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Abstract

Groundwater is a vital component of rural and urban water supplies in New

Zealand. Although extensive monitoring of chemical and physical properties is

conducted due to the high demand for this valuable resource, current informa-

tion on its bacterial content is limited. However, bacteria provide an immense

contribution to drive the biogeochemical processes in the groundwater ecosys-

tem as in any other ecosystem. Therefore, a proper understanding of bacterial

diversity is crucial to assess the effectiveness of groundwater management poli-

cies. In this study, we investigated the bacterial community structure in NZ

groundwater at a national scale using the terminal restriction fragment length

polymorphism (T-RFLP) molecular profiling tool and determined the relation-

ships between bacterial diversity and groundwater chemistry, geological param-

eters and human impact. Considerable bacterial diversity was present and the

community structures were strongly related to groundwater chemistry, and in

particular to redox potential and human impact, reflecting their potential

influence on determination of bacterial diversity. Further, the mean residence

time of groundwater also showed relationships with bacterial community struc-

ture. These novel findings pertaining to community composition and its rela-

tionships with environmental parameters will provide a strong foundation for

qualitative exploration of the bacterial diversity in NZ groundwater in relation

to sustainable management of this valuable resource.

Introduction

Groundwater is a valuable natural resource that accounts

for nearly 99% of the total volume of fresh water pres-

ently circulating on our planet (Younger, 2007). It is the

world’s major drinking water source, providing about

60% of drinking water in Europe with an even greater

percentage in individual countries and more than 80% in

North Africa and the Middle East (Struckmeier et al.,

2005; Steube et al., 2009). In New Zealand, groundwater

is also an integral part of urban and rural water supplies.

Nearly one quarter of the New Zealand population uses

groundwater as its major drinking water source; ground-

water also supplies a significant fraction of the water

requirements for the agricultural and industrial sectors

(Daughney & Reeves, 2005).

Due to the importance of groundwater, its quality and

availability are extensively monitored, both in New

Zealand and globally. State-of-the-environment (SOE)

monitoring is typically conducted at a regional or national

scale and is also referred to as baseline, background,

ambient or long-term monitoring. In general, any SOE

monitoring scheme aims to: (1) characterize groundwater

quality in terms of its current state and trends; (2) associ-

ate the observed state and trends with specific causes such

as land use, pollution or natural processes; and (3)

provide data to assess the effectiveness of groundwater

management policies. SOE monitoring typically involves

regular collection of groundwater samples from a fixed

network of sites followed by analyses of these samples for

a suite of physical and chemical parameters. In New Zea-

land, SOE monitoring is undertaken through the National
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Groundwater Monitoring Programme (NGMP) and

through the regional networks operated by 15 regional

authorities (Daughney et al., 2012).

However, with the recent advances of policy planning,

groundwater is now considered not only as a valuable

resource for human consumption, but also as a dynamic

ecosystem. In some parts of Europe and Australia, assess-

ments of ecological status have already been included into

their national groundwater monitoring policies (Steube

et al., 2009; Griebler et al., 2010; Stein et al., 2010; Korbel

& Hose, 2011). Microorganisms are the key driving force

in this ecosystem. Therefore, it is crucial to understand

the reference status of the microbial components in dif-

fering aquifer systems, which will enable us to test

hypotheses related to trends in relationships between

microorganisms and the physicochemical environment

(Larned, 2012).

To date, in most parts of the world including New

Zealand, SOE monitoring has almost completely over-

looked the microbiological component of groundwater

systems. Only the presence of E. coli is regularly moni-

tored in New Zealand groundwater, because it is an indi-

cator species of faecal contamination (Ministry for the

Environment, 2010). During recent years, an increasing

number of studies have been conducted in some parts of

Europe and Australia to fulfil this necessity: assessing bac-

terial parameters in groundwater including bacterial

diversity and its relationships with biogeographical and

hydrochemical conditions across varying spatial and tem-

poral scales (Griebler et al., 2010; Stein et al., 2010; Sinr-

eich et al., 2011; Zhou et al., 2012; Korbel et al., 2013).

However, to our knowledge, the complete microbial bio-

diversity of groundwater, including all indigenous species,

has never been systematically surveyed in any country at

the national scale. This is surprising given the fact that

most biogeochemical cycles on the planet are strongly

influenced by subsurface microbial communities (Falkow-

ski et al., 2008). The microbial communities are selected

and regulated by the chemical and physical nature of

groundwater, and conversely, the groundwater microbial

communities mediate redox reactions while obtaining

energy for survival, thus controlling the dissolved concen-

trations of elements such as iron, manganese, nitrogen,

sulphur and many others (Ghiorse, 1997; Chapelle, 2000;

Bethke et al., 2008; Hedrich et al., 2011). It is further

expected that any change in the chemical composition of

groundwater or aquifer sediment will cause a correspond-

ing shift in the subsurface microbial community structure

(Haack et al., 2004).

One primary aim of this study was to characterize the

bacterial community structures of New Zealand ground-

water systems at a national scale. The second primary

aim of this study was to evaluate the relationships

between bacterial diversity and geographical region, aqui-

fer lithology, land use activities in aquifer recharge zones,

well depth, groundwater chemistry and mean residence

time (MRT). For these two purposes, the NGMP pro-

vided a useful platform because of its national coverage

and the range of conditions represented for each of the

above-mentioned variables.

There are number of techniques available to study bac-

terial diversity in subsurface environments including

groundwater. Culturing techniques have been frequently

used for this type of survey, but it is now widely believed

that many bacterial species present in environmental

samples cannot be easily grown in artificial culture media

(Zhou et al., 1997; Janssen et al., 2002; Neufeld & Mohn,

2005; Lozupone & Knight, 2007). With the recent advan-

ces of molecular tools, an array of DNA-based methods is

available to explore subsurface microbial diversity (Maier

et al., 2009). Due to the lack of pre-existing knowledge on

New Zealand groundwater bacterial diversity, we chose

terminal restriction fragment length polymorphism

(T-RFLP), which is a relatively simple, rapid and cost-

effective molecular profiling tool (van Bekkum et al.,

2006; Edlund et al., 2006), and it provides highly valid

comparable results even in the era of next-generation

sequencing technologies (Camarinha-Silva et al., 2012;

Pilloni et al., 2012). However, T-RFLP does not provide

taxonomic information on diversity in an absolute sense,

but it does provide a quantitative insight into bacterial

community structure. These results helped to provide a

baseline for the bacteria community structure and were

used in combination with various statistical techniques

to evaluate relationships between groundwater chemistry

and aquifer properties. The overall outcome of this study

has been to generate the first picture in depth of bacterial

diversity and its significance in New Zealand groundwa-

ter ecosystems and enables us to begin to emphasize to

policy makers the significance of incorporating microbial

assessment criteria into SOE monitoring programmes. In

addition, the study laid a solid foundation for two

follow-up studies, which are designed to test hypotheses

on relationships between bacterial diversity and hydro-

chemical and environmental parameters, using high-

throughput sequencing technologies.

Materials and methods

Study area and groundwater sampling

Groundwater samples were available from 100 of the 110

different sites comprising the NGMP (Fig. 1). The

NGMP is a long-term research and monitoring pro-

gramme that aims to identify spatial patterns and tempo-

ral trends in groundwater quality at the national scale
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and relate them to specific causes (Rosen, 2001; Daugh-

ney & Reeves, 2005, 2006; Morgenstern & Daughney,

2012). The NGMP sites are located in discrete aquifers

(or on discrete flow lines in larger aquifer systems) and

provide a highly representative picture of groundwater

quality across New Zealand (Daughney et al., 2012). Site-

specific details pertaining to the NGMP are available in

the Electronic Supplementary Material in Daughney et al.

