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Abstract

Antarctic soils are home to small, inconspicuous organisms including bacteria, uni-
cellular eukaryotes, fungi, lichen, cryptogamic plants and invertebrates. Antarctic
soil communities are distinct from other soil biota as a consequence of long-term
persistence under harsh environmental conditions; furthermore their long history
of isolation is responsible for a high degree of endemism. Of major concern is
the establishment of non-indigenous species facilitated by human-mediated climate
change and increased human activity, threatening the highly specialised endemic
species. A lack of baseline information on terrestrial Antarctic biodiversity currently
impairs e�orts to conserve the unique but still largely unknown Antarctic biota.
In this thesis I apply metagenetic high throughput sequencing (MHTS) methods to
address the deficiency of biological information from remote regions of continental
Antarctica, and use the data generated to explore environmental constraints on
Antarctic biodiversity.
In Chapter 1, I introduce current issues impeding the generation of baseline Antarctic
biodiversity data and evaluate the application of using MHTS techniques. This review
highlights the potential of using MHTS approaches using amplicon sequencing to
retrieve Eukaryotic biodiversity information from terrestrial Antarctica. In Chapter 2,
the eukaryotic diversity of three biologically unsurveyed regions in the Prince Charles
Mountains, East Antarctica (PCMs) is explored. Total eukaryote biodiversity in the
PCMs appears to follow an altitudinal or latitudinal trend, which is less obvious
for terrestrial invertebrates. In order to apply MHTS to the study of Antarctic
invertebrates, the comparative taxonomic assignment fidelities of metagenetic markers
and morphological approaches are explored in Chapter 3. Fidelities of taxonomic
assignments to four Antarctic invertebrate phyla di�ered depending on metagenetic
marker, and only application of non-arbitrary sequence processing parameters resulted
in these findings. In Chapter 4, I use MHTS-derived biodiversity information to
explore the relationship between soil properties and invertebrate biodiversity in the
PCMs. Across large spatial scales distribution of phyla Tardigrada and Arachnida and
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classes Enoplea (Nematoda) and Bdelloidea (Rotifera) in inland areas are constrained
by terrain-age-related accumulation of salts, while other Classes (Chromadorea,
Nematoda and Monogonata, Bdelloidea) are better able to tolerate high salinity. In
moister, nutrient-richer and more coastal areas, this e�ect was less pronounced and
a higher invertebrate diversity was found.
The methods applied and developed in this thesis are a valuable starting point to
advance the collection of biodiversity information across terrestrial Antarctica and
other remote habitats. The work presented here provides examples for generation
and usage of MHTS information from remote Antarctic habitats, demonstrates
how biodiversity information retrieved using di�erent metagenetic markers can
be combined, developed methods for assessing the quality of MHTS markers and
finally demonstrated the application of MHTS data to investigate the environmental
determinants of invertebrate diversity in remote ice-free habitats. Future MHTS
biodiversity studies of Antarctic terrestrial habitats should incorporate large sample
numbers and use combined data from multiple genetic markers.
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1. Achieving a landscape and
community-level understanding of
Antarctic terrestrial biodiversity
using environmental metagenetics

Paul Czechowski

1, Laurence J. Clarke1, 4, 5, Alan Cooper1, Mark I. Stevens2, 3

1 Australian Centre for Ancient DNA, University of Adelaide, Adelaide, SA 5005
Australia; 2 South Australian Museum, GPO Box 234, Adelaide SA 5000, Australia;
3 School of Pharmacy and Medical Sciences, University of South Australia, Adelaide,
SA 5000, Australia; 4 Australian Antarctic Division, Channel Highway, Kingston,
TAS 7050, Australia; 5 Antarctic Climate & Ecosystems Cooperative Research Centre,
University of Tasmania, Private Bag 80, Hobart, TAS 7001, Australia

Abstract Ice-free regions of Antarctica are mostly concentrated along the coastal
margins, but scarce throughout the continental interior. Environmental change,
including introduction of non-indigenous species, increasingly threaten these unique
terrestrial habitats. At the same time, these unique biotic communities subsisting
in isolation across the continent are di�cult to survey due to logistical constraints,
sampling challenges, and problems related to the identification of small and cryptic
taxa. However, baseline biodiversity data from remote Antarctic habitats is critical
to detect community changes over time, including newly introduced species, in
particular with regard to anticipated environmental changes in the southern polar
region. The potential of standardised (non-specialist) sampling in the field (e.g.
from soil, vegetation, or water) combined with high-throughput sequencing (HTS) of
metagenetic bulk DNA is an appealing solution to overcome some of these pitfalls.
Such metagenetic HTS approaches benefit from being able to process many samples
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1.1 Introduction

in parallel, while workflow and data structure can stay highly uniform, and taxonomic
identification of small and cryptic organisms can be revised repeatedly, long after
data collection. Hence, similar to the rest of the world, metagenetic surveys backed
by HTS play an important role for biomonitoring of Antarctic terrestrial habitats
across the continent.
Keywords Antarctica, high throughput sequencing, community, terrestrial, gene

marker survey, biomonitoring

1.1. Introduction

Although only 0.3% of continental Antarctica is ice-free, Antarctica is home to
many organisms including bacteria, unicellular eukaryotes, fungi, lichen, cryptogamic
plants and invertebrates that are scattered across the continent, and subsist in
isolated, remote, island-like refuges (Convey et al., 2014). Availability of biodiversity
information from these Antarctic areas is fundamental for three major reasons.
Firstly, such data facilitates the investigation of glacial constraints and e�ects on
current biodiversity (Convey et al., 2009); secondly, it allows investigation of the
e�ects of environmental change on Antarctic ecosystems (Nielsen and Wall, 2013);
and lastly, conservation management becomes possible, in light of increasing threats
from non-indigenous invasive species (Chown et al., 2012). However, knowledge of
terrestrial Antarctic biodiversity is currently limited because the vast majority of
Antarctica’s ice-free areas remain unstudied (Convey et al., 2014).
Biodiversity research of ice-free refuges in Antarctica is complicated for two reasons:
Firstly, logistic di�culties exacerbated by the harsh environmental conditions may
limit biological research to the proximity of research stations, when extensive field
work is required (Convey, 2010). Secondly, traditional soil biodiversity assessments
of many multicellular eukaryotes may include manual sorting and morphological
identification of organisms, which are time consuming and require high taxonomic ex-
pertise, especially for the cryptic soil life of Antarctica (Velasco-Castrillón et al., 2014).
Molecular methods are better suited for the study of Antarctic biota (Rogers, 2007),
but may lack resolution when sequence information is not considered (e.g. compared
to analysis of Terminal Restriction Fragment Length Polymorphisms TRFLP’s;
Makhalanyane et al. 2013) or may be work intensive (e.g. Sanger-sequencing, Fell
et al., 2006; Lawley et al., 2004; Velasco-Castrillón et al., 2014).

4



1.1 Introduction

Figure 1.1.: Example workflow for metagenetic analyses of Antarctic environmental
samples. A - Sample collection: Samples are collected from a variety of substrates,
such as soils at di�erent locations. B DNA extraction: The entire genetic
material is then extracted in bulk from individual samples. C PCR amplicon
library generation: DNA contained in bulk extracts are subsequently amplified with
suitable genetic markers and platform-specific sequencing adapters, and multiplex
identifier (MID) tags are added. D - Sequencing: The library is processed on a
high-throughput-sequencing (HTS) device. E and F Deconvolution, clustering
and / or taxonomy assignment: Reference information is used to assign individual
sequences or clusters of similar sequences with taxonomic information after data
deconvolution according to sample. F - If phylotypes are shared across several
samples, distributional information becomes available. Picture of sequencing device
provided courtesy of Illumina Inc. Base layers courtesy of the SCAR Antarctic
Digital Database, © 1993-2015 Scientific Committee on Antarctic Research; The
National Snow and Ice Data Centre, University of Colorado, Boulder; NASA,
Visible Earth Team, http://visibleearth.nasa.gov/; Australian Antarctic Division,
© Commonwealth of Australia 2006.

Readily applied in many other parts of the world (reviewed in Bik et al., 2012;
Bohmann et al., 2014), metagenetics present an opportunity to rapidly generate
baseline biodiversity information for terrestrial Antarctic habitats (Fig. 1.1; Chown
et al., 2015). Metagenetic approaches utilise the genetic material from bulk envir-
onmental samples such as soil, water or other substrates (Bohmann et al., 2014).
DNA from multiple organisms contained in such samples are then identified either
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1.2 Technical considerations

with traditional Sanger sequencing or more recently using high throughput sequencing
(HTS) technology (Chown et al., 2015; Cowan et al., 2015). In a global context,
HTS-supported metagenetic approaches have been applied to monitoring invasive
species and surveying biodiversity over large spatial scales (reviewed in Bohmann
et al., 2014). In Antarctica, metagenetic studies, initially based on Sanger sequencing,
have enabled the detailed identification of cryptic organisms and communities such as
fungi, yeast and invertebrates (Fell et al., 2006; Lawley et al., 2004). More recently,
HTS metagenetic studies have been applied to viruses (López-Bueno et al., 2009),
bacteria in hypolithic communities, soil and air (Bottos et al., 2014; Makhalanyane
et al., 2013), as well as fungal and unicellular eukaryotes of soils (Dreesens et al.,
2014; Niederberger et al., 2015).
Collectively, HTS metagenetic approaches provide a promising method to rapidly
gather biodiversity information from Antarctic habitats, with the ability to generate
large amounts of biodiversity data, from a wide range of taxa, from simple sample
collection and uniform laboratory workflows, and data structures. Here, we provide
a technical introduction to HTS metagenetic approaches with an Antarctic focus.
We then investigate the potential of such metagenetic approaches for Antarctic
biodiversity research beyond their current applications.

1.2. Technical considerations

1.2.1. Extraction of environmental samples

As shown in a variety of world-wide studies (reviewed in Bohmann et al. 2014),
extraction of DNA suitable for metagenetic analyses is possible from a variety of
substrates, which o�ers unique opportunities to study di�erent environments in
Antarctica (Fig. 1.1 a). DNA could be extracted from organisms contained in surface
soil (Creer et al., 2010), permafrost (Bellemain et al., 2013), or freshwater benthos of
lakes (Hajibabaei et al., 2012). Also, extracts of pre-sorted samples can be analysed
(Drummond et al., 2015). When limited starting material is available, preservatives
such as ethanol can be used as a DNA source (Shokralla et al., 2010). DNA could
also be extracted from feaces (De Barba et al., 2014), such as encountered at the
seal and penguin colonies in coastal regions of Antarctica.
Failure to extract DNA representative of the sample (Fig. 1.1 b), so called extraction
bias (Pedersen et al., 2014), is a major concern for metagenetic approaches, and
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1.2 Technical considerations

may occur if extraction reagents are unable to penetrate cells of di�erent organisms
consistently. Alleviation of extraction bias can be achieved through combination
of di�erent extraction methods, and include blending samples prior to extraction,
and / or using a large amount of starting material (Delmont et al., 2012, 2013; Taberlet
et al., 2012). Di�erent extraction methods or batch-wise application of one extraction
method may introduce variable levels of non-template contamination (Salter et al.,
2014). Therefore, randomised drawing of sample batches is recommended (Salter
et al., 2014). Extraction biases and contamination can be discovered by inclusion
of negative and positive controls. Negative controls facilitate the detection of
contamination; positive controls of known taxonomic composition are helpful in
detecting compositional deviations between the sequence data and sample source
(Salter et al., 2014). Consequently, both positive and negative controls help to
optimise the DNA extraction process, and may be are helpful in streamlining
processing parameters in steps following extraction.

1.2.2. High throughput platforms

The recent advance of HTS supported metagenetics can be considered a consequence
of continuing development of sequencing platforms by companies such as 454 (Roche,
Basel, CH-BS, soon to be discontinued), Illumina (San Diego, US-CA), IonTorrent
(Thermo Fisher Scientific, Waltham, US-MA) and others since 2005 (Metzker, 2010).
These devices generate substantially larger amounts of sequencing data than chain-
termination sequencing (Bohmann et al., 2014), but in comparison produce shorter
reads (i.e. ~100 600 base pairs, depending on technology). Using these platforms
in conjunction with metagenetic approaches does away with the need of processing
mixed DNA templates through clone libraries and hence substantially increases
time-e�ciency of data generation. The most common approach used to generate
metagenetic information with HTS is parallel sequencing PCR-amplified bulk DNA
extracts, known as amplicon sequencing (Bohmann et al., 2014; Taberlet et al., 2012).
Important methodological aspects of amplicon sequencing are described later in this
chapter, where I also describe how pitfalls of amplicon sequencing can be alleviated.
The platform of choice to conduct metagenetic biodiversity surveys currently appears
to be one of the Illumina platforms, due to the large amount of sequences that can
be processed, a resulting low sequencing price, and the comparatively low error
sequencing error rate (Bokulich et al., 2013; Bragg et al., 2013; Caporaso et al., 2010,
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1.2 Technical considerations

2012). The 454 platform, although soon to be discontinued and often comparatively
expensive to use, o�ers the longest read lengths of all platforms suitable for amplicon
sequencing (Van Dijk et al., 2014).

1.2.3. Marker choice

Markers for PCR amplification of mixed DNA templates, such as soil with various
organisms or environmental DNA (Fig. 1.1 c) should (a) ideally amplify all taxa with
similar e�ciency despite potential mismatches between primers and the variety of
template molecules (Clarke et al., 2014), (b) amplify target regions short enough to
allow amplification of potentially degraded DNA, if environmental DNA is targeted
(Bellemain et al., 2013; Coissac et al., 2012; Riaz et al., 2011; Taberlet et al., 2012),
(c) exhibit the least possible amount of degenerate bases to allow the application
of high annealing temperatures, while decreasing the risk of chimeric amplification
(Ahn et al., 2012; Kanagawa, 2003; Lenz and Becker, 2008), and (d) target a gene
region for which ample reference data is available, to allow taxonomic identification of
phylotypes (see below). Finding a primer pair that possesses these desirable, possibly
incompatible, qualities is challenging. Two genes that have been widely applied in
single-gene and metagenetic analyses of metazoans are the nuclear 18S ribosomal
DNA and mitochondrial cytochrome c oxidase subunit I (COI) genes (Wu et al., 2011;
Zhan et al., 2014). These markers are favoured due to their long history of application,
resulting in comparatively abundant reference data in sequence databases such as
GenBank, BOLD and SILVA (Benson et al., 2011; Pruesse et al., 2007; Ratnasingham
and Hebert, 2007). However, 18S data may underestimate biodiversity due to low
taxonomic resolution, and COI may be impeded by insu�ciently conserved primer
binding sites across broad taxonomic groups (Deagle et al., 2014; Tang et al., 2012).
Similar advantages and disadvantages are found analogously in other maker regions
applied in metagenetic studies, for example when targeting fungi using the ITS
region, or photosynthetic cryptogams via the matK gene (CBOL and Janzen, 2009;
Orgiazzi et al., 2013).

1.2.4. Library generation

Preparing DNA for HTS requires addition of platform-specific sequencing adapters,
and often sample-specific sequence tags (or multiplex identifier MID - tags) to enable
deconvolution of sequence data (Fig. 1.1c,e). Initially, DNA pools were furnished
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with sequence tags during polymerase chain reaction (Saiki et al., 1988) via extended
primer sequences or via ligation of unmodified primers preceding adapter ligation
(Binladen et al., 2007; Meyer et al., 2008). More recently, library generation via
long primer sequences carrying both adaptor and sequence tags (fusion primers) has
become more common (applied in Bik et al., 2012). The application of fusion primers
is practical in that it requires a single PCR, but may be costly for large numbers
of samples and di�cult for primer lengths above ~50 base pairs due to poor PCR
performance. In those cases, more work-intensive ligation protocols may be a better
choice (Kircher et al., 2012; O’Neill et al., 2013; Stiller et al., 2009). Also of concern
is the informed choice of sequence tags. Owing to possible flaws of the underlying
algorithms, sequence tags may not meet the intended expectations of robustness
towards sequencing errors (Faircloth and Glenn, 2012). It is advisable to only
use sequence tags that have been explicitly tested for correct Hamming distances
(Hamming, 1950), and hence enable correct deconvolution and error correction
(Faircloth and Glenn, 2012).

1.2.5. Amplification

Concordance between the taxonomic composition of a mixed DNA template retrieved
from environmental bulk samples and the amplified library requires careful calibration
of PCR conditions, i.e. length optimisation of denaturation, annealing and extension
steps as well as the correct temperatures for the primer-annealing phase (Fig. 1.1 c).
Possible pitfalls include (a) introduction of substitutions and insertion / deletions
through polymerase activity (Cline et al., 1996), (b) formation of chimeric molecules
in late amplification stages (Kanagawa, 2003), (c) amplification bias when using
degenerate primers in combination with high annealing temperatures (Cline et al.,
1996; Kanagawa, 2003), and (d) failure to detect rare variants when little replication
is applied (Ficetola et al., 2014). Such pitfalls collectively threaten the credibility
of the resulting sequence data. They may (a) alter the similarity of phylotypes to
reference sequences, (b) result in artificial phylotypes that match several reference
sequences, (c) artificially enrich phylotypes whose library molecules matched the
PCR primers well, or (d) result in false-negative concealment of phylotypes. Retrieval
of higher quality data can be achieved by (a) application of proofreading polymerases
(Taberlet et al., 2012), (b) using few and long PCR cycles (Ahn et al., 2012; Kanagawa,
2003; Lenz and Becker, 2008), (c) careful testing of annealing temperature, and
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(d) processing three or more PCR replicates (Gilbert et al., 2010). Analogous to the
extraction step, positive and negative controls are important to track contamination
during the amplification procedure. At the same time positive controls may be a
source of cross-contamination and should be treated with care.

1.2.6. Sequence analysis

Foremost, it needs to be noted that processing HTS data (Fig. 1.1 e,f) is not straight-
forward, and requires a high level of bioinformatics expertise and project specific
software selection and fine-tuning at every step. To perform a metagenetic analysis
with any given raw data set, firstly an analysis workflow needs to be conceptualised.
Then, a variety of software algorithms need to be selected with regard to the analysis
steps and study goals; also keeping in mind available computing hardware, methods
of library design, employed sequencing technology and data volume (Coissac et al.,
2012). Subsequently, it is advisable to test programs individually and in order of
application, using small data sets. Here, it may be necessary to generate custom (or
at least modify existing) text manipulation scripts, through which data input and
output between algorithms is handled.
It is possible that the resulting metagenetic analysis workflow is initiated by marker
selection (Riaz et al., 2011), and once sequence data has been generated, several raw
data processing steps will follow before the statistical analysis can be attempted (Bik
et al., 2012; Bohmann et al., 2014). Raw data preparation typically includes quality
filtering, removal of sequence adapters, data deconvolution and chimera removal. The
clean raw data then is typically clustered, assigned with taxonomy, and the resulting
analysis data is checked for its suitability for the intended statistical analysis.
Although raw data preparation can be achieved with a variety of programs (see
Tab. 1.1 for examples), software environments dedicated to metagenetic analysis
such as QIIME or MOTHUR (Caporaso et al., 2010; Schloss et al., 2009) frequently
o�er functionality incorporating whole analysis workflows starting from raw data
cleaning, phylotype clustering and basic statistical analyses. These metagenetic
software environments themselves generally take advantage of multiple algorithms
dedicated to particular sub-routines of analysis workflows. For example, chimera
detection may be achieved with UPARSE (Edgar, 2013) in QIIME. Taxonomic
assignments, for instance, may be retrieved with BLAST (Altschul et al., 1990) such
as in QIIME or MOTHUR. In general software environments such as those above
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employ specific sub-algorithms that need to be carefully considered before attempting
data preparation and analysis steps.
If dedicated metagenetic analysis environments do not o�er desired functionalities for
analysis and visualisation of cleaned data, such tasks could be achieved through other
available software and possibly linked in via “glue code” written in programming
languages such as R (R Development Core Team, 2011), Bash or Python (Van
Rossum and Drake Jr., 1995). EXPLICET (Robertson et al., 2013), for example,
o�ers basic visualisation and statistic analysis functionally coupled with a graphical
user interface. More powerful, but command-driven, the R environment in particular
o�ers extensive packages for the statistical analysis and visualisation of metagenetic
data with packages such as Phyloseq or Vegan (McMurdie and Holmes, 2013; Oksanen
et al., 2015; R Development Core Team, 2011).

1.2.7. Recent improvements of metagenetic HTS approaches

For the retrieval of biodiversity information over a large spatial scale (Fig. 1.2) cost-
e�cient processing of hundreds of samples is desirable and modular application of
fewer oligonucleotides decreases cost e�ciency, but increases workload, as described
below. Tagging individual samples with fusion primers increases the cost of meta-
genetic HTS studies. Presumably for this reason, numbers of parallel processed
samples in many recent global and Antarctic metagenetic studies range from seven
to twelve samples (Bik et al., 2012; Dreesens et al., 2014; Niederberger et al., 2015;
Roesch et al., 2012). Reducing primer-associated costs is possible through modular
combination of multiple sequence tags per sample, thus reducing the amount of
unique oligonucleotides required for a metagenetic project. Examples for such modu-
lar workflows include using two PCRs to double-tag amplicons for HTS (de Cárcer
et al., 2011). Similarly, double-tagging can generate amplicons with minimal work,
handling and cost in a single PCR (Clarke et al., 2014). A similar, larger scale
modular approach is described elsewhere (Bybee et al., 2011).
PCR biases during library preparation (see above) can be alleviated through the
application of hybridisation approaches. In hybridisation approaches, annealing of
target DNA to biotinylated oligonucleotide probes are used for library generation
(Faircloth and Glenn, 2012; Gnirke et al., 2009; Lemmon and Lemmon, 2012). In
comparison to PCR, hybridisation approaches enable retrieval of multiple conserved
regions per reaction, perform well in detecting rare DNA and reduce compositional

11
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1.2 Technical considerations

biases in the resulting data without the need for extensive replication (Taberlet
et al., 2012). A recent study exemplified sequencing of bacterial DNA derived
from environmental samples after enrichment with an hybridisation approach, and
demonstrated the described benefits outlined here for mixed-template DNA sources
(Denonfoux et al., 2013).
The lengths of genomic regions that can be targeted with single read lengths of a
given HTS platform is variable (see section ‘High throughput sequencing platforms’),
but usually shorter than the 600 1000 bp that can be achieved from a single read
using Sanger sequencing technology. Therefore, recent research has investigated
the options of adopting shorter fragments of regions that have been used widely in
Sanger sequencing, for example the beginning of the COI gene region or the 18S gene
(Leray et al., 2013; Machida and Knowlton, 2012). Other studies have identified new
marker regions with short read lengths suitable for HTS technologies, but retain
adequate information allowing comparisons with data from the traditional markers
(Bellemain et al., 2013; CBOL and Janzen, 2009; Epp et al., 2012). In consequence,
now not only bacteria and fungi, but also a growing number various metazoan groups
and cryptogams can be targeted with metagenetic HTS approaches. Furthermore,
identification of custom marker regions is now possible with bioinformatics tools
such as ecoPrimers incorporated into OBI tools (Boyer et al., 2015; Riaz et al., 2011)
(see Tab. 1.1). The program ecoPrimers, for example, employs user-curated reference
data retrieved from databases such as GenBank (Benson et al., 2011), to identify
conserved regions suitable for project specific primer design for mixed template
amplification.
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1.2 Technical considerations

Figure 1.2.: Map of publicly available ground-dwelling Antarctic biodiversity in-
formation sourced from GBIF (Flemons et al., 2007). Place names referenced
in text. Above-ground observations shown in green, above-sea observations in
orange. GBIF download http://doi.org/10.15468/dl.4b6qco, 21st of July 2015.
Base layers compiled by the Norwegian Polar Institute and distributed in the
Quantarctica package. Visit http://www.quantarctica.org/. Base layers courtesy
of the SCAR Antarctic Digital Database, © 1993-2015 Scientific Committee on Ant-
arctic Research; The National Snow and Ice Data Centre, University of Colorado,
Boulder; NASA, Visible Earth Team, http://visibleearth.nasa.gov/; Australian
Antarctic Division, © Commonwealth of Australia 2006. Exposed rock layer from
the BEDMAP2 dataset (Fretwell et al., 2011).
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1.3 The potential of metagenetics for Antarctic biology

1.3. The potential of metagenetics for Antarctic
biology

Biodiversity and distribution of soil biota across the ice-free regions of Antarctica is
more heterogeneous than anywhere else in the world (Chown et al., 2015; Convey
et al., 2014; Ettema and Wardle, 2002). Large distances between habitats, unique
geological and glacial histories, di�erent soil compositions and extreme fluctuations of
abiotic conditions amplify this heterogeneity (Bintanja et al., 2014; Bockheim, 1997;
Marchant and Head, 2007). Densely spaced biological and environmental survey
data is required to capture heterogeneous patterns in terrestrial biodiversity and
can be provided by metagenetic HTS data in Antarctica, as readily applied in other
regions of the world (reviwed in Bik et al., 2012; Bohmann et al., 2014; Chown et al.,
2015; Gutt et al., 2012).

1.3.1. Community structures

Community level interaction constitutes an important feature of Antarctic soil biota.
Such interactions were believed to be minimal, perhaps owing to the fact that they are
hard to measure (Hogg et al., 2006; Velasco-Castrillón et al., 2014). However, biotic
community-level interactions are increasingly suggested in facilitating survival in
harsh environments, and within biota may be observable through stratified occurrence
of di�erent organisms, or the exchange of nutrients between such biotic communities
(Colesie et al., 2014; Nakai et al., 2012; Pointing and Belnap, 2012). Community-
level organisation has been discovered among Antarctic soil bacteria, soil crusts,
lithobiontic communities, eukaryotes in moss pillars and in cyanobacterial mats
(Bottos et al., 2014; Buedel and Colesie, 2014; Jungblut et al., 2012; Makhalanyane
et al., 2013; Nakai et al., 2012).
Studies describing the community-level organisation of Antarctic terrestrial ecosys-
tems stand to benefit from metagenetic approaches. Possible scopes could include
further analysing pro- and eukaryotic diversity in soil crusts and hypolithons, pho-
tobiotic and mycobiotic diversity and biogeography of lichen, or the association
between fungi and eukaryotes in moss communities, that are still often studied using
Sanger sequencing approaches (e.g. Altermann et al., 2014; Fernández-Mendoza
et al., 2011; Gokul et al., 2013; Jungblut et al., 2012; Khan et al., 2011; Nakai
et al., 2012; Navarro-Noya et al., 2013). At the same time, HTS-based metagenetic
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1.3 The potential of metagenetics for Antarctic biology

studies are readily seen as a valuable tool to assess the ecological integrity and health
of marine environments by providing a harmonised, faster and cheaper means of
species identification than morphological approaches (Aylagas et al., 2014). In a
similar fashion, HTS-based metagenetic studies may be able to further advance the
description of morphologically conserved, rare, or small taxa, as recently demon-
strated for Antarctic soil eukaryotes and bacteria, cyanobacterial mats and hypolithic
communities (Cowan et al., 2015; Dreesens et al., 2014; Lee et al., 2012; Niederberger
et al., 2015). Consequently, for Antarctic biota, HTS-based metagenetic studies
similarly o�er one simple, cost-e�cient workflow, and rich sequence information, that
can easily be combined or reanalysed in integrative studies (Chown et al., 2015; Gutt
et al., 2012), particularly also including terrestrial microfauna, such as tardigrades,
mites, nematodes and springtails (Convey and Stevens, 2007).

1.3.2. Geographic distribution of Antarctic biota

Metagenetic HTS approaches provide opportunities to retrieve baseline biodiversity
information from remote regions of Antarctica. Obtaining large-scale survey informa-
tion of coastal marine fauna may soon be possible using remote imaging approaches
(Southwell et al., 2013). For larger patches of lichen and mosses, remote sensing
techniques may soon allow rapid retrieval of baseline data across the continent, but
may not resolve small patches typically encountered in inland regions (Fretwell et al.,
2011). However, obtaining such information for the vast majority of Antarctic biota
is more challenging. As a consequence, survey data is sparse for inland invertebrate,
cryptogam and fungal communities particularly from large regions across Dronning
Maud Land, MacRobertson Land, Oates Land, the Transantarctic Mountains, and
Ellsworth Land (Fig. 1.2 and McGaughran et al., 2011; Peat et al., 2007; Velasco-
Castrillón et al., 2014). Metagenetic HTS data could potentially provide highly
detailed, uniform structured biodiversity information after simple sample collection
and facilitate the collection of continent-wide baseline biodiversity information for
biota (Bohmann et al., 2014; Chown et al., 2015; Colesie et al., 2014; Gutt et al.,
2012). Readily collected sequence data that cannot be assigned with taxonomic
reference databases, could be re-examined to retrieve newly recognised taxa at a
later stage.
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1.3.3. Supporting conservation e�orts

Human-mediated environmental changes are anticipated to have profound e�ects on
the spatial extent and structure of Antarctic terrestrial ecosystems (Chown et al.,
2015). For example, short-term warming events were shown to cause long-lasting
changes in soil moisture, algal chlorophyll a content and shifts in abundance ratios
of endemic nematode species in Antarctic terrestrial habitats (Barrett et al., 2008);
short-term extremes of high temperatures resulted in shifts of abundance ratios
between closely related soil invertebrates with di�erent physiological requirements
(Bokhorst et al., 2012). It is anticipated that distribution patterns of Antarctic
species will shift southwards and increasingly overlap, possibly eroding the extensive
endemism among many Antarctic species (Nielsen and Wall, 2013; Turner et al.,
2013).
Elucidating distribution patterns of terrestrial communities and identifying biotic
elements most vulnerable to climate change have been deemed some of the most
important goals of Antarctic biological conservation (Kennicutt et al., 2015; Suth-
erland et al., 2009). Antarctica’s terrestrial communities are also threatened by
non-indigenous species (Frenot et al., 2005; Hughes and Convey, 2014). Such alien
introductions may outcompete local endemics in an increasingly accommodating en-
vironment (Chown et al., 2012; Hughes and Convey, 2012, 2014). Molecular methods
are particularly useful to distinguish Antarctic endemics from non-indigenous species
that are not easily detected or are di�cult to identify (Hughes and Convey, 2012,
2014). Consequently, the large scale application of HTS metagenetic surveys across
the continent would have the potential to generate extensive baseline biodiversity
information to support conservation e�orts.

1.4. Summary and conclusions

Metagenetic analysis of bulk DNA and environmental DNA is a valuable option
to describe the composition and distribution of the cryptic and heterogeneously
distributed terrestrial biota of Antarctica. Metagenetic approaches have proven
helpful in describing bacterial and hypolithic communities in some ice-free regions of
Antarctica, and could similarly be applied to many other taxa on the continent. In
comparison to more traditional molecular methods such as TRFLP’s or clonal Sanger
sequencing, HTS based metagenetic approaches yield large amounts of detailed
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data with relatively simple and time-e�cient laboratory workflows, coupled with
relatively straightforward fieldwork and the ability to process DNA extracted from
bulk samples. Multiple laboratory developments have recently improved the cost-
e�ciency of PCR-based library generation allowing parallel processing of large sample
numbers. Drawbacks of amplicon library generation such as the cost of fusion primers,
or amplification biases, can be alleviated by alternative library preparation methods.
HTS-based metagenetic studies will be a useful tool to assess the ecological integrity
and health of Antarctic habitats by providing a consistent and e�cient means of
species identification. When applied to large sample numbers, across a large spatial
scale and multiple biota, HTS based metagenetic approaches will allow integration
and understanding of Antarctic terrestrial biodiversity on a continental scale.
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Abstract Studies of Antarctic eukaryotes have been hampered by their morpho-
logical conservatism, small size and the logistical constraints of remote field work,
resulting in a deficiency of baseline biodiversity information about Antarctic ter-
restrial environments. The application of high throughput sequencing (HTS) in
metagenetic approaches is a promising alternative. Here, we apply HTS approaches
to the hitherto largely unsurveyed micro-eukaryote fauna of the Prince Charles
Mountains, East Antarctica. We sequenced 18S rDNA amplicons of twelve Antarctic
bulk-soil DNA extracts, retrieved from three sampling regions (four bulk-soil extracts
per sampling region). After isolating eukaryotic phylotypes with a stringent filtering
approach and initial network visualisation, we firstly used rarefied data to compare
four a diversity metrics between the three regions. Weighted and unweighted inter-
sample UniFrac distances were then used for b diversity comparisons among rarefied
data. Furthermore, we analysed the distribution of the most abundant phylotypes
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2.1 Introduction

and phylotype groups. Lastly, we checked the validity of species-level taxonomic
assignments using two di�erent taxonomy assignment approaches. Phylotype num-
bers in un-rarefied data compared across regions were lowest for Mount Menzies
(73°S; 3,330 m), intermediate at Mawson Escarpment (73°S; 807 m), and highest
at Lake Terrasovoje (70°S; 173 m), likely due to low biological load at the higher
latitude and elevation inland sites. Analysis of rarefied data indicated di�erences
in Shannon diversity between Mawson Escarpment and Lake Terrasovoje. PCoA of
weighted UniFrac distances between samples from Mawson Escarpment and Lake
Terrasovoje indicated changes in community composition in relation to elevation
of the sampling locations. The most widespread phylotypes were fungal, followed
by non-algal protists. Species-level assignments included known Antarctic taxa in
all sampling regions. We show that HTS can provide a rapid survey of the micro-
eukaryote fauna to provide baseline biodiversity information for remote environments
in the Prince Charles Mountains.
Keywords Antarctic eukaryotes, environmental DNA, high throughput sequencing

