
 
 
 

http://researchcommons.waikato.ac.nz/ 
 
 

Research Commons at the University of Waikato 
 
Copyright Statement: 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

The thesis may be consulted by you, provided you comply with the provisions of the 

Act and the following conditions of use:  

 Any use you make of these documents or images must be for research or private 

study purposes only, and you may not make them available to any other person.  

 Authors control the copyright of their thesis. You will recognise the author’s right 

to be identified as the author of the thesis, and due acknowledgement will be 

made to the author where appropriate.  

 You will obtain the author’s permission before publishing any material from the 
thesis.  

 







! 11!

of lakes (Elberling & Brandt, 2003), ponds (Moorhead et al., 2003) and streams 

(Aislabie et al., 2006), some believe that contemporary water bodies do not 

provide as much carbon as that from ‘legacy carbon’ from ancient lake mats 

(Figure 1.3B) (Burkins et al., 2000; Burkins et al., 2001). This would explain the 

presence of organic matter in soils from valleys lacking any contemporary water 

bodies (Hopkins et al., 2006); however, stable isotope signatures indicate that C 

and N in contemporary lake sediments provide the bulk of organic matter to the 

valleys, especially for nearby low elevation areas (Barrett et al., 2006a)  

 

 
Figure 1. 3 A) The microbial mat lining a meltwater pond, B) an exposed section 

of ancient dried mat slowly being blown throughout the valley, C) the vertical 

structure of a mat and underlying sediment 

 

1.7 Study Sites 
 Located <40 km apart, the study sites selected in this investigation 

represent ponds situated on the McMurdo ice shelf (Bratina Island) and in a 

terrestrial valley (the Miers Valley). These locations represent two 

geomorphically (the processes that form the landscape) distinct environments on 
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which the ponds form. Most studies of Antarctic aquatic environments are 

restricted to a single location with little work comparing systems, using consistent 

methodology, between locations (James et al., 1995; Jungblut et al., 2005; 

Villaescusa et al., 2013). Given the close proximity of locations in this 

investigation and the ability of bacteria to move across great distances into and 

within Antarctica (Bottos et al., 2014; Chong et al., 2013; Jungblut et al., 2010; 

Sokol et al., 2013), spatial studies are useful to evaluate the extent of endemism 

between locations and the role local physicochemical structuring plays to the 

resident community. 

 Bratina Island (E165.55, S78.01) is a small mass of land at the northern tip 

of Brown Peninsula on the McMurdo Ice Shelf, southern Victoria Land, located 

approximately 30 km from New Zealand’s Scott Base (Figure 1.4). A permanent 

camp was established in 1989 to support research of the many meltwater ponds 

adjacent to the facility resulting in more than two decades of research, with many 

ponds being sampled frequently over this period (Hawes et al., 2013). The ponds 

are located on top of the 10-50 m thick floating ice shelf adjacent to Bratina 

Island. The ice shelf is covered with a 10-20 cm layer of marine sediments that 

have been integrated into the underside of the ice shelf and are deposited via 

surface ablation over hundreds of years (Fitzsimons et al., 2012; Kellogg & 

Kellogg, 1987; Kellogg & Kellogg, 1988). More than 40 unofficially named 

ponds have been identified in the immediate area ranging in size, depth and 

geochemistry. Meteorological conditions in this region are comparable to those at 

Scott Base, based on a recent 20 year report on the area (Hawes et al., 2013), with 

mean winter temperatures from -17°C to -22°C, and 0 to 20 degree-days above 

zero per year. 

 The McMurdo Dry Valleys are the largest ice-free region of Antarctica 

(0.03% of the continent or 4,800 square kilometers). Most valleys are lined with a 

<30 cm thick layer of arid mineral soil derived from weathering of glacial tills and 

bedrock (granite, sandstone, basalt and metamorphic rocks) on top of permafrost 

(Healy et al., 2006; McLeod et al., 2009). Coastal valleys have mean winter 

temperatures that range from -40°C to -60°C, and degree-days above freezing 

from 25 to 75 (Cary, et al., 2010). The Miers Valley is one of the southern most 

valleys in the McMurdo Dry Valley system that opens directly onto the McMurdo 
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Sound. The site comprises a west to east glacially carved valley with walls 

ranging from 170-1075 m in altitude and two glaciers at the western most point, 

Miers Glacier to the north and Adams Glacier to the south with melt streams 

feeding Miers Lake, a permanently ice covered lake 9 km inland, during the peak 

of summer. The valley is approximately 11 km long and 1.5 – 2.5 km wide (Cary 

et al., 2010; Cowan et al., 2011a; Dale et al., 1999). The ponds used in this 

investigation are located at the eastern most point of the valley, which opens to 

the McMurdo Sound, to the south side. 

 
Figure 1. 4 The location of study sites in the Ross Sea Region of Antarctica (top) 

and typical landscapes presented as 360-degree panoramas. Satellite images 

gained through Google Earth Pro, Image (C) 2014 DigitalGlobe, U.S. Geological 

Survey. 
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1.8 Analysis of microbial communities 
A broad variety of techniques have been developed to investigate the 

microbial communities of environmental samples. Past investigations of 

microorganisms in extreme environments utilized classical microbiology, 

involving microscopy and the growth of organisms on artificial media. While 

cultivation provides the opportunity to comprehensively describe the isolated 

organism, it is laborious and reduces the diversity of the observed community as 

only 1% of microorganisms are believed to be readily culturable (Pearce et al., 

2003; Torsvik & Ovreas, 2002; Vakhlu et al., 2008; Wagner et al., 1993). The 

development of Sanger sequencing provided an excellent tool to genetically 

characterize the microbial community; however, this required the isolation of 

individual sequences from colonies or the creation of clone libraries. 

Environmental samples frequently contain hundreds or thousands of individual 

species, making this method laborious and expensive. Recently, modern genetic 

tools have allowed the analysis of microbial communities directly from 

environmental DNA (Anderson & Cairney, 2004). Although subject to under or 

over-representation of the microbial diversity within a sample (Ashby et al., 2007; 

Egert & Friedrich, 2003; Isenbarger et al., 2008; Lee et al., 2012b), their use has 

provided a more comprehensive comparison and/or description of environmental 

samples than previously attained through cultivation (Christen, 2008; Pearce et 

al., 2003; Vakhlu et al., 2008).  

Genetic methods utilize variation in a gene universally present in the target 

organism, with conserved regions to allow for PCR primer annealing and 

amplification, and hypervariable regions to distinguish members of the 

community. In bacteria the 16S ribosomal RNA gene meets these criteria and has 

been used extensively in environmental studies (Ashby et al., 2007; Banks et al., 

2009; Bernhard & Field, 2000; Bowman et al., 2000; Brambilla et al., 2001; 

Kemp & Aller, 2004; Lindstrom & Leskinen, 2002; Poitelon et al., 2010; Sjoling 

& Cowan, 2003; Tringe & Hugenholtz, 2008; VanTrappen et al., 2002; Zeng et 

al., 2013). By sequencing the 16S rRNA gene from environmental samples 
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phylogenetic information can be obtained from all bacteria in the community 

simultaneously (Shokralla et al., 2012).  

The first ‘next generation’ sequencing platform commercially available 

was the Roche 454 Genome Sequencer in 2005. DNA fragments are amplified 

with primers including adapter sequences which bind to the surface of either a 

sepharose or styrofoam bead with complementary binding sequences in an oil-

water emulsion, each capable of independent PCR amplification resulting in 

billions of identical copies adhered to each bead. These beads are distributed 

across a picotiter plate into individual wells (>1 million wells per plate) with 

enzyme beads where repeated cycling of PCR reagents containing a single 

nucleotide (A, T, C or G) per cycle generates the sequence. Detection is based on 

the pyrophosphate that is released during the incorporation of a nucleotide into the 

sequence; this is converted to ATP by sulfurylase which is used by luciferase to 

create light. Each light signal from every well is simultaneously recorded to create 

individual DNA sequences that, after screening by a series of quality filters, are 

ready for analysis (Shokralla et al., 2012). Quality checking and processing of this 

sequencing data is conducted through open-source software such as Mothur 

(Schloss et al., 2009). This is compared to open-source public databases 

(GenBank and the Ribosomal Database Project (Benson et al., 1994; Maidak et 

al., 1996)) to gain phylogenetic insight; however, as more culture independent 

sequences are added, it is difficult to match target sequences to database 

sequences with physiological information and to discern high from low quality 

sequences from previous investigations (Karp, 2001; Lee et al., 2012a; Scholz et 

al., 2012). The functionality of this method was further expanded by the addition 

of DNA barcodes to each amplified sequence so that multiple samples could be 

run on the same plate (Binladen et al., 2007; Hoffmann et al., 2007; Kasschau et 

al., 2007; Parameswaran et al., 2007). Limitations of the technology compared to 

Sanger sequencing include limited read length and low accuracy; however, the 

rapid rate of advancement of this technology (overtaking Moore’s law) will soon 

resolve these issues. Further continual improvements include the minimization of 

PCR bias, reductions in cost and increased data output and sequencing throughput 

(Shokralla et al., 2012). 
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Recently, investigations of microbial communities have shifted focus from 

describing individual organisms in the community (16S rRNA gene) to how the 

collective communities genes (its transcriptome) influences its functional activity 

(Varin et al., 2011; Vick-Majors et al., 2014). Although some inference of 

metabolic function can be gained from 16S rRNA gene sequence analysis, this is 

limited to the knowledge of related organisms in the analysis database (Comeau et 

al., 2012; Langille et al., 2013). A number of gene centric techniques have been 

developed to determine the gene expression of a microbial community based on 

environmental DNA and RNA samples. The recently released microarray Geochip 

4 allows for a rapid and comprehensive analysis of functional gene expression 

from over 410 gene families covering 141995 coding sequences (Bayer et al., 

2015; Tu et al., 2014). While more labor intensive than microarray technology 

whole transcriptome shotgun sequencing using next generation sequencing allows 

for a more detailed and accurate investigation of the transcriptome where genes 

without probes on a microarray can be identified (Chu et al., 2012; Gilbert et al., 

2008; Morin et al., 2008).  

DNA fingerprinting techniques enable a quick and cost effective screen of 

many samples for microbial community relative diversity and composition 

(Ranjard et al., 2000). They utilize variable sequence size separated via gel 

electrophoresis to provide a genetic “fingerprint” of the total community, which 

can be used to compare samples. Automated Ribosomal Intergenic Spacer 

Analysis (ARISA) has been extensively used for environmental screening as it is 

rapid, cost effective and highly reproducible (Banks et al., 2009; Cardinale et al., 

2004; Chow et al., 2013; Fisher & Triplett, 1999; Kovacs et al., 2010; Lear & 

Lewis, 2009; Lee et al., 2012a; Popa et al., 2009; Roesch et al., 2009; Smith et 

al., 2010; Sokol et al., 2013; Soo et al., 2009; Wood et al., 2008). The target 

sequence is the non-coding, hyper variable Internally Transcribed Spacer (ITS) 

region between the 16S and 23S ribosomal RNA (rRNA) genes. PCR 

amplification of this region integrates a labeled fluorescent tag from one of the 

primers, which can be detected through capillary electrophoresis equipment 

equipped with a fluorescence detector. The variable sizes of the labeled products 

create the fingerprint, which can then be compared between samples (Fisher & 

Triplett, 1999). 
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The advancement of culture independent molecular microbial ecology has 

allowed unknown organisms, and the extent of biodiversity in samples previously 

thought to be biologically constrained by extreme environments, to be identified 

(Brambilla et al., 2001; Hugenholtz et al., 1998; Pearce et al., 2010; Ranjard et 

al., 2000). Rapidly advancing DNA sequencing technology has resulted in a 

paradigm shift in how microbial communities can be investigated. With 

continually lowering sequencing costs, increased samples per run, and increases in 

reads per sample, conducting a sequence-based comparative analysis of variation 

between microbial communities has become commonplace (Laas et al., 2014; 

Villaescusa et al., 2013; Zeng et al., 2013; Comeau et al., 2012; McDonald et al., 

2012), allowing a greater understanding of global microbial communities than 

ever before.  

 

1.9 Outline  
 The overall aim of this thesis was to elucidate and comprehensively 

describe the bacterial structure of meltwater ponds in the surface water, water 

column and benthic zone across regional (Miers Valley to Bratina Island) and 

temporal (December 2009, January 2012 to January 2013) scales, and determine 

the geochemical drivers to this structure using the same high-resolution 

methodology (Figure 1.5). As extensive research has been conducted on the 

cyanobacterial component of these ponds (de los Rios et al., 2004; Fernandez-

Valiente et al., 2001; Hitzfeld et al., 2000; Jungblut et al., 2010; Jungblut et al., 

2005; Wood et al., 2008) this study elected to utilize methodology that would 

specifically investigate the poorly described non-cyanobacterial component of the 

microbial community. 

 Scientific findings are presented in Chapters 2-5, which have been 

organized as independent papers for publication in peer-reviewed journals. I was 

the primary researcher involved in all sample collection, processing and analysis 

of samples as well as the primary author of each chapter. Co-authorship forms and 

prefaces for each chapter outline contributions made by other researchers. 

 Chapter 2 describes the bacterial and cyanobacterial community structure 

within the water columns of five physicochemically distinct meltwater ponds 
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adjacent to Bratina Island on the McMurdo ice shelf. This work was undertaken 

as a pilot study and has been expanded to a larger number of ponds at higher 

resolution in subsequent chapters. ARISA was used to compare microbial 

communities, which was coupled to in-situ collected geochemistry, ICP-MS and 

nutrient data (NO2/NO3, NH4 and PO4) to identify drivers to community structure 

using BEST analysis. Analysis of similarities (ANOSIM), Tukey’s honest 

significance test and Spearmans Coefficient were used to investigate microbial 

heterogeneity between and within ponds. Based on this data three samples were 

selected from within a highly stratified pond for 454 pyrosequencing to provide 

taxonomic information to observed changes in bacterial community structure. 

This was the most in-depth study of bacterial communities within and between the 

water columns of Antarctic ponds and identified key drivers of community 

structure and insight into the bacterial composition of these ponds. This chapter 

has been published with the following citation: 

Archer SDJ, McDonald IR, Herbold CW, Cary SC (2014) 

Characterisation of bacterioplankton communities in the meltwater ponds 

of Bratina Island, Victoria Land, Antarctica. FEMS Microbiology 

Ecology. 89(2): 451-464. 

 Chapter 3 describes the microbial and physicochemical heterogeneity 

between 41 pond surface waters from Bratina Island (McMurdo Ice Shelf) and the 

Miers Valley (terrestrial dry valleys), as well as community structuring caused by 

temporal, spatial and physicochemical drivers. ARISA DNA fingerprinting, pH 

and conductivity data were used to select 17 samples for detailed analysis 

including high throughput sequencing, nutrient and ICP-MS. BEST, ANOSIM, 

and Tukey’s honest significance test were used to resolve community similarity 

and physicochemical drivers. Pyrosequencing identified a small number of 

ubiquitous operational taxonomic units (OTUs) between locations, implying 

microbial exchange, and across time scales, although seasonal and annual 

variations in community structure were identified. This chapter has been 

submitted as a manuscript to Polar Biology and is in review. 

 Chapter 4 describes the microbial community structure across steep 

physicochemical gradients within six Bratina Island and two Miers Valley 

meltwater ponds. The persistence of physicochemical and microbial stratification 
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was also evaluated by sampling two water columns at Bratina Island in both 

January 2012 and 2013. Sampling intervals within the water column were guided 

by in-situ pH and conductivity across distances as small as 0.5 cm, providing the 

highest resolution investigation of polar ponds to date. The community structure 

from the large number of samples was determined by bacterial ARISA, from 

which representatives were selected for high-throughput 454 sequencing, ICP-MS 

and nutrient analysis. A comprehensive data set was selected for Huey pond 

(Bratina Island) in 2012 and three comparative samples each from Huey pond in 

2013 and Morepork pond (Miers Valley) in 2013 were sequenced to gain 

phylogenetic insight into community structure changes with depth between 

locations and time points. ANOSIM and BEST analysis were used to evaluate 

community relatedness and physicochemical drivers between and within ponds. 

Community structure varied significantly with depth linked to strong selective 

geochemistry within the water columns of these ponds. Trace elements were 

identified as significant to variations identified between sites although even in 

deep samples taxa were shared. Community structure varied between ponds; 

however, dominant taxa were shared across temporal and spatial scales. This 

manuscript is in preparation for submission to FEMS Microbiology Ecology. 

 Chapter 5 describes the microbial heterogeneity between the benthic 

communities of six meltwater ponds from Bratina Island and six from the Miers 

Valley. ARISA DNA fingerprinting of community structure, pH and conductivity 

of ponds between locations was highly similar, resulting in the selection of three 

comparable ponds from each location for 454 pyrosequencing. Major phyla in this 

study were consistent with previous work; however, a far greater diversity was 

identified due to the high-resolution methodology. BEST analysis identified a 

number of drivers to individual pond community structure with no causative 

factors identified separating locations. This manuscript has been published with 

the following citation: 

Archer SDJ, McDonald IR, Herbold CW, Lee CK, Cary SC. (2015) 

Benthic microbial communities of coastal terrestrial and ice shelf Antarctic 

meltwater ponds. Frontiers in Microbiology, Terrestrial Microbiology. 

6(485): doi 10.3389/fmicb.2015.00485 



! 20!

 Chapter 6 provides a synthesis of results across the pond elements over 

time including data not previously analyzed from samples collected during the 

winter freeze up. Future research directions of this work are then presented. 
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Figure 1. 5 Info-graphic overview of thesis
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Chapter 2 - Characterization of bacterioplankton 

communities in the melt-water ponds of Bratina Island, 

Victoria Land, Antarctica 
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Abstract

A unique collection of Antarctic aquatic environments (meltwater ponds) lies
in close proximity on the rock and sediment-covered undulating surface of the
McMurdo Ice Shelf, near Bratina Island (Victoria Land, Antarctica). During
the 2009–10 mid-austral summer, sets of discrete water samples were collected
across the vertical geochemical gradients of five meltwater ponds (Egg, P70E,
Legin, Salt and Orange) for geochemical and microbial community structure
analysis. Bacterial DNA fingerprints (using Automated Ribosomal Intergenic
Spacer Analysis) statistically clustered communities within ponds based on ANO-

SIM (R = 0.766, P = 0.001); however, one highly stratified pond (Egg) had two
distinct depth-related bacterial communities (R = 0.975, P = 0.008). 454 py-
rosequencing at three depths within Egg also identified phylum level shifts and
increased diversity with depth, Bacteroidetes being the dominant phyla in the
surface sample and Proteobacteria being dominant in the bottom two depths.
BEST analysis, which attempts to link community structure and the geochemis-
try of a pond, identified conductivity and pH individually, and to a lesser
extent Ag109, NO2 and V51 as dominant influences to the microbial community
structure in these ponds. Increasing abundances of major halo-tolerant OTUs
across the strong conductivity gradient reinforce it as the primary driver of
community structure in this study.

Introduction

The Antarctic continent offers access to one of the most
physically and chemically demanding environments on
earth. Antarctic limnetic ecosystems (lakes and ponds), in
particular, experience large fluctuations in temperature
and light regimes and are characterised by steep chemical
gradients, which greatly impact physiological adaptations
and life cycle strategies (Wait et al., 2006). These ecosys-
tems, scattered throughout the Antarctic continent and
on the surrounding sea ice, provide an extraordinary and
tractable opportunity to examine microbial distribution
in distinct and environmentally extreme microenviron-
ments. Of the thousands of lakes and ponds throughout
Antarctica, most research has focused primarily on lakes
due to their size, stability and influence on the surround-
ing terrestrial system (Craig et al., 1992; Bell & Laybourn-
Parry, 1999; Bowman et al., 2000; Pearce et al., 2003;
Taton et al., 2003). However, due to their smaller size,

ponds can be more susceptible to seasonal (and global)
climatic changes, while offering easy access to a broad
range of unique pond-specific geochemical conditions.

During the peak of the Antarctic summer up to 20%
of the McMurdo Ice Shelf (MIS) in southern Victoria
Land is covered with meltwater ponds of various sizes,
making them a dominant environment in this area (De
Mora et al., 1994). The ponds surrounding Bratina Island
on the MIS (Fig. 1) provide a cross-section of the many
geochemistries found in aquatic systems throughout Ant-
arctica (Cowan & Tow, 2004). Their existence is depen-
dent on the short period, at the peak of summer, when
liquid water from local ice melt collects in the depressions
of the rugged landscape of the MIS replenishing pre-exist-
ing ponds and forming new ones (Howard-Williams &
Hawes, 2005). Marine-derived surface sediments and
aerosols, as well as seawater trapped in tide cracks across
the ice shelf, provide multiple variable inputs of dissolved
salts into ponds. The fine balance between water and salt
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input and evaporation leads to both inter and intrasea-
sonal variation of physicochemistry within a pond (Lay-
bourn-Parry et al., 2002) and variable chemistries
between ponds. Ponds in close proximity (metres apart)
can vary greatly in size (one to several hundred square
metres), depth (< 1 m to around 4 m) and age (1 to at
least 30 years old) (Gibson et al., 2006), as well as in
metal concentrations, salinity (Schmidt et al., 1991; Mat-
sumoto et al., 1992), pH and dissolved oxygen (Koob &
Leister, 1972). The water column within some ponds can
be highly stratified, with a unique brine geochemistry
derived from the freeze concentration of dissolved salts
layering the bottom and newer meltwater input layering
the surface. Oxygen, derived from Cyanobacteria domi-
nated mats lining the ponds, also exhibits a steep gradient
increasing with depth, frequently resulting in oxygen
supersaturation in the lower depths of certain highly
stratified ponds (James et al., 1995; Wait et al., 2006).
Photosynthesis, which causes the oxygen supersaturation,
increases pH via the removal of CO2 from the water

reducing carbonic acid (Hendriks et al., 2014), both
parameters are constrained by the conductivity density
gradients, illustrating the interplay between biotic and
abiotic variables along physicochemical gradients that
occur with depth in these ponds (Wait et al., 2006).

Past studies of Antarctic ponds, and lakes, have provided
some insight into how microbial communities are struc-
tured in these extreme aquatic environments. These studies
primarily focused on the dense microbial mats and sedi-
ments lining the ponds (Fernandez-Valiente et al., 2001;
Griffin & Tiedje, 2007) and on the geochemistry of the
water column (Matsumoto et al., 1992; De Mora et al.,
1994; Wait et al., 2006), with little or no work on the
microbiology of the water column itself. Previous research
has also been limited by a reliance on microscopic identifi-
cation of microorganisms, (Vincent & James, 1996; de los
Rios et al., 2004; Sabbe et al., 2004), which suggested these
pond ecosystems supported low biodiversity, probably due
to the presence of cryptic species. However, more recently,
the use of culture-independent molecular genetic tools has
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