(2010) and from the GNS Science Geothermal and

Groundwater (GGW) Database (http://ggw.gns.cri.nz/

ggwdata/mainPage.jsp).

Groundwater samples (2 L from each site) were col-

lected in June 2010 into individual sterilized plastic bot-

tles according to the National Protocol for State of the

Environment Groundwater Sampling (Daughney et al.,

2006). All samples were kept at 4 °C during transporta-

tion and refrigerated until they were used. Additional

samples were collected by the regional council staffs at

the same time as a part of routine operations in the

NGMP; these samples were analysed at GNS Science for a

suite of compounds (Na, K, Mg, Ca, HCO3, Cl, SO4,

NO3-N, NH4-N, PO4-P, Fe, Mn, Br, F and SiO2) in

accordance with standard procedures (Daughney &

Reeves, 2005; Daughney et al., 2010). Dissolved oxygen,

electrical conductivity, pH and temperature were also

measured in the field at the time of sampling. The hydro-

chemical data are available from the GNS Science Geo-

thermal and Groundwater (GGW) Database (http://ggw.

gns.cri.nz/ggwdata/mainPage.jsp).

Groundwater filtration and DNA extraction

Each 2-L sample was filtered through a sterile 0.22-lm
nitrocellulose membrane filter (Millipore, Australia) using

Fig. 1. Groundwater sampling site map across

New Zealand. It also shows the boundaries of

the 15 Regional Councils in NZ.
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a vacuum system. Long sample storage periods were

avoided by conducting the filtrations immediately after

they were received as delay can (and in our experience,

does) lead to apparent alterations in community compo-

sition in stored samples. The filters with the retained bac-

teria were frozen at �20 °C in sterilized 50-mL plastic

tubes until use. For DNA extraction, 10 mL of sterile

double-distilled water was added to each tube and kept

for 5 min in a slant position to soak the membrane

filters. Each filter was abraded with a sterile plastic inocu-

lation loop to transfer bacterial cells from the filter into

the water. The tubes were centrifuged at 3000 g for

20 min to recover bacterial cells as a pellet which was

then used as the starting material for the DNA extrac-

tion. Bacterial genomic DNA extractions were performed

using ZR Fungal/Bacterial DNA kits (Zymo Research) as

directed by the manufacturer. The concentrations of

DNA extracts were quantified using Quant-iTTM High-

Sensitivity DNA Assay kits (Invitrogen). Extracted DNA

was dissolved in 100 mL of molecular biology grade

water (MO BIO Laboratories, Inc.) and stored at �20 °C
until further use.

PCR amplification of bacterial 16S rRNA gene

The PCR was performed on bacterial genomic DNA to

amplify an c. 1400-bp region of bacterial 16S rRNA gene

using two fluorescently labelled bacterial-specific oligonu-

cleotide primers: F63 (5′-[6-FAM]CAG GCC TAA CAC

ATG CAA GTC-3′) and R1389 (5′-[6-HEX]ACG GGC

GGT GTG TAC AAG-3′) (van Bekkum et al., 2006;

Parkinson, 2009). The reaction mixture contained 20 ng

of bacterial genomic DNA extract, 1.5 lL of each primer

(final concentration of 0.3 lM), 25 lL of BioMixTM PCR

mix containing dNTPs and Taq DNA polymerase (BIO-

LINE, UK), 0.5 lL of MgCl2 (final concentration of

2.5 mM) and 18.5 lL of molecular biology grade water

in a total volume of 50 lL. For each sample, reactions

were performed in triplicate and the PCR products were

pooled for downstream application. The amplifications

were performed in a Mastercycler� Pro S PCR system

(Eppendorf, Germany). The PCR regime consisted of an

initial denaturation step of 3 min at 94 °C followed by

30 cycles at 94 °C for 20 s, 56 °C for 20 s and 72 °C for

1 min. The reaction was completed with a final extension

at 72 °C for 10 min and then held at 4 °C. The PCR

products were purified using DNA Clean & Concentra-

torTM kits (Zymo Research), and recovered dsDNA prod-

ucts were eluted in 25 lL of sterile double-distilled

water. The purified PCR products were quantified using

Quant-iTTM High-Sensitivity DNA Assay kits and stored

at �20 °C until further use.

Restriction enzyme digestion

For T-RFLP analysis, purified PCR product (500 ng) was

digested with 10 U of AluI (Roche) in a total volume of

25 lL. We used AluI for this study because it worked

reliably in our experimental systems and is one of the

most commonly used enzymes for T-RFLP investigations

(Osborn et al., 2000; Parkinson, 2004; van Bekkum et al.,

2006). The reaction mixture was incubated at 37 °C for

5 h, and the enzyme was inactivated by heating at 65 °C
for 20 min. Complete restriction digestion was confirmed

by running aliquots of products on a 2% agarose gel as

described above.

T-RFLP genotyping by automated capillary

electrophoresis

The restriction products were run on an ABI 3730XL

DNA Analyzer (Applied Biosystems Inc.) to separate flu-

orescently labelled terminal restriction fragments (T-RFs),

resulting in a unique genotype profile for each sample.

The T-RFLP profile is a graphical representation of the

bacterial diversity of the sample. Ideally, a single bacterial

taxon should be represented by two peaks (one FAM and

one HEX) in the profile but there could be instances

where a single peak (FAM or HEX) represents one taxon.

Fluorescence intensity of peaks indicates the relative

abundance of the corresponding taxon. The samples were

run along with a GeneScanTM-400HD ROXTM internal size

standard (Applied Biosystems Inc.), which permits precise

determination of the fragment sizes up to 400 bp in

length. The T-RFLP electropherograms were converted to

numerical barcodes using GENEMAPPER
� v 3.1 software

(Applied Biosystems Inc.). The binary presence (1) or

absence (0), fragment sizes (bp) and heights correspond-

ing to each peak were tabulated using a bin size of 1 bp.

Quality controls

All DNA extractions were carried out with extract control

to ensure that the reagent solutions used were free of

DNA contamination, for example, from foreign microor-

ganisms from the surrounding environment, or carry over

contamination. As the negative control, 2 L of sterile

double-distilled water was filtered and DNA was extracted

and analysed as described above. Contamination-free

DNA extraction was confirmed by performing PCR

amplification using this extract as template DNA and

checking the product on a 1% agarose gel. The PCR

product obtained from the extract control was digested

with AluI restriction endonuclease to obtain a blank

genotype profile, which was used as the negative control
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in the T-RFLP data analysis and used to determine the

baseline relative fluorescence units (RFU) threshold for

true peaks.

For the validation of correct PCR amplification, a single

PCR product from E. coli DH5a strain was sequenced with

unlabelled F63 and R1389 primers by direct DNA sequenc-

ing and checked against a databank of microbial DNA

sequences at NCBI (http://blast.ncbi.nlm.nih.gov/). A vir-

tual restriction map was constructed for AluI, TaqI, MspI,

AvaII and MaeIII restriction endonucleases using this

DNA sequence, and hypothetical 16S T-RFLP profiles were

constructed with each enzyme for the E. coli DH5a strain.

Actual T-RFLP profiles were also obtained with the same

enzymes and compared with the hypothetical profiles.

Data analysis

A number of approaches have previously been used to

prepare T-RFLP data for quantitative analysis, depending

on the scale and objective of the study. Some studies have

counted only the binary presence (1) or absence (0) of

peaks (Anderson et al., 2010), whereas other studies take

account of the peak heights too. In some studies, peak

heights were standardized relative to the highest peak in

the profile (Parkinson, 2004, 2009; van Bekkum et al.,

2006), while in other studies, the peak heights were stan-

dardized relative to the sum of all peaks in each profile

(Culman et al., 2008). This shows that there is no com-

monly accepted best practice for standardizing T-RFs and

we have analysed our data using both approaches, sepa-

rately for FAM and HEX signals. In our data analysis, a

fixed value of 200 RFU was used to separate true peaks

from the background noise, because no peaks over this

size were observed in the negative control T-RFLP profile.

In this approach, we used an experimental value to deter-

mine the RFU threshold, whereas most previous studies

used an arbitrary value or hypothetical value as the RFU

threshold. Note that most of the resulting fragment

lengths in this data set were referenced with decimal

values. Therefore, these original decimal fragment sizes

were rounded to the nearest integer value using �0.5 bp

as the binning threshold (i.e. to the nearest 1 bp). If two

or more decimal fragment sizes were assigned to a single

bin size after rounding, heights of the peaks were

summed as if they were a single peak. Finally, peaks over

400 bp were eliminated from the analysis because they

are outside the range of calibration based on the internal

size standard described above. Additionally, FAM peaks

below 21 bp and HEX peaks below 18 bp were also

excluded because these values correspond to the lengths

of the primers.

A number of graphical and statistical techniques were

applied to evaluate the T-RFLP data after it has been

prepared following the above-listed steps. Electrophero-

grams resulting from T-RFLP were first compared visually

to evaluate bacterial diversity in the groundwater samples.

We used hierarchical cluster analysis (HCA) approach to

evaluate similarity between T-RFLP profiles obtained

from different groundwater samples. However, again,

there is no commonly accepted distance measure to per-

form HCA with T-RFLP data and the method selection

should be guided by the complexity of the data set (Cul-

man et al., 2008). Some studies have used the Euclidean

distance as a measure of sample dissimilarity (Dollhopf

et al., 2001; Blackwood et al., 2003), whereas other

studies have used different distance metrics such as the

Common Area Index (van Bekkum et al., 2006), Dice

coefficient (Costa et al., 2009; Nordentoft et al., 2011),

Sorenson’s similarity index (Anderson et al., 2010) or

Bray–Curtis distance (Griebler et al., 2010; Stein et al.,

2010; Baho et al., 2012; Ibekwe et al., 2012). We have

analysed our data using two of the most commonly used

distance metrics: Euclidean distance and Bray–Curtis dis-
tance. The distance values between each pair of samples

were calculated based on standardized FAM and HEX

peak heights. A dendrogram was constructed using Ward’s

method to display similarities between the samples (van

Bekkum et al., 2006). The dendrogram was used to identify

groups of samples having similar T-RFLP profiles; the

sample groups are hereafter referred to as ‘Bioclusters’.

The Bioclusters were compared with groundwater

chemistry (quantitative variables) using box-and-whisker

plots and the Kruskal–Wallis test. The Bioclusters were

also compared with categorical parameters: geographical

region, groundwater mean residence time (MRT) class

(Daughney et al., 2010), well depth code, aquifer lithol-

ogy, land use activities in the aquifer recharge zone and

hydrochemical categories described by Daughney &

Reeves (2005), using cross-tabulation. The chi-square test

was also performed to evaluate the statistical significance

of these relationships. Further, permutational analysis of

variance (PERMANOVA) and redundancy analysis were also

performed to evaluate the relationships between bacterial

community structures and groundwater chemistry and

environmental factors (Korbel et al., 2013). However,

HCA, in combination with box-and-whisker plots and

the Kruskal–Wallis test, and cross-tabulation and the

chi-square test were found to be most useful for interpre-

tation of results from this study and were therefore dis-

cussed in the reminder of this manuscript. Permutational

analysis of variance (PERMANOVA) and redundancy analysis

did not provide additional insight and so were not dis-

cussed further. All statistical analyses were performed

using the R (version 2.15.0) statistical program.

Shannon–Wiener diversity indices (H0) were calculated

as H0 = �Σ p lnp, where p is the relative abundance of
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single T-RF in a given fingerprint (Hill et al., 2003;

Griebler et al., 2010; Stein et al., 2010). For our analysis,

H0 indices were calculated separately for FAM and HEX

T-RFs, which had been standardized relative to the sum

of all peaks in a given profile. Mean H0 indices were

calculated with standard deviation for each ‘Biocluster’.

Results and discussion

Quality controls

Initial quality control checks provided satisfactory proof

of principle for the experimental methods. The positive

control, performed using E. coli DH5a strain DNA,

showed that the predicted T-RFLP results can be pro-

duced by the protocols used in this study. The DNA

sequence obtained from E. coli DH5a strain showed

100% identity with the target region of E. coli 16S rRNA

gene stored in the NCBI microbial databank. Actual

T-RFLP profiles obtained for AluI, TaqI, MspI, AvaII and

MaeIII using the E. coli DH5a strain PCR product were

in general accord with the hypothetical fragment lengths

determined using the virtual restriction map constructed

for the E. coli 16S reference sequence. Although all the

above restriction endonucleases generally provided satisfac-

tory results, AluI alone was used for this study because it is

one of the most commonly used enzymes for T-RFLP investi-

gations (Osborn et al., 2000; Parkinson, 2004; van Bekkum

et al., 2006). The negative control involved DNA extraction

from sterile double-distilled filtered water. The T-RFLP pro-

file obtained with FAM and HEX fluorescent labels for the

negative control contained no peaks > 200 relative fluores-

cence units (RFU). Thus, for this study, peaks with height

< 200 RFU were considered to be noise and were removed

from all subsequent electropherograms regardless of their

fragment sizes, instead of randomly assigning a RFU thresh-

old to separate true peaks from noise (Osborn et al., 2000).

However, HCA was also performed using threshold values of

50 RFU and 100 RFU to check for significant alterations

compared with the HCA performed with the 200 RFU

threshold. This test showed that the results of HCA, includ-

ing the basic clustering pattern and cluster composition,

remained essentially unchanged with all three RFU thresholds

(results not shown). Thus, the 200 RFU threshold was

applied to separate true peaks from noise for all subsequent

analyses of the data.

DNA extraction and T-RFLP

Genomic DNA extractions from groundwater samples

from 100 NGMP sites resulted in relatively low yields: 60

samples yielded < 200 ng of DNA; 19 samples yielded

between 200 and 500 ng of DNA; and only seven samples

yielded more than 1 lg of DNA (Supporting Informa-

tion, Table S1 and Fig. S1). This is an initial indication of

the presence of low bacterial biomass in New Zealand

groundwater compared with other environments such as

soils (Parkinson, 2004) and acidic hydrothermal stream

waters (Donachie et al., 2002). The PCR amplifications

resulted in a single fragment c. 1400 bp in length from all

groundwater DNA samples. Restriction digestion of

representative products resulted in fragments shorter than

1400 bp, confirming effective enzymatic activity. The

T-RFLP electropherograms showed a variety of peaks up

to 400 bp by comparison with the internal size standard

(Fig. S2).

Distribution and frequency of bacterial

operational taxonomic units

The T-RFLP profiles obtained from the groundwater sam-

ples had different levels of complexity, as indicated by the

number of peaks detected. The total number of FAM

peaks in each profile ranged from 1 to 26, whereas the

total number of HEX peaks ranged from 2 to 22. Here,

profiles having one or two peaks, three to five peaks or

more than five peaks for each dye were separately classi-

fied as ‘simple’, ‘moderately complex’ or ‘complex’,

respectively (Fig. S3). The majority of groundwater sam-

ples produced complex T-RFLP profiles for each dye: 91

profiles for FAM and 83 profiles for HEX (Table 1). In

addition, of these complex profiles, 64 contained 10 or

more FAM peaks and 44 profiles showed 10 or more

HEX peaks (Fig. S4). However, restriction recognition

sites must be present within the 400-bp region from both

ends of a double-labelled 1400-bp 16S PCR product for

both a FAM and a HEX band to be produced by diges-

tion. Otherwise, only one peak will appear. This explains

the difference in the number of samples belonging to

each complexity level for FAM and HEX dyes (Table 1)

and emphasizes the importance of considering FAM and

HEX data together in numerical data analysis for a higher

resolution of the technique. Nonetheless, these results

indicate the presence of considerably high bacterial biodi-

versity in New Zealand groundwater compared with other

highly diverse environments such as geothermal soils

Table 1. Number of samples belonging to each classification level

based on number of FAM and HEX peaks identified in T-RFLP

electropherograms

FAM HEX

Simple 2 4

Moderately complex 7 13

Complex 91 83

Total 100 100
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(Stott et al., 2008) and acidic hydrothermal stream waters

(Donachie et al., 2002). However, as stated above, despite

this biodiversity, New Zealand groundwater appears to

have relatively low biomass compared with other environ-

ments. This could imply low relative abundance of bacte-

rial species and highlight the importance of more

powerful molecular techniques such as 454 pyrosequenc-

ing to explore these rare microbial communities.

Although FAM or HEX T-RFs may not accurately

define a single taxon, they will still provide a good repre-

sentation of species richness in this sort of large-scale

study, and hence, they can be termed operational taxo-

nomic units (OTUs). A total of 148 unique FAM OTUs

and 106 unique HEX OTUs were detected across all

groundwater samples. However, only 38 FAM OTUs

(25.7% of total) were present in 10 or more groundwater

samples. The FAM OTUs corresponding to fragment sizes

of 198 and 28 bp occurred with the highest frequencies

and were detected in 64 and 52 profiles, respectively (Fig.

S2a). Similarly, only 31 HEX OTUs (29.2% of total) were

found in 10 or more profiles. The two HEX OTUs corre-

sponding to fragment sizes 129 and 339 bp were detected

in 78 and 48 profiles, respectively (Fig. S2b). Similar find-

ings were obtained by Stein et al., 2010;. These results

again suggested that there is a considerable bacterial

diversity across the country as majority of samples did

not contain large number of common taxa. Bacterial

diversity as expressed by Shannon–Wiener index (H0)
showed mean values of H0 = 1.81 � 0.59 for FAM and

H0 = 1.42 � 0.61 for HEX. Although these values do not

reflect extremely high diversity (Griebler et al., 2010;

Stein et al., 2010; Zhou et al., 2012), they still do provide

a valuable insight into bacterial diversity in New Zealand

groundwater with respect to the scale of the study and

limitations of the technique.

Relationships between bacterial communities

and groundwater chemistry

The HCA was performed with Ward’s method using two

commonly used approaches: (1) peak heights were stan-

dardized relative to the highest peak and the Euclidean

distance was used as the dissimilarity measure and (2)

peak heights were standardized relative to the sum of all

peaks in a given profile and the Bray–Curtis dissimilarity

measure was used. The results revealed 84% similarity

between the two approaches and suggested that the effect

of standardization method and similarity index is mini-

mal on the clustering pattern for the data set collected in

this study (Results not shown). Therefore, we used the

above first approach for the purpose of presenting our

results of this study.

The HCA demonstrated the relationship among

groundwater bacterial communities as a cumulative mea-

sure of the presence and relative abundance of FAM and

HEX OTUs (Fig. 2). At a high-linkage distance threshold,

the dendrogram revealed three main groups of samples

(denoted as Bioclusters 1, 2 and 3; here and below all

Fig. 2. Hierarchical cluster analysis conducted using the Euclidean distance values based on FAM and HEX labelled terminal fragments.

Clustering was performed using Ward’s linkage rule, and the square of the Euclidean distance as the separation measure.
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names are arbitrary). Increasing numbers of clusters were

identified at lower linkage thresholds; 11 Bioclusters were

identified at the lowest linkage distance threshold consid-

ered in this study. The number of samples belonging to

each Biocluster at each threshold level is summarized in

Table 2.

The Bioclusters at each threshold level were compared

with median concentration values (mg L�1) of 19 chemi-

cal compounds in groundwater (Table S2). The median

values were derived from the actual values measured

quarterly from March 2008 to March 2012 for each

NGMP site. The chemical ions considered were as fol-

lows: Na, K, Mg, Ca, HCO3, Cl, SO4, NO3-N, NH4-N,

PO4-P, Fe, Mn, Br, F and SiO2. In addition, Bioclusters

were compared with site-specific median values for dis-

solved oxygen (DO) in (mg L�1), electrical conductivity

(EC) in (lS cm�1 at 25 °C) and water temperature (°C).
To determine statistical significance, Kruskal–Wallis tests

were performed with each of the above quantitative

parameters at the five different linkage threshold levels.

The results suggested that Bioclusters at the 11-cluster

threshold were significantly associated (P value < 0.05)

with dissolved oxygen, EC and all of the chemical param-

eters except K, SO4, NO3-N, PO4-P and Br. In addition,

Bioclusters at the 4-, 5- and 7-cluster thresholds also

showed clear relationships with Ca and HCO3. Further, at

the 11-cluster threshold, SiO2, NH4-N and EC showed

the strongest relationship (P value < 0.001) with Bioclus-

ters, whereas Ca and HCO3 reflected a similar feature at

the 4- and 5-cluster thresholds (Table S3).

The box-and-whisker plots allowed us to distinguish

qualitative aspects of the relationships between the Biocl-

usters and the hydrochemical variables. At the 3-cluster

threshold, there is no significant association between Bio-

clusters and any of the parameters listed above. At this

threshold, there are large differences in the parameter

values for sites within a single Biocluster, such that

systematic between-cluster parameter differences are not

detectable. At the 4-cluster threshold, sites assigned to

Bioclusters 2a vs. 2b are differentiated by the median con-

centrations of HCO3, Ca, Fe and Mn. It was particularly

notable that Biocluster 2b contained sites with signifi-

cantly higher Fe concentration than found in any of the

other Bioclusters defined at this threshold (Fig. S5). At

the 5-cluster threshold, Biocluster 2b1 includes sites with

higher NO3-N and DO and lower F concentrations com-

pared with Biocluster 2b2 (Fig. S6). At the 7-cluster

threshold, Biocluster 3a includes sites with relatively low

SiO2 and high Mg compared with Biocluster 3b (Fig. S7).

Relationships between Bioclusters and groundwater

chemistry are highly visible at the 11-cluster threshold

[Fig. 3 and Fig. S8 (i–iv)]. For example, Biocluster 2b2b2

was associated with low NH4-N, Fe and Mn and high

NO3-N concentrations compared with Biocluster 2b2b1.

This result suggests that Biocluster 2b2b2 was related to

oxidized groundwater, whereas Biocluster 2b2b1 was asso-

ciated with reduced water (Daughney & Reeves, 2005),

implying that the bacterial communities in these two

clusters might be largely governed by groundwater redox

chemistry. Further, high NO3-N concentrations in ground-

water reflect the impacts of land use activities in aquifer

recharge zones (Daughney & Reeves, 2005). Biocluster 3a

showed considerable association with high NO3-N com-

pared with Biocluster 3b, suggesting that the bacterial

communities in the former cluster might be influenced by

human activities in aquifer recharge zones.

In this study, we defined hydrochemical categories

based on the hydrochemistry at each site using the

method of Daughney & Reeves (2005), which provides a

convenient summary of the chemistry of groundwater in

terms of redox potential and extent of human impact

(Table 3). A highly significant relationship (P value

< 0.001) between Bioclusters and the hydrochemical cate-

gories at almost all threshold levels was revealed by the

chi-square test (Table S4). Cross-tabular representations

between the Bioclusters and the hydrochemical categories

indicated that Biocluster 2b2b1 was mainly comprised of

samples having reduced groundwater, whereas all or the

majority of samples assigned to Bioclusters 2b1, 2b2b2,

2b2a, 2a3, 2a2, 2a1 and 1b were oxidized water. The

degree of human impact is readily detectable only in oxi-

dized groundwater because under reducing conditions,

Table 2. Number of samples belonging to each Biocluster at different clustering levels

3-cluster level Cluster 1 3 2

No. of samples 21 26 53

4-cluster level Cluster 1 3 2a 2b

No. of samples 21 26 19 34

5-cluster level Cluster 1 3 2a 2b1 2b2

No. of samples 21 26 19 3 31

7-cluster level Cluster 1 3a 3b 2a 2b1 2b2a 2b2b

No. of samples 21 12 14 19 3 6 25

11-cluster level Cluster 1a 1b 3a 3b 2a1 2a2 2a3 2b1 2b2a 2b2b1 2b2b2

No. of samples 16 5 12 14 5 6 8 3 6 10 15
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NO3-N, the predominant indicator of human impact, is

removed via denitrification. Hence, the ratio of samples

assigned to hydrochemical categories 1A vs. 1B is an indi-

cator of the proportion that are potentially influenced by

human activities (Daughney & Reeves, 2005). On this

basis, Fig. 4a shows that most of the Bioclusters include

at least some samples for which the hydrochemistry is

indicative of human impact. The exceptions are Biocluster

1b, which contains a predominance of samples having

oxidized water, none of which have evidence of human

influence and Bioclusters 2a1 and 2a2, for which a

minority of samples showed hydrochemical indications of

human impact. As discussed in the following section,

these observed relationships between Bioclusters and hyd-

rochemistry may indicate that human impact has altered

the bacterial biodiversity of some New Zealand aquifers.

The Bioclusters were also related to mean residence time

(MRT) of groundwater. The MRT at each NGMP site has

been previously characterized using time series measure-

ments of the age tracers tritium, chlorofluorocarbons and

Fig. 3. Box-and-Whisker Plot of median concentrations of NO3-N (a), NH4-N (b), Fe (c) and Mn (d) across Bioclusters defined at the 11-cluster

threshold.
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sulphur hexafluoride. For the purpose of this article, we

employ the four MRT classes defined by Daughney et al.

(2010): < 10 years; 11–40 years; 41–100 years; > 100 years.

Comparison between MRT classes and Bioclusters revealed

that Biocluster 2b2b1 was mainly comprised of old

groundwater, whereas Bioclusters 1b and 2a1 contained

mostly relatively young water (Fig. 4b).

Relationship between bacterial communities

and geographical parameters

To evaluate the statistical significance of the relationships

between Bioclusters and geographical parameters such as

geographical region, aquifer lithology, land use activities

Table 3. Typical chemical characteristics for hydrochemical categories

and subcategories defined by Daughney & Reeves (2005)

Hydrochemical categories Hydrochemical subcategories

1 Oxidized groundwater

[NO3-N] above DL*

[NH4-N], [Fe], [Mn]

near or below DL*

1A Impacted by human activity,

[NO3-N] above 3.5 mg L�1

1B Little impacted by human

activity, [NO3-N] below

3.5 mg L�1

2 Reduced groundwater

[NO3-N] near or

below DL*

[NH4-N], [Fe], [Mn]

above DL*

2A Moderately reduced, [SO4]

above DL*

2B Highly reduced, [SO4]

near or below DL*

*DL refers to the analytical detection limit.

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Percentage frequency distribution of samples with hydrochemical categories (a), MRT Classes (b), aquifer well depth (c), aquifer lithology

(d), land use activities of aquifer recharge zone (e) and regional council (f).
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in aquifer recharge zones and well depth, chi-square tests

were performed with each parameter at the five different

linkage thresholds. The geographical regions of New Zea-

land are displayed in Fig. 1, and Table S5 provides a

summary of information on aquifer lithology and land

use activities in the aquifer recharge zone for all NGMP

sites. Median well depth across all NGMP sites is 26 m

below ground level (b.g.l.), and the minimum, lower

quartile, upper quartile and maximum well depths are 3,

10, 55 and 337 m b.g.l., respectively. For the purpose of

this study, well depths were categorized by depth codes as

follows: shallow (< 10 m), mid-depth (10–50 m) and

deep (> 50 m). Bioclusters showed no significant associa-

tion (P value > 0.05) with well depth, land use activities

or aquifer lithology at any threshold.

Cross-tabular representations between Bioclusters at

the 11-cluster threshold and the above-listed categorical

parameters revealed some interesting qualitative aspects

of some of the relationships. In relation to well depth

code, Biocluster 2a2 did not occur in any shallow wells,

whereas Bioclusters 1b and 2a1 did not occur in deep

wells (Fig. 4c). Most of the Bioclusters included samples

from a wide variety of aquifer lithologies. However, Biocl-

usters 1b and 2a1 were comprised only of samples from

gravel and sand lithologies, Biocluster 2a3 included sam-

ples only from gravel lithologies, and Biocluster 2b1 con-

tained samples only from basalt and limestone aquifers

(Fig. 4d). Agricultural and horticultural land uses were

associated with the majority of Bioclusters. However, Bio-

cluster 2b2a contained no sites in agricultural settings but

instead included sites with urban and horticultural land

uses. Likewise, for Biocluster 2a2, half of the sites were

situated in urban and industrial lands (Fig. 4e). Although

the chi-square test showed that there is a significant rela-

tionship between geographical region and the Bioclusters,

graphical representation revealed that most of the Biocl-

usters consisted of samples from several regions, imply-

ing that there was no regional bias in classification of

samples into the various Bioclusters (Fig. 4f). The only

exception was found for Biocluster 2a1, for which the

majority of samples were from the Wellington region

and its remaining samples were from the Waikato

region.

The results from this study may indicate that New

Zealand’s unimpacted aquifers have diagnostic natural

(i.e. ‘baseline’) bacterial communities and that hydro-

chemical alteration due to human influence causes shifts

in the bacterial composition of these groundwater ecosys-

tems. It is notable that the majority of samples assigned

to Bioclusters 1b and 2a1 were sourced from sand and

gravel aquifers, respectively, whereas some of the samples

assigned to Biocluster 2a2 were sourced from volcanic

lithologies such as ignimbrite and pumice. This may

indicate that there are specific baseline bacterial commu-

nities that can be expected for certain aquifer lithologies

in New Zealand, although additional work is required to

test this hypothesis.

Bacterial diversity within each Biocluster at 11-cluster

threshold as expressed by Shannon–Wiener index (H0)
showed that there is considerable variation in diversity

among clusters (Table 4). For FAM T-RFs, Biocluster 2a1

showed the highest mean value of H0 = 2.42 � 0.11 and

Biocluster 1a showed the lowest H0 = 1.12 � 0.62. For

HEX T-RFs, Bioclusters 2b1 reflected the highest H0 =
2.10 � 0.12 and 1a showed the lowest H0 = 0.79 � 0.46

(see Fig. 5). These index values may reflect another

property of the Bioclusters, namely their species

richness.

Table 4. Summary of Shannon–Wiener diversity indices (H0) in each

Biocluster at 11-cluster threshold calculated using FAM and HEX T-RFs

separately

Cluster

FAM HEX

Mean H0 SD Mean H0 SD

1a 1.12 0.62 0.79 0.46

1b 2.18 0.21 1.86 0.32

2a1 2.42 0.11 1.92 0.42

2a2 1.84 0.50 0.80 0.39

2a3 2.18 0.41 1.76 0.47

2b1 2.07 0.06 2.10 0.12

2b2a 1.84 0.49 1.71 0.46

2b2b1 1.74 0.69 1.59 0.58

2b2b2 1.83 0.68 1.23 0.63

3a 1.86 0.34 1.45 0.44

3b 1.91 0.32 1.68 0.45

Fig. 5. Summary of mean Shannon–Wiener diversity indices (H0)
values for each Biocluster using FAM and HEX T-RFs.
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Concluding remarks

The results of this study demonstrated that groundwater

bacterial diversity was related to hydrochemistry, with

geological factors and human activities as important

secondary controls. Table 5 summarizes the groundwater

features related to the different Bioclusters at the 11-clus-

ter threshold.

Previous studies have shown that the bacterial commu-

nity structure of the liquid groundwater can be different

from that of the aquifer itself and that the latter may

influence groundwater chemistry (Alfreider et al., 1997;

Flynn et al., 2008; Griebler & Lueders, 2009). However,

the main focus of this study was state-of-the-environment

monitoring of groundwater quality. Therefore, we did not

analyse aquifer materials directly, but instead focussed on

the groundwater itself. Still, the identifiable relationships

between the Bioclusters and groundwater chemistry

implied that groundwater bacterial diversity can be com-

parable to that of the aquifer materials. However, further

studies are needed to evaluate the actual relationships

between these two bacterial communities in New Zealand

aquifers.

Aquifer confinement could also influence the bacterial

diversity by altering the groundwater chemistry. However,

in our study, the Bioclusters were not compared with

aquifer confinement categories, which could be used as a

secondary indicator of groundwater chemistry as the direct

chemical data were readily available for the analysis.

Further, it is evident that seasonality may also strongly

influence bacterial diversity (Zhou et al., 2012), but we

did not analyse this sort of variation.

The T-RFLP technique was highly effective in this

study, as in previous investigations where the main objec-

tive was to understand the bacterial community structure

quickly and cost-effectively (Flynn et al., 2008, 2012; Luna

et al., 2009). Although the technique is considered to be

comparable with even high-throughput sequencing tech-

nologies, T-RFLP also has its own drawbacks as with any

other molecular tool (Nordentoft et al., 2011; Pilloni

et al., 2012). The DNA-based fingerprinting methods

including T-RFLP only assess the potential bacterial diver-

sity, but not the viable community structure. However,

our results do indicate that the T-RFLP technique more

or less reflects the viable bacterial communities in ground-

water because the Bioclusters showed strong relationships

with chemistry (Sheridan et al., 1998). This work provides

a basic framework for the direction of future studies to

understand the viable bacterial community structures with

mRNA- and protein-based approaches. Although culture-

independent molecular techniques are highly regarded as

a superior approach to capture total microbial diversity in

environmental samples during the recent past, this

approach is also encountered with invisible challenges

such as extracting total DNA from all species in samples,

providing optimal experimental conditions suitable for

diverse range of taxa and identifying novel microorgan-

isms from databases which may not contain information

on all the species (Donachie et al., 2007). Therefore, we

may not be able to identify the total bacterial diversity in

groundwater even with molecular approaches including

T-RFLP, and culture-dependent approaches might be able

to detect this undiscovered diversity up to a certain

extent. In addition, the resolution of the technique might

not be powerful enough to capture very low abundance

bacterial components in environmental samples (Pilloni

et al., 2012). Therefore, the actual bacterial diversity could

be greater than the findings of the current method. Fur-

ther, the T-RFLP technique does not provide names or

any functional information about the microorganisms

detected and there is a possibility that the same T-RF may

be returned by closely related, yet different, taxa with

divergent metabolic activities. Therefore, it is crucial to

take into account these limitations when interpreting the

results of the study.

In microbial ecology studies, it is desirable to assess

the variability contributed to the results by replicate

sampling appropriate for the objective and scale of study

Table 5. Summary of groundwater features in Bioclusters at

11-cluster threshold

Bioclusters at 11-cluster

threshold

Groundwater

characteristics

1a Oxidized human impacted water,

shallow, mid-depth and deep wells

1b Mainly oxidized water with less human

impact, relatively young groundwater,

shallow and mid-depth wells, only gravel

and sand aquifers

2a1 Mainly oxidized water, majority from

Wellington region, relatively young

groundwater, shallow and mid-depth

wells, only gravel and sand aquifers,

low NO3-N, low [DO]

2a2 Only oxidized water, mid-depth and deep

wells, majority urban and industrial land

use, moderate NO3-N, high [DO]

2a3 Mainly oxidized water, only gravel aquifers,

high NO3-N, moderate [DO]

2b1 Only oxidized water, only basalt and

limestone aquifers

2b2a Mainly oxidized water, no agricultural

land use

2b2b1 Mainly reduced, old groundwater

2b2b2 Mainly oxidized water

3a High NO3-N, low SO4, low SiO2, forestry

land use

3b High SO4, high SiO2, low NO3-N
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(Prosser, 2010). As our aim was to provide a compre-

hensive overview of the bacterial community structure in

groundwater across the country, we did not replicate

sampling at local scale. A pilot study conducted by van

Bekkum et al. (2006) using T-RFLP showed that the

temporal variation of groundwater bacterial diversity was

minimal. Therefore, we analysed a single groundwater

sample from each location assuming that our sampling

design provides strong replication of environmental

factors – several samples were collected from sites with

similar chemistries and geological factors, but which

were distinct from each other. Accordingly, the results

showed that the sampling design was highly effective for

our objective because it showed relationships between

Bioclusters and hydrochemical categories, which com-

prised distinct sites with similar chemistries. To the best

of our knowledge, this is the first study to survey the

bacterial diversity in groundwater in New Zealand using

molecular techniques and is probably the first in the

world to evaluate the groundwater bacterial diversity

across an entire country. The results of this study pro-

vided a strong platform for the current metagenomics

and genomic studies aiming to explore the unseen rare

microbial fraction and to test hypotheses related to bac-

terial diversity and other chemical, physical and environ-

mental factors of groundwater using advanced molecular

tools such as high-throughput DNA sequencing (work in

progress).

Acknowledgements

The authors would like to thank all the groundwater

research staff members of 15 regional councils for their

valuable support in sample collection and would also like

to thank Professor Craig Cary, Waikato University, Ham-

ilton, New Zealand, and Dr. Els Mass, National Institute

of Water and Atmospheric Research, Wellington, New

Zealand, for their useful advice regarding T-RFLP data

analyses. Further, authors would like to thank the editor

and the two anonymous reviewers for their constructive

critiques which helped to improve the quality of the

manuscript and Dr. Dalice Sim, Victoria University of

Wellington, New Zealand, for her valuable advice to

improve the quality of data analysis. This project was

financially supported by public research funding from the

Government of New Zealand. The authors have no con-

flict of interests.

References

Alfreider A, Krossbacher M & Psenner R (1997) Groundwater

samples do not reflect bacterial densities and activity in

subsurface systems. Water Res 31: 832–840.

Anderson SA, Northcote PT & Page MJ (2010) Spatial and

temporal variability of the bacterial community in different

chemotypes of the New Zealand marine sponge Mycale

hentscheli. FEMS Microbiol Ecol 72: 328–342.
Baho DL, Peter H & Tranvik LJ (2012) Resistance and

resilience of microbial communities–temporal and spatial

insurance against perturbations. Environ Microbiol 14: 2283–
2292.

van Bekkum M, Sainsbury JP, Daughney CJ & Chambers GK

(2006) Molecular analysis of bacterial communities in

groundwaters from selected wells in the Hutt Valley and the

Wairarapa, New Zealand. N Z J Mar Freshwater Res 40:

91–106.
Bethke CM, Ding L, Jin Q & Sanford RA (2008) Origin of

microbiological zoning in groundwater flows. Geology 36:

739–742.
Blackwood CB, Marsh T, Kim SH & Paul EA (2003) Terminal

restriction fragment length polymorphism data analysis for

quantitative comparison of microbial communities. Appl

Environ Microbiol 69: 926–932.
Camarinha-Silva A, Wos-Oxley ML, J�auregui R, Becker K &

Pieper DH (2012) Validating T-RFLP as a sensitive and

high-throughput approach to assess bacterial diversity

patterns in human anterior nares. FEMS Microbiol Ecol 79:

98–108.
Chapelle FH (2000) The significance of microbial processes in

hydrogeology and geochemistry. Hydrogeol J 8: 41–46.
Costa E, Puhl NJ, Selinger LB & Inglis GD (2009)

Characterization of mucosa-associated bacterial

communities of the mouse intestine by terminal restriction

fragment length polymorphism : utility of sampling

strategies and methods to reduce single-stranded DNA

artifacts. J Microbiol Methods 78: 175–180.
Culman SW, Gauch HG, Blackwood CB & Thies JE (2008)

Analysis of T-RFLP data using analysis of variance and

ordination methods: a comparative study. J Microbiol

Methods 75: 55–63.
Daughney CJ & Reeves RR (2005) Definition of hydrochemical

facies in the New Zealand groundwater monitoring

programme. J Hydrol NZ 44: 105–130.
Daughney CJ & Reeves RR (2006) Analysis of temporal trends

in New Zealand’s groundwater quality based on data from

the National Groundwater Monitoring Programme. J Hydrol

NZ 45: 41–62.
Daughney CJ, Jones A, Baker T, Hanson C, Davidson P,

Zemansky GM, Reeves RR & Thompson M (2006) A

National Protocol for State of the Environment Groundwater

Sampling in New Zealand: ME 781. Ministry for the

Environment, Wellington, New Zealand.

Daughney CJ, Morgenstern U, van der Raaij R & Reeves RR

(2010) Discriminant analysis for estimation of groundwater

age from hydrochemistry and well construction: application

to New Zealand aquifers. Hydrogeol J 18: 417–428.
Daughney CJ, Raiber M, Moreau-Fournier M, Morgenstern U

& van der Raaij R (2012) Use of hierarchical cluster analysis

to assess the representativeness of a baseline groundwater

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Ecol 86 (2013) 490–504
Published by John Wiley & Sons Ltd. All rights reserved

502 K.A. Sirisena et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/86/3/490/637353 by guest on 25 April 2024



quality monitoring network: comparison of New Zealand’s

national and regional groundwater monitoring programs.

Hydrogeol J 20: 185–200.
Dollhopf SL, Hashsham SA & Tiedje TM (2001) Interpreting

16S rDNA T-RFLP data: application of self-organizing maps

and principal component analysis to describe community

dynamics and convergence. Microb Ecol 42: 495–505.
Donachie SP, Christenson BW, Kunkel DD, Malahoff A &

Alam M (2002) Microbial community in acidic

hydrothermal waters of volcanically active White Island,

New Zealand. Extremophiles 6: 419–425.
Donachie SP, Foster JS & Brown MV (2007) Culture clash:

challenging the dogma of microbial diversity. ISME J 7: 97–102.
Edlund A, Soule T, Sj€oling S & Jansson JK (2006) Microbial

community structure in polluted Baltic Sea sediments.

Environ Microbiol 8: 223–232.
Falkowski PG, Fenchel T & Delong EF (2008) Microbial

engines that derived earth’s biogeochemical cycles. Science

320: 1034–1038.
Flynn TM, Sanford RA & Bethke CM (2008) Attached and

suspended microbial communities in a pristine confined

aquifer. Water Resour Res 44: W07425.

Flynn TM, Sanford RA, Santo Domingo JW, Ashbolt NJ, Levine

AD & Bethke CM (2012) The active bacterial community in a

pristine confined aquifer.Water Resour Res 48: W09510.

Ghiorse CW (1997) Subterranean life. Science 275: 789–790.
Griebler C & Lueders T (2009) Microbial biodiversity in

groundwater ecosystems. Freshw Biol 54: 649–677.
Griebler C, Stein H, Kellermann C, Berkhoff S, Brielmann H,

Schmidt S, Selesi D, Steube C, Fuchs A & Hahn HJ (2010)

Ecological assessment of groundwater ecosystems – vision or

illusion? Ecol Eng 36: 1174–1190.
Haack SK, Fogarty LR, West TG, Alm EW, McGuire JT, Long

DT, Hyndman DW & Forney LJ (2004) Spatial and

temporal changes in microbial community structure

associated with recharge-influenced chemical gradients in a

contaminated aquifer. Environ Microbiol 6: 438–448.
Hedrich S, Schl€omann M & Johnson DB (2011) The

iron-oxidizing proteobacteria. Microbiology 157: 64.

Hill TCJ, Walsh KA, Harris JA & Moffett BF (2003) Using

ecological diversity measures with bacterial communities.

FEMS Microbiol Ecol 43: 1–11.
Ibekwe AM, Leddy MB, Bold RM & Graves AK (2012)

Bacterial community composition in low-flowing river water

with different sources of pollutants. FEMS Microbiol Ecol 79:

155–166.
Janssen PH, Yates PS, Grinton BE, Taylor PM & Sait M (2002)

Improved culturability of soil bacteria and isolation in pure

culture of novel members of the divisions Acidobacteria,

Actinobacteria, Proteobacteria, and Verrucomicrobia. Appl

Environ Microbiol 68: 2391–2396.
Korbel KL & Hose GC (2011) A tiered framework for assessing

groundwater ecosystem health. Hydrobiologia 661: 329–349.
Korbel KL, Hancock PJ, Serov P, Lim RP & Hose GC (2013)

Groundwater ecosystems vary with land use across a mixed

agricultural landscape. J Environ Qual 42: 380–390.

Larned ST (2012) Phreatic groundwater ecosystems: research

frontiers for freshwater ecology. Freshw Biol 57: 885–906.
Lozupone CA & Knight R (2007) Global patterns in bacterial

diversity. P Natl Acad Sci USA 104: 11436–11440.
Luna GM, Anno AD, Corinaldesi C, Armeni M & Danovaro R

(2009) Diversity and spatial distribution of metal-reducing

bacterial assemblages in groundwaters of different redox

conditions. Int Microbiol 12: 153–159.
Maier MR, Pepper IL & Gerba CP (2009) Environmental

Microbiology, 2nd edn. Academic Press, San Diego, CA.

Ministry for the Environment (2010) Faecal Pollution (Bacteria)

in Groundwater. Ministry for the Environment, Wellington,

New Zealand. www.mfe.govt.nz/environmental-reporting/

fresh-water/groundwater-quality-indicator/faecal-pollution.

html Accessed March 2013.

Morgenstern U & Daughney CJ (2012) Groundwater age for

identification of baseline groundwater quality and the

impacts of land-use intensification - The National

Groundwater Monitoring Programme of New Zealand.

J Hydrol 456/457: 79–93.
Neufeld JD & Mohn WW (2005) Unexpectedly high bacterial

diversity in arctic tundra relative to boreal forest soils,

revealed by serial analysis of ribosomal sequence tags. Appl

Environ Microbiol 71: 5710–5718.
Nordentoft S, Mølbak L, Bjerrum L, De Vylder J, Van

Immerseel F & Pedersen K (2011) The influence of the cage

system and colonisation of Salmonella Enteritidis on the

microbial gut flora of laying hens studied by T-RFLP and

454 pyrosequencing. BMC Microbiol 11: 187.

Osborn AM, Moore ER & Timmis KN (2000) An evaluation

of terminal-restriction fragment length polymorphism

(T-RFLP) analysis for the study of microbial community

structure and dynamics. Environ Microbiol 2: 39–50.
Parkinson R (2004) Forensic DNA profiling of bacterial

communities in soil. MSc thesis, Victoria University of

Wellington, Wellington, New Zealand.

Parkinson R (2009) Bacterial communities associated with

human decomposition. PhD thesis, Victoria University of

Wellington, Wellington, New Zealand.

Pilloni G, Granitsiotis MS, Engel M & Lueders T (2012)

Testing the limits of 454 pyrotag sequencing:

reproducibility, quantitative assessment and comparison to

T-RFLP fingerprinting of aquifer microbes. PLoS ONE 7:

e40467.

Prosser JI (2010) Replicate or lie. Environ Microbiol 12: 1806–
1810.

Rosen MR (2001) Hydrochemistry of New Zealand’s aquifers.

Groundwaters of New Zealand (Rosen MR & White PA,

eds), pp. 77–110. New Zealand Hydrological Society,

Wellington, New Zealand.

Sheridan GEC, Masters CI, Shallcross JA & Mackey BM (1998)

Detection of mRNA by reverse transcription-PCR as an

indicator of viability in Escherichia coli cells. Appl Environ

Microbiol 64: 1313–1318.
Sinreich M, Pronk M & Kozel R (2011) Microbiological spring

water quality monitoring across Switzerland. Proc H2Karst,

FEMS Microbiol Ecol 86 (2013) 490–504 ª 2013 Federation of European Microbiological Societies
Published by John Wiley & Sons Ltd. All rights reserved

Bacterial diversity in New Zealand groundwater 503

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/86/3/490/637353 by guest on 25 April 2024



9th Conference on Limestone Hydrogeology, Besanc�on
(France) 1–3 Sep. 2011: 447–450.

Stein H, Kellermann C, Schmidt SI, Brielmann H, Steube C,

Berkhoff SE, Fuchs A, Hahn HJ, Thulin B & Griebler C

(2010) The potential use of fauna and bacteria as ecological

indicators for the assessment of groundwater quality.

J Environ Monit 12: 242–254.
Steube C, Richter S & Griebler C (2009) First attempts

towards an integrative concept for the ecological assessment

of groundwater ecosystems. Hydrogeol J 17: 23–35.
Stott MB, Crowe MA, Mountain BW, Smirnova AV, Hou S,

Alam M & Dunfield PF (2008) Isolation of novel bacteria,

including a candidate division, from geothermal soils in

New Zealand. Environ Microbiol 10: 2030–2041.
Struckmeier W, Rubin Y & Jones JAA (2005) Groundwater -

Reservoir for a Thirsty Planet? Earth Sciences for Society; a

Prospectus for a Key Theme of the International Year of

Planet Earth. IUGS International Union of Geological

Sciences Secretariat, Geological Survey of Norway,

Trondheim, Norway.

Younger PL (2007) Groundwater in the Environment: an

Introduction. Blackwell Publishing, Malden, MA, USA.

Zhou J, Davey ME, Figueras JB, Rivkina E, Gilichinsky D &

Tiedje JM (1997) Phylogenetic diversity of a bacterial

community determined from Siberian tundra soil DNA.

Microbiology 143: 3913–3919.
Zhou Y, Kellermann C & Griebler C (2012) Spatio-temporal

patterns of microbial communities in a hydrologically

dynamic pristine aquifer. FEMS Microbiol Ecol 81: 230–242.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Fig. S1. Summary of genomic DNA yields obtained from

two litres of groundwater from each sample.

Fig. S2. Summary of the number of samples detected

with each (a) FAM OTU and (b) HEX OTU.

Fig. S3. Examples of T-RFLP profiles categorized as (a)

simple, (b) moderately complex or (c) complex based on

number of FAM or HEX peaks.

Fig. S4. Summary of the total number of FAM (a) and

HEX (b) peaks over 200 RFU in each sample.

Fig. S5. The Box-and-Whisker Plot of median HCO3 (a),

Ca (b), Fe (c) and Mn (d) across Bioclusters defined at

the 4-cluster threshold.

Fig. S6. The Box-and-Whisker Plot of median NO3-N

(a), F (b) and Dissolved Oxygen (c) across Bioclusters

defined at the 5-cluster threshold.

Fig. S7. The Box-and-Whisker Plot of median SiO2 (a)

and Mg (b) across Bioclusters defined at the 7-cluster

threshold.

Fig. S8. (i) Box-and-Whisker Plot of median concentra-

tions F (a), PO4-P (b), Dissolved Oxygen (c) and Br (d)

across Bioclusters defined at the 11- cluster threshold. (ii)

Box-and-Whisker Plot of median concentrations of SO4

(a), HCO3 (b), SiO2 (c) and Mg (d) across Bioclusters

defined at the 11-cluster threshold. (iii) Box-and-Whisker

Plot of median concentrations of Na (a), K (b), Cl (c)

and Ca (d) across Bioclusters defined at the 11-cluster

threshold. (iv) Box-and-Whisker Plot of median concen-

trations of Electrical conductivity (a), Water temperature

(b) and Acidity (h) across Bioclusters defined at the 11-

cluster threshold.
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Table S3. Summary of P values (95.0% confidence level)
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