(HTS), biodiversity survey, Antarctica

2.1. Introduction

Biodiversity of remote Antarctic habitats is key to understanding the history of the
Antarctic continent, the biological e�ects of climate change, as well as for conservation
e�orts, but many regions of Antarctica remain unsurveyed (Kennicutt et al., 2015;
McGeoch et al., 2015). Antarctic soils are home to organisms including bacteria,
unicellular eukaryotes, fungi, lichen, cryptogamic plants and invertebrates (Convey
et al., 2014). These soil communities are distinct from other soil biota as a consequence
of long-term persistence under harsh environmental conditions; furthermore their long
history of isolation is responsible for a high degree of endemism (Convey et al., 2008).
Simplicity and endemism make Antarctic soil communities interesting for a variety
of ecological questions e.g.: Changes in biodiversity patterns in simple communities
such as increasing population densities of mites (Kennedy, 1994) and nematodes
(Convey, 2003) can be important indicators of human impact and environmental
change in terrestrial Antarctica (Nielsen and Wall, 2013). Identifying such indicators
in terrestrial Antarctica could also help to understand human-mediated biodiversity
changes in more complex temperate and tropical ecosystems and their e�ect on
ecosystem processes, such as decomposition and energy flow (Wall and Virginia,
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1999). Studies on the endemicity of Antarctic biota revealed that many terrestrial
habitats might have become available for re-colonisation since the beginning of
the current inter-glacial period (17 000 years ago) (Magalhaes et al., 2012; Stevens
and Hogg, 2003). However, there is also evidence that some regions remained ice-
free and inhabited for much longer (Convey and Stevens, 2007). Today, human
influence increasingly threatens the unique Antarctic soil communities through
human-mediated climate change, increasing risk of pollution, and the introduction
of non-indigenous organisms which may outcompete endemics in an increasingly
accommodating environment. Successful conservation of Antarctic environments
in the face of these threats requires biodiversity information (Chown et al., 2012;
Terauds et al., 2012; Turner et al., 2013). Unfortunately, this information is missing
for many remote ice-free areas of continental Antarctica, such as Dronning Maud
Land, large regions of the Transantarctic Mountains (McGaughran et al., 2011), and
the Prince Charles Mountains (Terauds et al., 2012).
Biodiversity research in Antarctica is complicated for two main reasons: Firstly,
logistic di�culties exacerbated by the harsh environmental conditions typically limits
biological research in Antarctica to the proximity of stations when extensive field
work is required (Convey, 2010). Secondly, traditional soil biodiversity assessments
including manual sorting and morphological identification of organisms are time
consuming and require taxonomic expertise, especially for the cryptic soil fauna of
Antarctica (Velasco-Castrillón et al., 2014). Molecular methods are better suited for
the study of Antarctic biota (Rogers, 2007), but may lack resolution when sequence
information is not considered (e.g. in analysis of Terminal Restriction Fragment
Length Polymorphisms TRFLPs; Dreesens et al., 2014; Makhalanyane et al., 2013)
or may be work intensive (e.g. Sanger-sequencing; Fell et al. 2006; Lawley et al. 2004;
Velasco-Castrillón et al. 2014).
High-Throughput Sequencing (HTS) of environmental samples constitutes an interest-
ing opportunity to generate biodiversity information from remote Antarctic habitats
(Chown et al., 2015), as it is faster than clonal Sanger sequencing, and field work is
simple in comparison to traditional morphological surveys (reviewed in Bik et al.,
2012; Bohmann et al., 2014). Hence, HTS based metagenetic studies have been
used to monitor invasive species, survey biodiversity over large spatial scales, and
provide valuable snapshots of biodiversity for future conservation e�orts (Bohmann
et al., 2014; Chown et al., 2015; Gutt et al., 2012). Metagenetics in Antarctica
have been used to examine viruses (López-Bueno et al., 2009), bacteria in hypolithic

23





2.2 Methods and materials

biodiversity in three ice-free regions of the Prince Charles Mountains (PCMs) in
Eastern Antarctica (Fig. 2.1). With few exceptions (Cremer et al., 2004; Skotnicki
et al., 2012; Wagner et al., 2004), the PCMs remain biologically unsurveyed, hindering
conservation planning (Terauds et al., 2012). Amplicons of nuclear 18S ribosomal
DNA (18S) were generated from bulk soil extracts and sequenced using the Illumina
MiSeq platform. Using these data we aimed to: (i) determine any di�erences in
eukaryotic diversity among the sampling regions, (ii) determine whether highly
abundant phylotypes in individual samples are widespread or restricted to particular
regions, and (iii) examine the validity of species-level taxonomic assignments of
Antarctic phylotypes using two di�erent taxonomy assignment approaches.

2.2. Methods and materials

2.2.1. Fieldwork, soil storage and DNA extraction

Fieldwork was conducted during the austral summer of November 2011 / January 2012
at Mount Menzies, Mawson Escarpment and Lake Terrasovoje (Fig. 2.1). Satellite
imagery was used to determine several soil-sampling locations within each of the three
regions based on broader glaciological and geological properties (bedrock, moraine
lines and altitude). Within each region, four sites were then opportunistically chosen
for sampling, twelve samples in total. At each sampling site a maximum of 500 g soil
was collected from the top 10 cm of the substratum by combining five subsamples
from the corners and centre of a one metre square quadrat into a sterile WhirlPak
bag (Nasco, Fort Atkinson, US-WI; protocol after Magalhaes et al. 2012). Sample
contamination was minimised by wearing nitrile gloves and cleaning equipment with
wipes soaked in 70 % ethanol. In the field, samples were stored at -30 to +4 °C in
insulated containers (Coleman, Wichita, US-KS). Samples were transported and
stored at -20 °C.
DNA extraction was performed at the South Australian Research and Development
Institute (SARDI) using a method optimised for the retrieval of DNA from di�erent
soil types and the retrieval of invertebrates in agricultural ecosystems for plant
pathogen detection (Haling et al., 2011; Huang et al., 2013; Ophel-Keller et al., 2008;
Pankhurst et al., 1996), that processes 400 g of starting material. Cross contamination
during extraction was detected by measuring the concentration of blank extractions.
DNA was stored at -20 °C (SARDI) and at -60 °C (University of Adelaide).
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2.2.2. Amplification and library generation

PCR and sequencing primer sequences were sourced from the 18S rRNA amplification
protocol 4.13 of the Earth Microbiome Project, as well as groups specialising in
developing HTS methods (Gilbert et al., 2010; Parfrey et al., 2014). Fusion primers
were designed for use with the Illumina platform (project specific design detailed
in supplemental information). Twofold PCR replication was chosen to evaluate the
feasibility of amplifying large numbers of samples in subsequent projects. Amplific-
ations were carried out in a volume of 20 µl, with 2 µl of template, 1.5 mM MgCl2,
1x AmpliTaq Gold bu�er (Thermo Fisher Scientific, Waltham, US-MA), 0.25 mM
of each dNTP, 0.5 µM of forward and reverse primer and 1.25 units AmpliTaq Gold
(Thermo Fisher Scientific, Waltham, US-MA). After initial denaturation at 94 °C for
3 min, PCR was performed with 35 cycles of 94 °C for 45 s, 57 °C for 1 min, and 72 °C
for 1:30 min, with final elongation of 10 min at 72 °C. To monitor and remove con-
tamination, no-template controls were included in the amplification, sequencing and
analysis procedure. Amplicons were visualised on 2 % agarose gels, then duplicates
were pooled and purified using Agencourt AMPure XP beads (Beckman Coulter,
Brea, US-CA). Amplicon DNA concentrations were quantified using a Qubit 2.0
fluorimeter (dsDNA HS Assay - Thermo Fisher Scientific, Waltham, US-MA) and
a 2200 TapeStation with High Sensitivity D1K ScreenTapes (Agilent Technologies,
Santa Clara, US-CA). Amplicons were then combined in equimolar ratios (4.5 pmol,
see supplemental information) and sequenced in both directions on an Illumina MiSeq
using reagents kit v2, 300 cycles (Illumina, San Diego, US-CA; 150 bp paired-end
reads). The MiSeq run was shared with other, unrelated projects.

2.2.3. Read processing

Sequencing adapters and primers were removed using Trimmomatic v0.30 (Lohse
et al., 2012) and AdapterRemoval v1.1 (Lindgreen, 2012). AdapterRemoval was
used to merge paired-end reads. Quality filtering was performed by each of the two
programs; the final merged reads were filtered a third time using the FastX toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/; accessed 1.1.2014, see supplemental in-
formation for detailed settings) to further increase quality of remaining reads. Sub-
sequent steps were performed using QIIME v1.8 (Caporaso et al., 2010). Putative
chimeric sequences were removed with USEARCH v5.2.236 (Edgar, 2010, 2013) by
comparison to the SILVA database v108, which provides curated reference data for 18S
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rDNA amplicons across a wide range of eukaryotes (Pruesse et al., 2007). Sequences
were clustered de novo, as comprehensive reference data is not available for Antarctic
soil biota, the default clustering threshold of 97 % similarity was used similar to other
Antarctic 18S studies (Lawley et al., 2004). In a first taxonomy assignment (using
QIIME), each phylotype (i.e. sequence cluster) was assigned taxonomy from SILVA
database v111 (ftp://thebeast.colorado.edu/pub/QIIME_nonstandard_referencedb/;
accessed 30.6.2014) using UCLUST v1.2.22q (Edgar, 2010, 2013) and the default 90 %
similarity threshold of QIIME. Detailed information is provided in the supplemental
information.
Phylotypes were filtered stepwise using QIIME. Firstly, phylotypes without taxo-
nomic assignments were removed, resulting in retention only of known eukaryotic
phylotypes (i.e. phylotypes contained in the reference database and assigned to
reference information with 97 % similarity). Subsequently, phylotypes present in PCR
controls were subtracted from the Antarctic sample data, preventing the analysis of
reagent contamination. Lastly, phylotypes not assigned to eukaryotes were removed.
Sequence and unique phylotype counts for samples after each filtering step are listed
in supplemental Tab. 2.4. An initial network visualisation of phylotype distribu-
tion across sampling regions was used for further quality evaluation of un-rarefied
eukaryotic phylotype data.

2.2.4. Eukaryotic a and b diversity comparison

Eukaryotic a and b diversity were estimated using rarefied data with QIIME and
R v3.1.1 (R Development Core Team, 2011). Four a diversity metrics were estimated
and b diversity was analysed through Principal Coordinate Analysis (PCoA) of
abundance-weighted and unweighted UniFrac distances (Lozupone and Knight,
2005).
Minimum sequence count for samples from Mount Menzies and Mawson Escarpment
was 163 and 460, respectively (see supplemental Tab. 2.4 and Fig. 2.6) Consequently,
two rarefraction depths were used for a and b diversity comparison of known euka-
ryotes between regions, 160 for the inclusion of all samples, 460 for comparison of
Mawson Escarpment and Lake Terrasovoje only. Sample data were rarefied in steps
of ten, with ten iterations per step for error estimation. Good’s index was used to
estimate coverage (i.e. percentage of the total sequences represented in rarefied data;
Good, 1953). As a second metric, the number of observed known phylotypes was
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included. The network showed both highly and less abundant phylotypes (Fig. 2.2),
hence Shannon diversity and Simpson’s index were included as a diversity metrics;
Shannon’s diversity to increase the weighting of rare phylotypes and Simpson’s index
to increase the weighting of more abundant phylotypes (DeJong, 1975; Shannon, 1948;
Simpson, 1949). Comparison of a diversity metrics between regions was initiated
using rarefraction plots (supplemental Fig. 2.6). Analysis of variance (ANOVA) and
Tukey’s honest significant di�erence tests (HSD) (Tukey, 1949) were then used to
test for significant di�erences at both rarefraction depths.
To detect location specific similarities between individual samples among known
eukaryotes in correlation to latitude and altitude as proxy variables, inter-sample
UniFrac distances were used in the PCoA. These UniFrac distances were calculated
using a phylogenetic tree generated by FASTTREE (Price et al., 2009). For this
tree an alignment was generated from sequences representing each known eukaryotic
phylotype found across all twelve samples using PYNAST (Caporaso et al., 2010),
this alignment was filtered to exclude 10% of the most entropic positions as suggested
by the QIIME documentation. Error estimation was conducted through repeated
distance matrix calculation in conjunction with Jackknife resampling (Efron and
Stein, 1981), sampling depth was set to 160 (all regions) and to 460, respectively
(Mawson Escarpment and Lake Terrasovoje). Master trees for Jackknife resampling
were calculated using un-subsampled data.

2.2.5. Distribution of phylotypes across sites

We explored whether highly abundant known eukaryotic phylotypes have restricted
or widespread distributions in the Prince Charles Mountain using a combination
of QIIME functions and Bash scripts, analogous to the approach of Lawley et al.
(2004). Eukaryotic phylotype data was collated so that it contained only phylotypes
shared across 12 to one samples using QIIMEs sub-setting functions. To prevent
spurious results only phylotypes contributing at least 1% to total sample abundance
were included. Identification of highly abundant phylotypes in resulting soil sample
groups were determined with non-parametric ANOVA (Kruskal and Wallis, 1952) as
implemented in QIIME. All phylotypes were then grouped in categories and mapped
as in Lawley et al. (2004).
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2.3 Results

matches (min. score 100, max. expected 0.001, top percent 10, min. support
percent 0.1, min. support 1, LCA percent 99, min. complexity 0.44, use of
minimal coverage heuristics). Taxonomic profiles were calculated with the pro-
jection method, but with further increased fidelity (min. support percent 1.0).
Literature linked to the taxonomy assignments retrieved from NCBI was used to
evaluate validity.

2.3. Results

2.3.1. Read processing

Despite equimolar pooling of libraries, un-rarefied, eukaryotic phylotype data was
retrieved with unequal coverage across individual samples and sampling regions
(Fig. 2.2). After quality filtering, 2 608 065 merged reads were screened for chimeras.
From the remaining 2 607 945 reads, 8 126 (or 100 % of) phylotypes were obtained of
which 6 779 (83 %) were assigned taxonomy and 5 449 (67 %) retained after removal of
contamination using sub-setting functions in QIIME. After removal of non-eukaryote
and unassigned phylotypes, a total of 2 403 (29.5 %) eukaryotic phylotypes were
retained for further analysis. Eukaryote phylotype numbers were found to be lowest
for Mount Menzies (73 °S; 3 330 m), intermediate at the Mawson Escarpment (73 °S;
807 m), and highest at Lake Terrasovoje (70 °S; 173 m, supplemental Tab. 2.4). The
network analysis provided a graphical view of phylotype distribution per region;
region separation (i.e. disconnected networks) was not observed (Fig. 2.2).

2.3.2. Eukaryotic a and b diversity comparison

Trajectories of rarefraction plots for all regions indicated comparable estimated
sequence coverage, as observed by Good’s indices from 0.8 0.9 (supplemental Fig.
2.6a). The number of observed species was lowest for Mawson Escarpment and

highest for Lake Terrasovoje (supplemental Fig. 2.6b). Simpson and Shannon
indices were comparable between Mount Menzies and Mawson Escarpment, and
below the estimates for Lake Terrasovoje, (supplemental Figs 2.6c and 2.6d). Due
to the low sequence count for Mount Menzies, we chose to exclude Mount Menzies
from further analysis of diversity trends.
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SS = 11.45, MSE = 5.723, F = 4.066, p = 0.055), with Tukey’s HSD’s between Lake
Terrasovoje and Mawson Escarpment (q = 2.249; 95 % CI -z* = -0.093, z* = 4.591;
p = 0.059; not shown in Fig. 2.3 a, see supplemental Tab. 2.6). At the higher rarefrac-
tion depth (460; Fig. 2.3 b) median values for all four a diversity metrics were higher
for Lake Terrasovoje compared to Mawson Escarpment. Significant di�erences were
detected only for Shannon diversity (ANOVA: df = 1, SS = 10.265, MSE = 8.297,
F = 4.066, p = 0.028; HSDs: q = 2.266; 95 % CI -z* = 0.341, z* = 4.190; p = 0.028;
shown with asterisk in Fig. 2.3 b, also see supplemental Tab. 2.6).
Unweighted UniFrac distance comparisons of rarefied phylotype data grouped samples
according to high or low numbers of phylotypes. This was obvious at the low
rarefraction depth, for all samples (Fig. 2.4 a, LT-1 LT-4, ME-1 versus MM-1 MM-
4, ME-2 ME-4), and more pronounced for the regions Mawson Escarpment and
Lake Terrasovoje (Fig. 2.4 c, LT-1 LT-4, ME-1 versus ME-2 ME-4). All samples
with high read coverage were retrieved from altitudes below 600 meters and samples
with low coverage were retrieved from higher altitudes (compare altitude values
in supplemental Tab. 2.1. Weighted UniFrac distance comparisons, although not
resulting in region-specific clustering, separated higher-altitude from lower altitude
samples. This was indicated by the data from all three regions (Fig. 2.4 b, MM-2,
ME-2 and ME-4 versus others) and more obvious when Mount Menzies was excluded
from the analysis (Fig. 2.4 d, MM-2, ME-2 versus others; compare altitude values in
supplemental Tab. 2.1).

2.3.3. Distribution of phylotypes across sites

No phylotype was present in more than six of the 12 samples. In six samples the
most abundant phylotype was assigned to Heterodermia boryi, (mycobiont of desert
ecosystems, see discussion) occurring at Lake Terrasovoje and two samples from
Mawson Escarpment (Bonferroni corrected p = 0.032, 96.9 % sequence similarity,
mean sequence counts 2 340 and 79). In five samples the most abundant phylotype
was assigned to Eimeriidae (bird parasites, see discussion) and other Apicomplexa
and occurred at Lake Terrasovoje and the Mawson Escarpment (Bonferroni corrected
p = 0.031, 96.7 % sequence similarity, mean sequence counts 900 and 67). Most
abundant across four samples was a cercozoan (common soil eukaryote, see discussion)
at Lake Terrasovoje (Bonferroni corrected p = 0.038, 97.7 % sequence similarity, mean
sequence count 1 520.75). The complete list of phylotypes is provided in Appendix A
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(13 reads, Lake Terrasovoje). The complete taxonomic profiles of all three sampling
regions, along with literature evaluation are provided in supplemental Fig. 2.7 and
supplemental information.

2.4. Discussion

Here, we (i) evaluated di�erences in eukaryotic diversity among three regions in
the Prince Charles Mountains, (ii) analysed the identity and distribution of highly
abundant phylotypes across samples, and (iii) examined the validity of species-
level taxonomic assignments of Antarctic phylotypes using two di�erent taxonomy
assignment approaches. Our study provides a first view on micro-eukaryote diversity
of the Prince Charles Mountains, and indicates a possible altitude and latitude related
change of eukaryotic community composition between Mawson Escarpment and Lake
Terrasovoje. Our work also serves as a guide regarding technical considerations for
HTS metagenetic surveys.

2.4.1. Technical considerations

Unequal phylotype coverage among samples and regions (Fig. 2.2, supplemental
Tab. 2.4) are not a result of extraction or PCR biases, but likely reflect the extremely
heterogeneous distribution of Antarctic soil biota (Chown et al., 2015; Convey et al.,
2014; Ettema and Wardle, 2002). Drastic diversity di�erences even between locations
in close proximity are caused by di�erent soil compositions and extreme fluctuations of
abiotic conditions on small spatial scales (Bockheim, 1997; Convey, 2010; Magalhaes
et al., 2012; Marchant and Head, 2007). Consequently, we increased the PCR cycle
number to 35 in anticipation of low DNA yield from Antarctic soils (Dreesens et al.,
2014), compared to other metagenetic assessments (e.g. 30 cycles in Bik et al.,
2012). Subsequently, equimolar library pooling practically excluded PCR biases
or extraction biases to be the cause of di�erences in phylotype coverage. Indeed,
with the exception of MM-1, variation in the number of raw reads per sample was
approximately one order of magnitude (supplemental Tab. 2.4), well within the range
expected in HTS experiments. Hence, we believe the low number of eukaryotic
reads from many of the Mount Menzies and Mawson Escarpment samples accurately
reflects the limited amount of endogenous eukaryote DNA present in these samples.
Additionally, environmental DNA can be highly degraded (Bellemain et al., 2013;
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Taberlet et al., 2012), and soils with low biological activity (i.e. Mount Menzies,
Mawson Escarpment) are presumed proportionally more abundant in degraded DNA
than wetter and warmer soils (i.e. Lake Terrasovoje).
The validity of taxonomic placements of phylotypes is influenced by factors such
as sequencing artefacts, contamination, marker choice, reference data and sequence
coverage (Bohmann et al., 2014; Ficetola et al., 2014; Smith and Peay, 2014; Taberlet
et al., 2012). We took appropriate measures to exclude sequencing artefacts. Our
data filtering method (subtraction of OTUs present in PCR controls from Antarctic
data) prevented us from analysing data that might constitute false positives, such
as cryo- and halo-tolerant yeast species (Rao et al., 2012), which was advisable for
the investigation of highly saline cold desert soils (Bockheim, 1997; Magalhaes et al.,
2012) that we encountered at Mount Menzies and Mawson Escarpment. Although
shortcomings of the 18S marker are known, its application allowed usage of the
SILVA database and hence a comprehensive identification of eukaryotic organisms in
the sampling region (Stenø ien, 2008; Tang et al., 2012; Zhan et al., 2014). Future
environmental DNA studies of cold desert soils similar to Mount Menzies or the
Mawson Escarpment will require higher sequencing e�ort to increase the strength
of statistical conclusions on diversity trends. At the same time, the application
of two taxonomy assignment approaches allowed detection of Antarctic eukaryotic
phylotypes in the sampling area.

2.4.2. Di�erences in eukaryotic diversity among three locations

Although with weak statistical support, significant di�erences in Shannon diversity
between Mawson Escarpment and Lake Terrasovoje are concordant with the general
assumption that biodiversity increases with decreasing latitude and with less stringent
environmental conditions on a global scale as well as in Antarctica (Gaston, 2000;
Howard-Williams et al., 2006; Wu et al., 2011). Consequently, low biodiversity
in extreme Antarctic environments (Wall and Virginia, 1999) such as Mawson
Escarpment (and Mount Menzies) is responsible for the observed variation in sequence
coverage. Since our observations are based on unrarefied data and only weakly
supported in analysis of rarefied data, we limit conclusions to the observation that
Lake Terrasovoje is richest and most diverse in soil eukaryotes in the investigated
sampling area and that more southerly and higher altitude sites are likely to be
substantially less diverse.
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The UniFrac distance measure expresses the distance between communities based
on the lineages they contain, the weighted UniFrac corrects these estimations for
di�erences in sequence coverage (Lozupone and Knight, 2005; Lozupone et al., 2011).
Consequently, groupings observed through unweighted distance analysis (Fig. 2.4 a,
c) are indicative of high diversity and richness of phylotypes at Lake Terrasovoje and
low-altitude samples from the Mawson Escarpment in comparison to other sampling
regions. Weighted UniFrac distance showed each sample supported unique diversity
based on local environmental factors (Fig. 2.4 b,d). More similar communities require
more sequencing to reliably recover their relationships (Lozupone et al., 2011). Hence,
di�erences between low-altitude and high-altitude samples from Lake Terrasovoje
and Mawson Escarpment became more pronounced with increased sampling depth
(Fig. 2.4 c, d). Our results are comparable to earlier metagenetic and traditional
biodiversity studies in Antarctica that showed local biodiversity is highly variable
depending on localised environmental factors (Lawley et al., 2004; Niederberger et al.,
2015). A decrease of diversity with increasing altitude (i.e. from Lake Terrasovoje to
the Mawson Escarpment) could either reflect general trends between biodiversity and
altitude / latitude mentioned above, or age-related salt accumulation in dry polar
desert soils encountered at Mawson Escarpment, when compared to Lake Terrasovoje,
similar to observations in other parts of Antarctica (Bockheim, 1997; Magalhaes
et al., 2012).

2.4.3. Distribution of highly abundant phylotypes

Through the application of HTS we show that protists and lichen (mycobiont) species
constitute important components of Antarctic soil biodiversity. The widespread
distribution of fungi including mycobiont species discovered here (Fig. 2.5) was also
noted in Sanger based metagenetic studies of other regions of Antarctica (Fell et al.,
2006; Lawley et al., 2004). Similarly, the general success of lichens was previously
recognised for other regions of Antarctica (Kappen, 2000). In contradiction to earlier
studies we find non-algal protists, rather than algae, to be the next most abundant
and widely distributed phylotypes across samples (see Lawley et al., 2004), most likely
due to the increased fidelity of our HTS based metagenetic approach in capturing
soil diversity when compared to cloning approaches.
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2.4.4. Validity of species-level taxonomic assignments of
Antarctic phylotypes

Initial taxonomic placement of highly abundant phylotypes across the sampling
range using QIIME allowed detection of organisms that would be expected in the
sampling region. The most abundant phylotypes were assigned to Heterodermia boryi,
Eimeriidae and Cercozoa. Heterodermia boryi is a mycobiont of desert ecosystems
(Moberg and Nash, 1999), and hence the presence of related phylotypes is conceivable
in the sampling region. Eimeriidae are apicomplexan bird parasites (Dolnik et al.,
2009) and were only detected in locations where South Polar Skuas (Catharacta
maccormicki) or Snow Petrels (Pagodroma nivea) were observed during field work
(Lake Terrasovoje and Mawson Escarpment). Finally, cercozoans are known soil
eukaryotes in Antarctica (Cavalier-Smith and Chao, 2003; Fell et al., 2006), and thus
also likely to appear in the sampling region.
Using MEGAN, we implemented an alternative taxonomic assignment approach
that combines taxonomic assignments from several individual reads using heuristic
algorithms, while the QIIME environment assigns taxonomic identity to a phylotype
combined from multiple sequences. Similar to QIIME, taxonomic assignments using
MEGAN also resulted in the identification of species likely to appear in the sampling
range. Lassalia pennsylvani is a lichen species reported from the Blue Mountains
of Australia (Nash III, 1972). The presence of lichen is conceivable due to their
dominance of Antarctic habitats (Kappen, 2000). Cryomyces antarcticus is a well-
studied extremophile fungus known from the Ross Sea region (Selbmann et al.,
2005). Leptobryum pyriforme is a moss species known from Dronning Maud Land
(Kanda and Mochida, 1992). The algae Chlamydomonas reinhartii, Characium
perforatum and Koliella spiculiformis are commonly found in Antarctic soils or
may exhibit a ubiquitous distribution (Fell et al., 2006; Katana et al., 2001; Wilcox
et al., 1993). Other, less likely, species-level assignments are likely to be caused by
a current deficiency of reference data for the 18S gene region (Cowart et al., 2015).
Consequently, increased availability of reference sequence data for Antarctic biota
will allow better species-level taxonomy assignments in the future.

38



2.5 Summary and conclusions

2.5. Summary and conclusions

We show that the application of HTS can provide a rapid survey of eukaryotic
diversity in the PCMs. The relation between phylotype diversity and geographic
location of the three sampling areas is likely indicative of increasing eukaryotic
richness and diversity with decreasing latitude and altitude. In order to retrieve
meaningful a diversity estimates for biologically depauperate Antarctic habitats
using rarefied data, sequencing e�ort has to be further increased. At the same time,
UniFrac distances were well suited to identify biological di�erences between both
individual samples and regions. Through the application of HTS we were able to
show that protists and lichen (mycobiont) species constitute important components
of Antarctic soil biodiversity. Our HTS-based metagenetic approach demonstrates
how taxonomic placement conducted using QIIME and MEGAN allows detection of
highly abundant phylotypes that would be expected in the sampling region.
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2.7. Supplemental data

Scripts and raw sequence data used for analysis are available via Digital Object
Identifier 10.5281/zenodo.32030.1

1Data pre-release with closed access. Data will be available publicly after manuscript publication.

40



2.8 Supplemental information

2.8. Supplemental information: Antarctic eukaryotic
soil diversity of the Prince Charles Mountains
revealed by high-throughput sequencing

2.8.1. Methods and Materials

2.8.1.1. Site description

Mount Menzies Mount Menzies is a peak at 73.5 ° S latitude and 61.83 ° E longit-
ude with an elevation of 3 355 m and located on the large massif between Mounts
Mather and Bayliss, on the southern side of Fisher Glacier in the Prince Charles
Mountains (U.S. Geological Survey Geographical Names Information System,
http://geonames.usgs.gov, retrieved 18.5.2014). The massif is composed of late
Archean granite greenstone and part of the Ruker Terrane (Kamenev et al., 2009).
Winds are strong and cold predominantly from the south-west (US national weather
service, http://earth.nullschool.net, retrieved 23.5.14). Samples were collected from
heights around 1 830 m a.s.l from dry or snow-covered ground (see Tab. 2.1). All
samples were collected below the local ice advance of the last glacial maximum
14 9 kybp (White et al., 2011).

Mawson Escarpment The Mawson Escarpment is flat-topped, west-facing escarp-
ment which extends in a north south direction for 113 km along the eastern side of
the Lambert Glacier (U.S. Geological Survey Geographical Names Information
System, http://geonames.usgs.gov, retrieved 18.5.2014). The region is composed of
late Proterozoic metamorphic rocks and part of the Lambert Province (Kamenev
et al., 2009). Winds are moderate and predominantly easterly (US national weather
service, http://earth.nullschool.net, retrieved 23.5.14). The Mawson Escarpment
samples were collected from “Accidental Valley”, a dry valley uncovered from receded
glaciers (White et al., 2011), from heights around 800 m a.s.l from slightly moist
soils. All samples but one were collected below the local advance of the last glacial
maximum 14-9 kybp (White et al., 2011).

Lake Terrasovoje Lake Terrasovoje is situated within the Amery Oasis, in an
unglaciated area south of the Charybdis Glacier and east of the Loewe Massif
(Wagner et al., 2004). Bedrock of the sampling area is composed of orthogneis,
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part of the tectonic province of the Beaver belt and covered with cenozoic moraine
deposits (Kamenev et al., 2009). The area has the lowest altitude in the Prince
Charles Mountains (Tingey, 1974). Predominant winds are southwesterly (US
national weather service, http://earth.nullschool.net, retrieved 23.5.14). Samples were
recovered from mostly moist soils (see Tab. 2.1). The last (local) glacial maximum
receded in the area 18 12 kybp, considerably earlier then at the other sites (White
et al., 2011).

Table 2.1.: Observation metadata for samples used for molecular analysis. Regions:
“MM” - Mount Menzies, “ME” - Mawson Escarpment, “LT” - Lake Terrasovoje. Lat-
itude and longitude provided in decimal degrees, datum WGS84. Elevation estim-
ated using a handheld GPS receiver (Garmin eTrex Summit®, Lenexa, US-KS).
Invertebrate counts based on 10 min observations.

Library Region Latitude Longitude Elevation (m) Date Time Soil Temp. (° C) Invertebrates Slope (°) Aspect
MM-1 MM -73.4229 61.8712 1 513 26-Nov-11 11:00 4.1 0 5 NE
MM-2 -73.4003 62.0537 1 988 27-Nov-11 15:00 -15.3 0 3 SE
MM-3 -73.4258 61.9567 1 800 29-Nov-11 11:20 -4.3 0 10 NE
MM-4 73.4292 61.9403 2 020 29-Nov-11 12:45 -1.0 0 22 NE
ME-1 ME -73.3263 68.3014 563 15-Dec-11 16:00 5.0 0 10 W
ME-2 -73.3047 68.4498 994 17-Dec-11 16:20 8.5 0 0 -
ME-3 -73.3164 68.4417 651 18-Dec-11 17:53 9.6 0 0 W
ME-4 -73.3091 68.4319 1 020 19-Dec-11 14:49 7.6 0 30 N
LT-1 LT -70.5274 67.8257 103 13-Jan-12 12:30 9.1 116 2 NNE
LT-2 -70.5394 67.9112 223 13-Jan-12 15:05 8.1 0 0 -
LT-3 -70.5267 67.8723 156 13-Jan-12 15:30 13.7 0 8 SSE
LT-4 -70.5438 67.9061 212 13-Jan-12 18:31 11.9 30 0 -

Table 2.2.: Laboratory specific information for the generation of metagenomic
libraries, incl. barcode assignment. Also provided are concentration values of DNA
amplicons. Concentration of individual libraries on the TapeStation instrument
estimated through integration under a peak of 250 bp.

Sample origin Sample type Extraction ID Library ID Barcode sequence Amplicon conc. (ng / ml) Amplicon conc. (pmol / ml) Used in pooling (ml) In pool. (pmol)*
Mount Menzies Soil AC8310 MM-1, 131016AB1 AACAAACTGCCA 1.82 1.08 4.12 4.5
Mount Menzies Soil AC8312 MM-2, 131016AB2 CGTGCACAATTG 0.53 0.31 14.15 4.4
Mount Menzies Soil AC8319 MM-3, 131016AB3 TAGCGCGAACTT 2.64 1.57 2.84 4.5
Mount Menzies Soil AC8320 MM-4, 131016AB4 CTCATCATGTTC 4.44 2.64 1.69 4.5
PCR Laboratory PCR negative - 131016AB5 TCAGGTTGCCCA 0.55 0.33 13.64 4.5
Mawson Escarpment Soil AC8343 ME-1, 131016AB6 CACCGAAATCTG 6.72 3.99 1.12 4.5
Mawson Escarpment Soil AC8347 ME-2, 131016AB7 CACGACTTGACA 7.64 4.54 0.98 4.4
Mawson Escarpment Soil AC8350 ME-3, 131016AB8 CGACACGGAGAA 0.9 0.53 8.33 4.4
Mawson Escarpment Soil AC8353 ME-4, 131016CD1 TACAGTTACGCG 4.98 2.96 1.51 4.5
PCR Laboratory PCR negative - 131016CD2 CGGCCTAAGTTC 0.48 0.29 15.63 4.5
Lake Terrasovoje Soil AC8372 LT-1, 131016CD3 CATACACGCACC 7.19 4.27 1.04 4.4
Lake Terrasovoje Soil AC8374 LT-2, 131016CD4 CCAGGGACTTCT 1.39 0.83 5.40 4.5
Lake Terrasovoje Soil AC8375 LT-3, 131016CD5 TCATTCCACTCA 1.1 0.65 6.82 4.4
Lake Terrasovoje Soil AC8377 LT-4, 131016CD6 TGACGTAGAACT 1.11 0.66 6.76 4.5
PCR Laboratory PCR negative - 131016CD7 CTTGGAGGCTTA 0.45 0.27 16.67 4.5
Other Antarctic Study PCR positive AV22 131016CD8 GAACCTATGACA 0.06 - - -

2.8.1.2. Sample selection

All extracts processed from Mount Menzies derived from samples collected in heights
around 1 830 m a.s.l from dry or snow-covered ground and below the local ice advance
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of the last glacial maximum 14 9 kybp (White et al., 2011). Extracts processed
from the Mawson Escarpment derived from samples collected in heights around
800 m a.s.l from slightly moist soils, all but one collected below the local advance
of the last glacial maximum 14-9 kybp (White et al., 2011). Extracts from Lake
Terrasovoje derived from samples recovered from mostly moist soils. The local last
glacial maximum receded in that area 18 12 kybp, considerably earlier then at the
other two sites, hence surfaces from Lake Terrasovoje constitute the oldest deposits
in the sampling regime. Observations metadata of soil samples processed in this work
are listed in Tab. 2.1. Sample details for molecular lab work are listed in Tab. 2.2.

2.8.1.3. Marker selection and primer structure

Like all other possible marker gene regions, the 18S gene region has drawbacks as
well as benefits for the application in metagenomic studies. Firstly, the gene region
is highly conserved and thus known to have impaired ability to resolve phylogenies
in land plants (Stenø ien, 2008), but was chosen for its ability to allow detection of a
wider range of organisms then other gene regions (Medlin et al., 1988). Secondly, the
18S gene region is known to underestimate biodiversity in broad taxonomic surveys
(Tang et al., 2012), but was chosen for o�ering extensive reference data, which is
crucial for the detection of biodiversity. Also, the 18S gene region has frequently been
applied in metagenomic surveys including Antarctica (Lawley et al., 2004; Venter
et al., 2004).
We used the primers “Illumina_EukBr“ as well as “Illumina_Euk_1391f” (the latter
with di�erent barcodes per sample, and su�cient redundancy to allow sequence error
correction Golay 1949; Parfrey et al. 2014). These primers are suitable for paired-end
18S rRNA sequencing of eukaryotic communities on the Illumina MiSeq platform
(Gilbert et al., 2010; Parfrey et al., 2014). “Illumina_Euk_1391f” contains a three
domain priming sequence “1391f”. “Illumina_EukBr“ carries a eukaryote-specific
“EukBr” priming sequence (Medlin et al., 1988). Amplicon sequencing procedures
for the MiSeq platform followed previous approaches (Caporaso et al., 2012; Parfrey
et al., 2014).

Forward PCR primer sequence The forward primer contains the following se-
quences (Parfrey et al., 2014):

5’ Illumina adapter - forward primer pad - Forward primer linker - Forward primer
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(1391f).
5’ AATGATACGGCGACCACCGAGATCTACAC - TATCGCCGTT - CG - GTACACACCGCCCGTC 3’

Reverse PCR primer sequences The reverse primer contains the following se-
quences (Parfrey et al., 2014):

Reverse complement of 3’ Illumina adapter - Golay barcode (see Tab. 2.2) - Reverse
primer pad - Reverse primer linker - Reverse primer (EukBr).
5’ CAAGCAGAAGACGGCATACGAGAT - TCCCTTGTCTCC - AGTCAGTCAG - CA -
TGATCCTTCTGCAGGTTCACCTAC 3’

2.8.1.4. Amplification and library generation

Further comments on amplification PCRs were carried out in duplicate. Al-
though three- to eightfold PCR replication recommended in metagenomic studies
by some authors, sequence coverage constitutes the main factor that influences the
credibility of ecological inferences (Ficetola et al., 2014; Gilbert et al., 2010; Smith
and Peay, 2014). To allow cost-e�cient processing, twofold PCR replication was
chosen with regard to possible future larger-scale application. PCR of environmental
DNA employing high cycle numbers is inadvisable, since it increases the amount of
chimeric sequences (Ahn et al., 2012; Kanagawa, 2003). Even so, the comparatively
high amount of PCR cycles was necessary to retrieve enough starting material from
depauperate Antarctic soils. PCR products were pooled at equimolar ratios as listed
in Tab. 2.2. We generated sequence data from PCR negative controls. Cross contam-
ination during the extraction phase was controlled via concentration measurements
of extraction blank reactions.

2.8.1.5. Technical sequence removal, clustering, taxonomy assignment

TRIMMOMATIC Quality filtering of metagenetic data is important to retrieve
meaningful results (Bokulich et al., 2013). As a first step to achieve high quality
data, forward and reverse reads were quality filtered and stripped from technical
sequences (i.e. adapter and primer sequences) using TRIMMOMATIC 0.32 (Lohse
et al., 2012) and a custom input .fasta file and parameters. The custom .fasta file
for trimming contained the primer sequences as follows (newline character omitted):
>Prefix18S/1 CGGTACACACCGCCCGTC
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>Prefix18S/2 CATGATCCTTCTGCAGGTTCACCTAC

>RevPrimerRC/1 GTAGGTGAACCTGCAGAAGGATCATG

>FwdPrimerRC/2 GACGGGCGGTGTGTACCG

TRIMMOMATIC was called in paired end mode according to the manual, and with
the clipping and filtering parameters as follows:

ILLUMINACLIP:<filename>.fa:3:25:8:1:true MAXINFO:20:0.3 LEADING:4 MINLEN:

The ILLUMINACLIP parameter clips adapter and primer sequences contained in the
specified .fasta file from both reverse and forward read with high accuracy. We
allowed for three mismatches during sequence matching, using a threshold value of
25 to set the accuracy during palindrome clipping. Simple clip threshold was set to
eight, the minimum adapter length for clipping was set to one bp. Both reads were
retained for further processing (true) to retain quality values of both reads (as well
as sequence di�erences in few cases). The MAXINFO parameter allows quality filtering
of the clipped reads. With target length for the filtering algorithm set to 20, and a
strictness of 0.3, we applied a moderate quality filtering at this stage. The LEADING
parameter was used to clip low quality bases (below 4) from the beginning of the
reads to facilitate read collapsing in further steps. MINLEN specifies that all reads
below 30 bp in length were discarded, which facilitated collapsing of only high quality
reads in the next steps. For further information please refer to the TRIMMOMATIC
manual.

ADAPTERREMOVAL Corresponding read pairs that passed filtering through
TRIMMOMATIC were collapsed using ADAPTERREMOVAL 1.1 (Lindgreen, 2012)
ADAPTERREMOVAL was called in paired-end mode according to the manual and
as follows:

--trimns --maxns 10 --trimqualities --minquality 10 --collapse --stats --minlength
50

--shift 20--pcr1 GTAGGTGAACCTGCAGAAGGATCA --pcr2 GACGGGCGGTGTGTAC

ADAPTERREMOVAL was chosen to collapse read pairs and to our knowledge
currently2 is the only program capable of collapsing paired end reads using quality
scores and retaining quality scores in the collapsed reads. While primarily interested

2July 2014
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in collapsing the paired reads into a single read and retain quality scores, we used
the program to apply further quality filtering of the sequences. N’s were removed
from the read pairs using --trimns, the maximum number of N’s per read was
allowed to be 10 (--maxns 10). Quality trimming was applied to reads with a Phred
score below 10 with --trimqualities and --minquality 10. Reads pairs were
collapsed to single sequences (--collapse), the procedure was monitored (--stats),
and the minimum length of reads to be kept was set to 50 (--minlength 50). To
maximise the amount of collapsed reads the alignment between read pairs was
allowed to be shifted a maximum of 20 bp (--shift 20). The adapter sequences
were passed to the program only because it requires them as an input (--pcr1
GTAGGTGAACCTGCAGAAGGATCA --pcr2 GACGGGCGGTGTGTAC).

FastX toolkit The collapsed reads were quality filtered using the FastX toolkit
0.0.13 (http://hannonlab.cshl.edu/) to achieve an average quality of Q30 across at
least 95% of each read:

Fastq_quality_filter -Q33 -q 30 -p 95 <filename>

Quality Assessment Read processing was monitored using FastQC v0.10.1
(http://hannonlab.cshl.edu/) and Geneious 7.1.2 (http://www.geneious.com/). Col-
lapsed reads were converted from .fastq to .fasta using Galaxy (Giardine et al.,
2005).

Chimera removal Artefact detection and removal is a frequent problem in meta-
genomic studies (Creer et al., 2010; Edgar, 2013; Ficetola et al., 2014). Chimera
removal was done using QIIME environment 1.8.0 (Caporaso et al., 2010):
identify_chimeric_seqs.py identified putatively chimeric sequences among the

unclustered sequences data by comparison to the SILVA database release
108 (http://www.arb-silva.de/no_cache/download/archive/qiime/ and Pruesse
et al., 2007) with USEARCH (Edgar, 2010). The script was called with default
parameters.

filter_fasta.py was used to remove chimeric sequences were removed from the
un-clustered sequences data according to the QIIME manuals.
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Sequence clustering and initial taxonomy assignment The validity of taxonomic
placements of phylotypes is influenced by a number of factors, such as sequence
artefacts, contamination and sequence coverage as well as marker choice, and most
importantly, reference data (Bohmann et al., 2014; Ficetola et al., 2014; Taberlet
et al., 2012). For these reasons was advisable to compare the QIIME based tax-
onomy assignment with another approach (MEGAN). Sequence clustering and initial
taxonomy assignment was performed using the QIIME environment 1.8.0:
pick_otus.py was used for de-novo clustering of sequences at 97 % similarity em-

ploying UCLUST 1.2.22q (Edgar, 2010). The de-novo clustering approach
was used to enable clustering unimpeded by potentially insu�cient taxonomic
information, the threshold was chosen to allow comparability to similar explor-
atory studies (Lawley et al., 2004). Reverse strand matching was enabled (-z),
as well as the --optimal and --exact flags, to consider each sequence in the
dataset as a possible cluster seed.

pick_rep_set.py with default parameters was used to extract cluster seed sequences
from the complete data as representative phylotypes sequences for taxonomy
assignment.

assign_taxonomy.py was then applied to assign representative phylotypes with
taxonomy information from the SILVA database release 111 (ftp://thebeast.
colorado.edu/pub/QIIME_nonstandard_referencedb/Silva_111.tgz) using
UCLUST 1.2.22q. A similarity threshold of 90 % was chosen to assign phylotype
sequences with taxonomy from the reference database.
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phylotypes belonging to PCR negative controls and removal of non-eukaryotic
phylotypes form the data. These steps removed a high number of phylotypes
from the raw data, indicative of the successful removal of background contam-
ination from the Antarctic eukaryote data (Tab. 2.4). Further information can
be found in the QIIME documentation.

biom summarize -table provided summary counts and statistics of phylotype
sequence abundance before and after filtering of phylotype tables. The
-qualitative flag was employed for the retrieval of counts for unique phylo-
types.

Eukaryotic a diversity comparison Eukaryotic a diversity comparison was per-
formed using QIIME and R 3.1.1 (R Development Core Team, 2011):
make_otu_network.py was applied with default parameters and CYTOSCAPE

3.1.1, http://www.cytoscape.org/, to depict the un-rarified, quality-filtered,
eukaryotic phylotypes.

alpha_rarefaction.py was used for eukaryotic a diversity comparison in conjunc-
tion and with parameter files to alter the default behaviour of the script.
Phylotype tables were rarified at depth from ten to 1 000 sequences in step
sizes of ten, with ten iterations per step to estimate rarefaction error. The
script produced rarefraction plots for the chosen a diversity metrics for samples
combined per sampling region (Mount Menzies, Mawson Escarpment and Lake
Terrasovoje).

R v3.1.1 was used to compare eukaryotic a diversity between the three regions. Firstly,
the averaged (from 10 iterations, see above) a diversity measures for each sample
were obtained, namely values for both rarefraction levels and the four evaluated
metrics (Goods coverage, Shannon diversity, observed phylotypes and Simpson index).
These values were imported into R version 3.1.1 (2014-07-10), averaged per sampling
location, and plotted using R’s boxplot() function. Analysis of variance (ANOVA)
was performed using the aov() function, followed by a Turkey’s honest significant
di�erence test (Tukey, 1949) using the TukeyHSD() function, the latter with and a
confidence level of 95%.

Eukaryotic b diversity comparison
jackknifed_beta_diversity.py was used for eukaryotic b diversity comparison,

using Unifrac distances between samples, rarified data, and Principal Co-
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ordinate Analysis (PCoA). After manually removing all gap-only sites of this
alignment, alignment filtering was performed using the QIIME command
filter_alignment.py with -e 0.10 to remove the top 10 % most entropic
base positions, as recommended by the QIIME documentation. The script
jackknifed_beta_diversity.py then calculated Unifrac distance metrics on
rarified phylotype tables. Jackknife replicated was performed 160 (all three
regions) or 460 times (excluding Mount Menzies). For further information refer
to the QIIME documentation.

Distribution of phylotypes across sites
group_significance.py was used to detect unique phylotypes shared across in-

creasingly smaller groups of samples belonging to the three sampling regions
(Mount Menzies, Mawson Escarpment, Lake Terrasovoje), comparable to the
approach of Lawley et al. (2004). Testing for significant di�erences in phylotype
composition between sampling regions was performed using non-parametric ana-
lysis of variance (ANOVA-Kruskal and Wallis, 1952). One-thousand replicates
were used for the non-parametric test.

2.8.2. Results and comments

2.8.2.1. Read processing

Technical sequence removal Tab. 2.3 provides an overview of the read counts
during the read merging and filtering procedure. Quality filtering removed compar-
atively large amounts of reads from samples with low eukaryotic load, particularly
from Mount Menzies, as obvious from the equimolar pooling of libraries (Tab. 2.2
and Tab. 2.4).

Table 2.3.: Results of read merging and quality filtering of raw data, as reported by
FastQC. During sequencing a total of 74 libraries were sequenced, with 22 libraries
related to this project (Tab. 2.2), and 52 samples from unrelated projects. The
read count reported here only reports sequence counts related to this project.

Step Raw reads TRIMMOMATIC Adapter removal FastX filtering
Read type Mate 1 Mate 2 Mate 1 Mate 2 Merged Merged
Read count 3,009,179 3,009,179 2,885 068 2,885,110 2,692,746 2,608,065
Mean quality per read 37 37 37 37 40 40
Sequence length 151 151 30 151 30 151 51 290 51 290
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Chimera removal and successive phylotype filtering From a total of 2 608 065
merged reads, 611 were identified as chimeras based on reference comparison and
209 were identified as chimeras based on de-novo clustering. After removal of 120
chimeric sequences the union of sequences detected as non-chimeras by both methods
(2 607 945) was used for clustering as per default setting in QIIME. Tab. 2.4 provides
an overview of the phylotype counts during the filtering procedure. Subtraction of
contamination contained in PCR negatives removed a high number of phylotypes
from the raw data, indicative of the successful removal of background contamination
from the Antarctic eukaryote data.

Table 2.4.: Phylotype counts during filtering steps, given are counts for sequences
(’Reads’) and counts of unique phylotypes (’Phylotypes’) in each sample. First
column contains amount of sequenced DNA for comparison, as also listed in
Table 2.2. ’chimeras removed’: Chimera-screened raw data; ’With taxonomy’:
data successfully assigned with taxonomy strings contained in SILVA database;
’Contaminants subtracted: counts after subtraction of data contained in PCR and
extraction blank controls from the Antarctic samples; ’Eukaryotic phylotypes’:
Counts for data assigned to eukaryote domain. Phylotypes were clustered across
all data and may overlap between regions (compare Fig. 2); hence summary counts
are di�erent to summary for complete data in main text.

Sample Sequenced (pmol) Chimeras removed With taxonomy Contaminants subtracted Eukaryotic phylotypes
Reads Phylotypes Reads Phylotypes Reads Phylotypes Reads Phylotypes

MM-1 4.5 3,201 76 3,088 75 164 52 163 51
MM-2 4.4 38,932 139 37,877 131 949 82 311 64
MM-3 4.5 46,472 294 31,063 190 8797 140 197 22
MM-4 4.5 64,501 420 61,908 390 6,794 337 2,375 143
Sum - 153,106 929 133,936 786 16,704 611 3,046 280
Mean - 38,276 232 33,484 196 4176 152 761 70
SD - 25,726 155 24,200 137 4,272 128 1,077 51

ME-1 4.5 74,283 401 58,340 321 38,166 270 37,065 168
ME-2 4.4 33,535 161 31,322 112 1,353 84 628 62
ME-3 4.4 32,114 100 13,600 52 3,578 33 462 8
ME-4 4.5 45,111 318 40,664 281 8,668 226 1,175 92
Sum - 185,043 980 143,926 766 51,765 613 39,330 330
Mean - 46,260 245 35,981 191 12,941 153 9,832 82
SD - 19,567 138 18,658 129 17,092 112 18,157 66

LT-1 4.4 47,981 697 41,543 619 25,741 547 19,159 144
LT-2 4.5 481,984 2,750 408,301 2,271 194,451 2,119 104,695 669
LT-3 4.4 509,729 2,567 454,680 2,235 143,266 2,091 60,432 767
LT-4 4.5 454,322 2,243 441,012 2,081 110,658 1,942 49,631 834
Sum - 1,794,016 8257 1,345,536 7,206 474,116 6,699 233,917 2414
Mean - 373,504 2,064 336,384 1,801 118,529 1674 58,479 603
SD - 218,190 935 197,521 792 70,822 755 35,421 313

2.8.2.2. Data analysis

Eukaryotic a and b diversity comparison Results of rarefraction analysis, includ-
ing error values are given in Tab. 2.5 for both rarefraction depths.

51



2.8 Supplemental information

Table 2.5.: Eukaryotic a diversity metrics. Values given per sampling region, com-
bined from four libraries per region, “MM” - Mount Menzies, “ME” - Mawson
Escarpment, “LT” - Lake Terrasovoje. “n” = rarefaction depth, values are given
for 160 and 460 sequences (“Goods” - Goods coverage, “Phylotypes” - observed
phylotypes, “Simpson” - Simpson Index, “Shannon” - Shannon Diversity). Rar-
efaction results for Mount Menzies limited to a maximum of 160 sequences due to
low sequence coverage for that sampling region. Error values (Standard Deviation)
obtained from 10 iterations at the given depth. Observed species values rounded
to integers.

Region n Goods Phylotypes Simpson Shannon
x̄ ‡

x̄

x̄ ‡

x̄

x̄ ‡

x̄

x̄ ