water age and reaction of 

chloramine with plumbing materials may lead to chloramine 

decay and the release of ammonia.5,6 Subsequent nitrification 

and reactions with plumbing materials, solder and fixtures 

can impact the concentrations of lead and copper in the 

water,7–9 the levels of which are regulated by the US EPA via 

the Lead and Copper Rule. Additionally, pipe material is 

expected to affect nitrification3 since compounds such as 

copper can be toxic or inhibitory to microorganisms.10–12

Traditionally, nitrification in drinking water has been at-

tributed to ammonium oxidizing bacteria (AOB) and nitrite 

oxidizing bacteria (NOB). The first step of ammonium 

oxidization is often considered rate-limiting due to the slow 

growth of AOB and their sensitivity to environmental 

conditions.13–15 AOB have long been thought to be responsi-

ble for ammonium oxidation in mesophilic environments, 

and pure cultures of these organisms have been routinely 

used in disinfection studies.16–18 The past decade has seen 

this “bacteriocentric” view challenged,19 especially in environ-

ments where AOB were detected in low abundances and am-

monium concentrations were below limits of AOB affinity.20 

In particular, molecular methods have enabled the detection 

of difficult-to-culture archaeal ammonia oxidizers (AOA) (or 

more conservatively, putative AOA where the amoA gene en-

codes the enzyme ammonia mono-oxygenase subunit A), as 

potential candidates for nitrification.19

AOA have been overlooked because these archaea have 

long been considered strict extremophiles, with roles in the 

global nitrogen cycle largely limited to marine or thermal 

environments.14,19,21 However, mesophilic AOA and putative 

AOA with the amoA gene have been increasingly detected by 

molecular methods in quantities rivaling or exceeding AOB, 

for example, in soil,22 freshwater,23,24 the rhizosphere,25 

wastewater treatment plants (reviewed by Limpiyakorn),13 

and drinking water treatment and distribution 

systems.4,26–34 Nonetheless, environmental factors affecting 

niche differentiation and selection processes for AOA or 

AOB in a specific environment are poorly understood.19,35 

More importantly, the role of AOA is unresolved, as there is 

little evidence for their contribution to nitrification in 

disinfected drinking water. Additionally, it was recently dem-

onstrated by both van Kessel et al.36 and Daims et al.37 that 

complete nitrification, or the oxidation of ammonia to ni-

trate, can be achieved by a single Nitrospira spp. This single 

step nitrification process is referred to as comammox, and 

is utilized by organisms as an energy conservation mecha-

nism. These recent studies report that there is the genetic 

potential for this process from a variety of environments,37 

and the role of these organisms in microbial nitrogen cycling 

is only now being recognized.

The current study used well-established (nitrification at 

pseudo-steady state for over six years; full conversion of am-

monium to nitrate) laboratory reactors simulating premise 

plumbing with periods of flow and stagnation. Research with



ARC344F-GC and ARC915R47for archaea. For the archaea,

products from an initial PCR reaction were used as a tem-

plate for a nested PCR with the second set of primers.48This

step was necessary because dilution to remove PCR inhibitors

also diluted the target DNA. For DGGE analysis of archaeal

amoA, the primer pair Arch-amoA-for and Arch-amoA-rev

(with GC clamp) was used.49DGGE was performed using a

DCode™ system (www.biorad.com). Denaturing gels with de-

naturant concentration of 40–60% from top to bottom were

used for separating the PCR amplicons, where 100% denatur-

ant is defined as 7 M urea and 40% formamide. Gels also

contained an 8 to 12% polyacrylamide gradient from top to

bottom. Ten microliters of each sample was loaded per well.

Electrophoresis was done at 60 V for 16 hours. Gels were

stained with Sybr®Gold (www.invitrogen.com) and visualized

using a FluorChem™ 8800 fluorescence imager (www.

alphainnotech.com). Marker lanes using amplicons from five

unidentified 16S rRNA gene clones targeting the vector insert

and selected for their different migration distances spanning

the entire gel were included in each DGGE gel to allow for

comparison between gels.

DGGE bands in the images were identified using

GelCompar II software (Version 6.1, Applied Maths, Inc.) and

confirmed visually. Pairwise correlation analysis of bands was

done to determine if the occurrence of one band was corre-

lated to another/other bands which may suggest that a single

operational taxonomic unit (OTU) was represented by more

than one band. Phylotypes of each sample were determined

by counting the total number of distinct bands of each sam-

ple's DGGE profile. A binary matrix (band presence–absence

data) was created from the normalized DGGE gels and saved

as a Comma Delimited Format (CDL) file and used in the

subsequent analysis in R v.2.11.1 (R Development Core Team,

2010).

The Dice coefficient of similarity/Sorensen's coefficient of

similarity was computed as previously reported.50,51The com-

puted Dice coefficient was then used for cluster analysis

using flexible beta in the package cluster.52

Bands were excised from the DGGE gels and re-suspended

in DEPC treated water. DNA was extracted using a freeze thaw

cycle (3 cycles of 1 hour freezing and 1 hour at room temper-

ature). One microliter was used as the PCR template (1055F/

1392R + GC). Resulting amplicons were run on DGGE to ver-

ify the position of the bands and to make sure that each

amplicon produced only one band.

DNA sequencing

PCR products from excised DGGE bands were gel purified

using QIAquick®Gel Extraction Kit (QIAGEN) and cloned

into plasmid vector pCR™4-TOPO®using the TOPO® TA

Cloning kit (Invitrogen, www.invitrogen.com). Transformants

were inoculated into 10 mL of Luria-Bertani (LB) broth plus

50 mg mL−1ampicillin and incubated overnight at 37°Cina

shaking incubator. One clone was chosen for every excised

band and plasmid DNA was purified from each individual

Sample preparation

BAC water was sampled for DNA extraction/denaturing gradi-

ent gel electrophoresis (DGGE) and qPCR. Biofilm was sam-

pled for DNA extraction/DGGE and subsequent cloning, qPCR 

and for fluorescent in situ hybridization (FISH) analysis. All 

sampling was done at the end of an 8 hour stagnation period 

over a period of four years. Biofilms were scraped from cou-

pons (1.5 × 1.7 cm) using a rubber policeman and homoge-

nized. For BAC sampling, 500 mL were collected at the same 

time biofilm was collected and filtered through a 47 mm di-

ameter 0.2 micron pore size polycarbonate membrane (www. 

millipore.com). Membranes were shredded and placed into 

individual 1.5 mL clear centrifuge tubes with 500 μL filtered 

BAC water. Biofilm samples were re-suspended in 1 mL fil-

tered BAC water, vortexed, and split (500 μL aliquots) into 

clear 1.5 mL microcentrifuge tubes. PMA treatment on one of 

the two parallel samples followed the method of Nocker 

et al.38 DNA was extracted from PMA treated and untreated 

tubes using the FastDNA® SPIN Kit for Soil (MP Biomedicals, 

OH) modified to include a step to remove humics with guani-

dine thiocyanate.39 For PMA controls, killed samples were 

prepared by autoclaving samples at 121 °C for 20 minutes.

Endpoint polymerase chain reaction (PCR)

End point PCR amplifications were conducted in an 

Eppendorf Mastercycler® ep (Eppendorf North America, 

www.eppendorfna.com). Reactions used 25 μL volumes (0.2 

μM primers, 1X Go Taq® Green Master Mix (www.promega. 

com), DEPC treated water, 1 μg μL−1 ultrapure BSA (Ambion) 

and approximately 5 ng of template DNA). Oligonucleotide 

primers were synthesized by IDT (Integrated DNA Technolo-

gies, www.idtdna.com). Primer sequences and PCR thermal 

cycler conditions are reported in ESI† Table S1. PCR products 

were run on a 0.8% agarose gel in 1X TBE buffer for 45 mi-

nutes at 40 V then stained with ethidium bromide and visual-

ized using a FluorChem™ 8800 fluorescence imager (www. 

alphainnotech.com).

The functional gene encoding for bacterial amoA was 

targeted using primers amoA1-F and amoA2-R40 most widely 

used in environmental studies.41 This primer pair targets a 

region conserved in all betaproteobacterial AOB but does not 

cover gammaproteobacterial AOB. Preliminary sequencing of 

DGGE bands from 16S rRNA gene amplification showed no 

evidence of gammaproteobacteria (see Results and discus-

sion). DNA from Nitrosomonas europaea Winogradsky (ATCC 

strain 25978) was used as a positive control. To detect NOB, 

the nxrA primer pair for Nitrobacter spp.42 and the nxrB 

primer pair for most Nitrospira spp. were used.43 For AOA, 

the functional archaeal amoA gene was amplified using arch-

amoAF and arch-amoAR.44

Denaturing gradient gel electrophoresis (DGGE)

DGGE was used to separate PCR products based on sequence 

differences.45 The 16S rRNA gene was targeted using the 

primers 1055F and 1392R46 (with GC clamp) for bacteria and



used for the bacterialamoA qPCR standards but with the 491

bp long PCR amplicon amplified from N. europaea

Winogradsky (ATCC strain 25978). The bacterial 16S rRNA

gene standard sequence was deposited in GenBank with the

accession number JQ406518.

PCR inhibition was investigated by using dilutions of sam-

ple DNA as templates for the qPCR reaction along with stan-

dards. Ct values were compared to that of the standards. The

lowest dilution falling within the linear range that was paral-

lel to that of the standards was chosen for analysis. For vali-

dation, a spiked sample dilution was prepared by adding a

known amount of standard template to the sample dilution.

The Ct value of the spiked dilution was compared to that of a

standard with an equal concentration of DNA.

Phylogenetic analyses of 16S rRNA and amoA genes

Amplified 16S rRNA andamoAsequences from the reactors

were screened for the presence of chimeric sequences using

Bellerophon.54 Respectively, reference sequences of either

16S rRNA or amoA gene sequences were compiled from pub-

lically available sources: NCBI BLASTN function (www.ncbi.

nlm.nih.gov/blast/Blast.cgi, Altschulet al.55) using the nucleo-

tide collection and the whole-genome shotgun contigs data-

bases. The amplified 16S rRNA andamoAsequences were

aligned to respective reference sequences with Clustal W.57

Prior to constructing phylogenetic tress all alignments were

manually refined. Phylogenetic trees were constructed in

Geneious using the neighbor-joining method58 and the

Jukes–Cantor distance model59with bootstrap values of 1000

replicates.

Fluorescencein situhybridization (FISH)

FISH analysis was performed on biofilm that was not treated

with PMA. Biofilm was scraped from coupons and re-

suspended in 1 mL phosphate-buffered saline (PBS) (0.8%

NaCl in 10 mM phosphate, pH 7.2). Re-suspended biofilm

(500μL) was mixed with ice cold 4% paraformaldehyde (PFA)

solution in PBS. Samples were incubated at 4°C for 4 hours.

A centrifugation (14 000×g, 5 min), supernatant removal,

and PBS washing step was repeated three times. Samples

were then re-suspended in one volume of ice cold PBS and

one volume of ice cold 96% (v/v) ethanol (500μL total

volume).

Five microliters of fixed sample was deposited on a Teflon

coated slide and air dried at 46°C for 10 min. Samples were

dehydrated by dipping sequentially in 50, 80 and 100% etha-

nol baths. Ten microliters of hybridization buffer (0.9 M

NaCl, 20 mM Tris HCl, 35% formamide, 0.01% (w/v) SDS and

0.3 ng of archaeal and bacterial specific probes (ESI†Table

S1) were added and incubated at 46°C for 3 hours. The slide

was then transferred to a 50 ml tube containing the washing

buffer (0.07 M NaCl, 0.02 mM Tris HCl, 5 mM EDTA) at 46

°C for 10 minutes. The slide was then dipped in ice cold wa-

ter and dried. Samples were mounted with Citifluor AFI anti-

fadent (Citifluor Ltd, Leicester, UK).

clone using the Wizard Plus SV Minipreps DNA Purification 

System (www.promega.com) and quantified using the Nano-

Drop ND-1000 spectrophotometer (Nano Drop, Wilmington 

USA). Clones were Sanger sequenced by the Research Tech-

nology Support Facility (RTSF) at Michigan State University 

using the M13F primer. Sequences were checked for chi-

meras using Chimera Slayer53 or Bellerophon54 and were 

compared with known sequences in the GenBank database 

using the Basic Local Alignment Sequence Tool (BLAST; 

Altschul et al.55 http://blast.ncbi.nlm.nih.gov/Blast.cgi). All se-

quences were deposited in the GenBank NCBI database (ESI† 

Table S2).

Quantitative PCR

Quantitative PCR (qPCR) was used to determine the relative 

abundance of bacterial and archaeal amoA and 16S rRNA 

genes in PMA treated and untreated samples of BAC and bio-

film from one copper and one PVC reactor at one time point. 

Primers pairs 338F/518R and 931F/m1100R were used for 

bacterial and archaeal 16S rRNA genes, respectively.56 Primer 

pairs amoA-1F/amoA-2R40 and Arch-amoA-for/Arch-amoA-rev49 

were used for bacterial and archaeal amoA genes, respec-

tively. Primer sequences and thermal cycling conditions are 

reported in ESI† Table S1. The qPCR reaction mixture 

consisted of 1X Power SYBR® Green PCR Master Mix (www. 

appliedbiosystems.com), 0.2 μM each of the forward and re-

verse primers, 1 μg μL−1 ultrapure BSA (50 mg mL−1, Ambion, 

www.ambion.com) and DEPC water. For each 25 μL reaction, 

8 μL of template DNA was used.

qPCR was performed in a Rotor-Gene 3000 real time PCR 

cycler (QIAGEN, www.qiagen.com) in a 72-well rotor. Data 

were acquired using the FAM/Sybr detection channel during 

the extension step. Standards and samples were prepared in 

duplicate and negative controls containing no template DNA 

were included. Melt curve analysis was performed from 60–95 

°C in 0.1 °C increments held for 5 s with an initial pre-melt 

hold for 90 s at the first step to verify amplification of correct 

PCR products. Univariate analysis of variance (ANOVA) was 

performed on the gene copy abundance data with a general 

linear model using Minitab 16 (Minitab).

16S rRNA gene amplicons were cloned into pCR™4-

TOPO® using the TOPO® TA Cloning Kit (Invitrogen, www. 

invitrogen.com). A purified plasmid was randomly chosen 

and was sequenced as described previously to verify a 16S 

rRNA gene insert. Plasmid concentration was determined 

using a ND-100 spectrophotometer (Nano Drop, Wilmington 

USA) and a Sybr®Gold (www.invitrogen.com) assay standard-

ized with concentrations of double stranded Lambda DNA 

(Promega) measured with a ND-3300 fluorospectrometer 

(Nano Drop, Wilmington USA). Copy number was calculated 

by considering the size of the plasmid (3890 bp) plus insert 

length (180 bp) and assuming a molecular mass of 660 Da 

for each base pair. qPCR standards were prepared by diluting 

the plasmid suspension (8.8 × 103 to 8.8 × 107 target gene 

copies per μL, tenfold dilutions). The same approach was



appear that therewasinactivation of organisms on the cop-

per surfaces but that there could be selection based on sur-

face material.

To ensure that any comparisons between copper and PVC

were not the result of time dependent variability, a bacterial

16S rRNA gene DGGE banding pattern was obtained from

replicate influent BAC water and copper/PVC biofilm samples

collected from two sequential months (ESI†Fig. S1). All sam-

ples were PMA treated to restrict the analysis to DNA from in-

tact cells. A total of 37 distinct DGGE bands/OTUs were

detected. Pairwise correlations no greater than 0.75 suggest

each band is representative of a unique OTU. The average

number of DGGE profile bands for BAC (n= 2) was 17.5, for

copper biofilms (n= 8) 21.4, and for PVC biofilms (n=8)

19.4. Band richness of BAC, copper and PVC samples were

not significantly different from each other (p≥ 0.58) and

were in the same range as those in ESI†Tables S3 (copper)

and S4 (PVC). Only one band was present across all samples,

and three bands were found only in the PVC biofilm. Based

on the cluster analysis of DGGE banding patterns a commu-

nity profile, over time and sample type, was detected (Fig. 1).

The influent BAC and PVC samples clustered more closely to-

gether compared to the copper. This suggests that the PVC

biofilm organisms most closely resembled those of the reac-

tor influent compared to the copper. However, BAC samples

clustered more strongly compared to the PVC samples, which

is indicative of greater temporal variability in the PVC sam-

ples compared to the influent BAC water. Additionally, cop-

per samples clustered separately from the PVC and influent

BAC samples, indicating some level of selection on the cop-

per. There was also similarity between months indicating

that the population was stable over this time period. These

Fig. 1 Dendogram cluster analysis of 16S rRNA banding patterns from

DGGE-profiles using the flexible beta method (Lance and Williams

1967) of biofilm and source water microbial communities. Along the

x-axis is the date of sampling and corresponding sample type: copper

pipe biofilm (Cu), PVC pipe biofilm (PVC), and BAC sample which pro-

vided source water to the reactors.

A Leica TCS-SPZ AOBS laser scanning confocal microscope 

was used for imaging. A 561 nm laser was used to excite Cy3 

and a 633 nm laser to excite Cy5. Fluorescence was collected 

from 568–618 for Cy3 and from 660–800 nm for Cy5. Cy3 

fluorescence was false colored red and Cy5 green. Samples 

were imaged using a HCX PL APO CS100×1.4NA oil objective.

Results and discussion

The purpose of this research was to characterize the micro-

bial community in simulated premise plumbing laboratory 

reactors that had been nitrifying for six years as determined 

by ammonium loss and nitrate production. One of the rea-

sons for doing so was the difference shown previously60 in ni-

trification in the same copper vs. PVC reactors sampled in 

the current study; copper systems began nitrifying several 

months after the PVC systems. Once nitrification was 

established, ammonium was depleted within three hours in 

the PVC system while copper systems required four hours for 

ammonium removal during the eight hour stagnation pe-

riods.60 Other notable characteristics were (i) copper added 

to PVC reactors at levels up to 1.3 mg L−1 (regulatory limit of 

copper as per the EPA's Lead and Copper Rule) did not im-

pact nitrification, (ii) the copper reactor was more sensitive 

to the addition of 20 mg L−1 chlorite, (iii) chlorite at concen-

trations below 20 mg L−1 and at levels determined to control 

nitrification in some field studies61,62 did not affect nitrifica-

tion in either reactor type, and (iv) nitrification in copper re-

actors recovered more slowly after termination of 

chloramination at a 5 : 1 chorine/ammonium ratio.9 In these 

experiments Rahman et al.9 reported most probable number 

(MPN) values for ammonium and nitrite oxidizing organisms 

in the bulk phase. Results were greatly dependent upon treat-

ment, the abundance of ammonium oxidizing organisms 

ranged from 7 to 50 MPN mL−1 while the abundance of ni-

trite oxidizing organisms was from below detection limit to 

approximately 300 MPN mL−1. It is important to note that the 

MPN method is based on culturing and microbial identities 

inferred by substrate conversion. Consequently, phylogenetic 

analysis was required to give greater insight into the organ-

isms responsible for ammonium and nitrite oxidation.

An initial study was done to determine if there was a po-

tential inhibitory effect of copper on the community that 

would lead to damaged cells, for which PMA use would be 

beneficial as a diagnostic tool. Two representative bacterial 

16S rRNA gene DGGE profiles (PMA treated and untreated, 

not shown) were produced from the influent BAC water and 

biofilm from one copper and one PVC reactor. Dice 

coefficient/Sorensen's pairwise similarity coefficients of the 

DGGE profiles were 84% for BAC, 98% for PVC biofilm, and 

96% for copper biofilm. No profile for the same sample (PMA 

treated vs. untreated) matched 100%, indicating the removal 

of some members from the community, presumably because 

they were dead and/or had compromised cell membranes. 

Only faint bands were removed by PMA treatment from pro-

files and no new bands appeared. Therefore, it did not



from the DGGE profiles. Twelve of 15 bands from the bio-

film from the copper coupon and 14 of 16 bands from the

biofilm from the PVC coupon were successfully re-amplified

to yield DNA sequences considered sufficiently long for phy-

logenetic analysis (≥200 bp). No sequence was common to

both reactor types. Additional diversity may have been pres-

ent but below some threshold such that no visible band was

produced from these templates as band intensity was not

considered; this is a potential limitation for DGGE. However,

this method did confirm the initial inability to detect bacte-

rial ammonium oxidizers using amoA genes as targets, and

no sequences from either biofilm sample obtained using the

16S rRNA gene as a target had significant percent identity to

known bacterial ammonium oxidizers. Several sequences

were highly similar to sequences from NOB belonging to the

genusNitrospira(ESI†Table S3, band 8; Table S4, bands 3,

5, 11, 12). The detection ofNitrospira-like 16S rDNA se-

quences with high percent identity scores (e.g., ESI†Table

S4, band 8), supports the detection ofnxrgenes by PCR,

reported above.

The information gained from the 16S rRNA sequences was

used to evaluate the potential diversity of the most common

members of the biofilm populations. Obtained sequences

(ESI†Table S2) had closest GenBank relatives from a variety

of environments, many completely unrelated to drinking wa-

ter systems. However, an interesting exception is band 2 from

the copper reactor (ESI†Table S3) that shares 100% sequence

identity with (a) 11 clones from a laboratory study of the rela-

tionship between drinking water distribution system bacteria

and chloramine decay,63(b) seven clones from a study of the

effects of plumbing materials (but not including copper) on

microbial community composition,64and (c) a single clone

from two other studies of drinking water microbial communi-

ties.65,66These reported clones are not listed because they

were not taxonomically identified in GenBank. The richness

in the PVC biofilm compared favorably with the 17 OTUs

reported by Linet al.64for biofilm grown on PVC in a similar

laboratory study. Janget al.67found distinct profiles for repli-

cate samples of copper, stainless steel, cast iron, and PVC

surfaces. No sequences associated with bacterial ammonium

oxidizers were detected.

Because there was no evidence of bacterial ammonium ox-

idizers from bacterialamoAPCR or bacterial 16S rRNA de-

rived sequences based on the primers utilized in this study,

it appeared possible that archaea were responsible for ammo-

nium oxidation. This conclusion is also supported by the fact

that the archaea population is dominated by only one species

where amoA gene copy numbers are in agreement with the

abundance of archaea. Lebedevaet al.68also reported failure

to detect AOB by amoA and 16S rRNA gene PCR in a nitrify-

ing environment where they did detect AOA. Likewise, Park

et al.69failed to detect AOB in an AOA enrichment culture

from marine sediment. FISH was performed with domain

specific probes and both archaea and bacteria were detected

in PVC and copper biofilms (Fig. 2), while control probes

confirmed the absence of nonspecific binding. Archaea

data also supported the concept that each surface selected 

for a different community.

Once reproducibility of sampling times and communities 

were established, the research focused on identifying the 

organismĲs) responsible for ammonium oxidation. Since 

there were no reports of the presence of AOA in premise 

plumbing systems, it was assumed that AOB were responsible 

for the first step in nitrification. PCR targeting the functional 

amoA bacterial gene was performed. However, even with re-

peated attempts over the course of the research to optimize 

conditions, no amplicon indicative AOB was ever obtained 

from any sample. To confirm that the selected primers were 

accurately targeting and amplifying the bacterial amoA gene, 

a positive control was included with every amplification that 

was preformed, and an amplicon was consistently obtained. 

Simultaneously, bacterial studies were extended to investigate 

the second step in nitrification; the conversion of nitrite to 

nitrate. Using nxrA primers designed for Nitrobacter,an 

amplicon was obtained from biofilm from the PVC reactor, 

but not from the copper reactor. When nxrB primers 

designed to amplify nxrB from most Nitrospira were used, 

amplicons were obtained from both PVC and copper. The 

presence of amplification products from the two sets of 

primers suggests the probable presence of more than one ni-

trite oxidizing genus as well as organisms capable of 

comammox. Recently identified organisms that are capable 

of comammox belong to Nitrospira lineage II. Upon the com-

parison of the 16S rRNA sequences from the PVC reactors, to 

the 16S ribosomal database, sequences were most closely re-

lated to a Nitrospria japonica sp. (ranging from 93–98% simi-

larity). Similarly, the only 16S rRNA sequence retrieved from 

the copper biofilm identified as a Nitrospira sp., had the clos-

est similarity (96%) to the same organism, Nitrospria japonica 

sp. when compared to the 16S ribosomal database. While 

Nitrospria japonica sp. is a member of Nitrospira lineage II 

based off from findings from Daims et al.37 it phylogentically 

belongs to a different cluster than does the identified 

comammox organisms.37 While this does not provide defini-

tive evidence in support or against comammox in these sys-

tems, based on the current understanding of comammox the 

organisms in our system are not most closely related to or-

ganisms possessing the ability for complete nitrification. 

Since the primary focus was on ammonium oxidation, 

amplicons obtained using nxr primer sets were not se-

quenced and presumed positive PCR results were based on 

obtaining an nxrB amplicon of the expected length.

To further investigate the prominent members of the com-

munities of the copper and PVC biofilms as detected by 

DGGE, an initial study of bacterial diversity was conducted by 

targeting the bacterial 16S rRNA gene because it had the po-

tential to identify sequences similar to those of known bacte-

rial ammonium and nitrite oxidizers. Total DNA from a cop-

per and PVC reactor was used instead of DNA from PMA 

treated samples to assess the microbial diversity of the entire 

microbial community. ESI† Tables S3 (copper) and S4 (PVC) 

show the BLAST taxonomic identities of the bands obtained



appeared to be relatively more abundant in the PVC biofilm

compared to the copper.

Based on evidence obtained from the FISH results and the

lack of evidence for bacterial ammonium oxidizing organ-

isms, the research then focused on the potential presence of

ammonium oxidizing archaea. A single, near full length,

archaeal 16S rRNA gene fragment from DNA collected from

biofilms growing on both the PVC and the copper and the

BAC water was amplified using archaeal primers regardless

of sample date or PMA treatment. Supporting the earlier

noted differences between copper and PVC, a two-step PCR

was needed to amplify the fragment from the copper sample.

Fig. 2 Fluorescencein situhybridization microscopy images of biofilms from copper (left) and PVC (right) coupons showing bacteria (red) and

archaea (green).

Fig. 3 Phylogenetic relationship of uncultured archaeal clone JQ717299 16S rRNA sequence shown in bold, and reference sequences of other

publically available 16S rRNA sequences of ammonium oxidizing archaea. The closest relative is indicated in red as are all other sequences

obtained from geothermal environments. Numbers in parentheses indicated the number of sequences in each environmental group. GenBank

accessions numbers are given in parentheses. The tree was inferred by the neighbor-joining method. Scale bars show an estimated 10% sequence

divergence. Bootstrap values≥50 are shown.



only one AOApresentin these reactors. Other evidence

supporting the hypothesis of the presence of one type of AOA

and the absence of bacterial ammonia oxidizers in the reac-

tors are the qPCR results that determined the relative copy

numbers of the archaeal and bacterial 16S rRNA and amoA

genes in PMA treated and untreated samples from copper

and PVC reactors. As with endpoint PCR, no bacterialamoA

was amplified during qPCR from any sample. Fig. 5 reports

gene copy numbers in the BAC influent water (copies per

mL) and in copper and PVC biofilms (copies per cm2). In

general, there were no significant differences between PMA

treated and untreated samples, and PMA treatment indicates

that the detected genes came predominately from intact bac-

terial and archaeal cells.

There were almost two logs more bacterial than archaeal

16S rRNA gene copies in the reactor BAC influent (p= 0.006).

Bacterial 16S rRNA gene abundance in the biofilm from the

copper and PVC coupons were not significantly different (p=

0.927), while there were significantly (three logs,p= 0.004)

more archaeal 16S rRNA gene copies in the biofilm from the

PVC coupon compared to the copper coupon. This agrees

with the visual observation in the FISH images of more ar-

chaea in PVC biofilm compared to copper. There were signifi-

cantly more bacterial than archaeal 16S rRNA gene copies in

the biofilm from the copper coupon (four log difference,p=

0.001. Bacterial and archaeal 16S rRNA gene copies were not

significantly different for non PMA treated biofilm from the

PVC coupons (p= 0.487). However, the PMA treated PVC

Fig. 4 Phylogenetic relationship ofamoAuncultured archeal clone JQ406520 sequence and reference sequences of other publically available

amoAsequences of ammonium oxidizing archaea. The closest relative is indicated in red as are all other sequences obtained from geothermal

environments. Numbers in parentheses indicated the number of sequences in each environmental group. GenBank accessions numbers are given

in parentheses. The tree was inferred by the neighbor-joining method. Scale bars show an estimated 10% sequence divergence. Bootstrap values

≥50 are shown.

Even though there was apparently lower abundance of the ar-

chaea on copper, screening of clone libraries generated from 

these amplicons indicated identical sequences amplified 

from both PVC and copper. The 710 bp sequence was submit-

ted to GenBank as accession JQ717299. In addition, four 

shorter archaeal amoA fragments were found over the course 

of the research: 617 bp, (JQ406520) from one PVC reactor, 

254 bp (JQ717297), and 253 bp (JQ717298) in the BAC influ-

ent and coupon biofilms and 256 bp (JQ406519), from PVC 

biofilm. The latter was used as a qPCR standard. All four of 

the amoA gene sequences were highly similar to each other 

(>99%), and for the purpose of this study the longest ampli-

fied sequence (617 bp, JQ406520) was used as a representa-

tive amoA gene sequence.

The archaeal 16S rRNA gene sequence was most closely re-

lated to the ammonium oxidizing organism Ca. Nitrosotenuis 

uzonensis (98.6% identity, Fig. 3) isolated from a geothermal 

feature.68 When compared to the identity obtained using the 

amoA gene sequence, the closest relative is also Ca. Nitro-

sotenuis uzonensis68 (87.6% identity, Fig. 4). Additionally, the 

amoA gene amplified from the reactor influent and biofilms 

is more closely related to other archaea isolated from geo-

thermal environments than it is to other freshwater or ma-

rine habitats. Both the amplified 16S rRNA and amoA gene 

had the same closest relative, suggesting that the amplified 

16S rRNA and amoA gene sequences are from the same or-

ganism. Since these were the only sequences retrieved after 

exhaustive sequencing efforts, it is speculated that there is



biofilm sample had approximately 1.5 logs fewer archaeal 

than bacterial 16S rRNA gene copies (p = 0.012). There were 

almost four logs fewer archaeal amoA copies in the copper 

biofilm compared to the PVC (p = 0.008). This is another in-

dication of the potential selective effect of the copper surface 

on archaea compared to the more inert PVC surface.

There is need for caution in interpreting relative copy 

numbers of amoA and 16S rRNA genes from archaea and bac-

teria obtained by qPCR. Herrmann et al.25 cited Kapplenbach 

et al.70 and Leininger et al.22 to justify a correction based on 

the assumption that AOB have an average of 2.5 copies of 

amoA and 3.6 copies of the 16S rRNA gene, while to date AOA 

have been shown to have only single copies of these two 

genes. Gene abundance per se may have little correlation with 

ammonium oxidizer activity.20 Mußmann et al.71 reported 

cases where the number of AOA estimated by qPCR of amoA 

could not have been supported autotrophically by the amount 

of ammonium measured in the system.

The most important result from the qPCR data is the re-

markable agreement in copy numbers between archaeal 16S 

rRNA and amoA genes, which holds true for all three pairings 

of these genes (BAC, copper biofilm, and PVC biofilm). This 

is strong evidence that the archaeal population, which ap-

pears from DNA sequencing data to be limited to a single 

phylotype, is an AOA. The archaeal cells detected in the sys-

tem probably carry a single copy of both genes, which is con-

sistent with what is currently known about the archaeal am-

monium oxidizers.72 Kasuga et al.32 also reported archaeal 

16S rRNA gene and amoA copy numbers that were consis-

tently within the same order of magnitude during a four 

month period on filters used in drinking water treatment. In 

an enrichment of an archaeal ammonium oxidizer, 

Hatzenpichler et al.19 also suggested that 16S rRNA gene and 

amoA sequences came from the same organism, but were 

only able to confirm that by subsequent near-complete

genome sequencing.68The same process would be required

to confirm that our archaeal amoA and 16S rRNA gene se-

quences came from the same organism.

The question then arises as to why AOA and not AOB were

responsible for nitrification in the model premise plumbing

reactors. Prosser and Nicol35did not believe that any single

factor explained the selection of AOAvs.AOB, but thought

that the three most important were ammonium concentra-

tion, mixotrophy, and pH. Work by Martens-Habbenaet al.73

showed thatCandidatus Nitrosopumulus maritimusin pure

culture had a lowKm of 133 nM total ammonium and a low

substrate threshold of≤10 nM and could therefore effectively

compete with other organisms in the ocean environment. A

tempting hypothesis is that the presence of only AOA was de-

termined primarily by the ammonium feed concentration

(0.71 mg NH4-N L
−1). Several studies in water systems suggest

that AOA are present at lower ammonium concentrations

while AOB are more likely to be found at levels over 1 mg

NH4-N L
−1.23,26,27,31,34However, the importance of ammo-

nium concentration is not clear cut, and there are studies

where ammonium concentration did not appear to explain

selection of AOBvs.AOA, or where the results were

inconclusive.28,29,33

In summary, we have described the microbial community

in simulating premise plumbing systems that have been nitri-

fying for six years. Ammonium oxidation appears to be

performed by archaea with diversity limited to a single organ-

ism. Nitrite oxidation is most likely performed by bacteria.

Therefore, complete nitrification is accomplished by an

archaeal-bacterial consortium. From previous work9it was

shown that the addition of copper to a PVC system at the reg-

ulated limit of 1.3 mg L−1did not inhibit nitrification, but

copper reactors were less robust to potential nitrification mit-

igation strategies (addition of chlorite, changes in chlorine:

ammonium ratios to form chloramine). The current work

suggests that there is a different community of organisms on

coppervs.PVC. It was more difficult to detect AOA on copper

vs.PVC by molecular methods (including FISH). Copper had

a lower abundance of archaea as detected using the 16S rRNA

and amoA genes. PMA treatment results suggested that the

two surfaces selected for different populations in addition to

copper having a greater effect on cell viability as detected

through cell wall integrity; this effect was most pronounced

on the archaea. However, both the PVC and copper reactors

were capable of fully oxidizing 0.71 mg L−1added ammonium

to nitrate in the 8 hour stagnation period.

An understanding of the diversity of organisms that im-

pact nitrification in freshwater systems, including drinking

water, requires further investigation. An awareness of the

types of organisms and their responses to environmental and

operational conditions will lead to better mechanisms for

predicting, identifying, and controlling nitrification events in

water systems that have naturally occurring ammonium or

use chloramine for secondary disinfection. An extension of

this information to premise plumbing will be beneficial in

determining what systems are at risk for the detrimental

Fig. 5 16S rRNA andamoAgene copy numbers from qPCR for

influent water (BAC) and biofilm from the copper and PVC reactor.

BAC gene copy numbers are per mL, and biofilm samples per cm2.

Samples are paired with or without the treatment of propidium

monoazide (PMA) for the removal of DNA from cells with damaged

membranes.
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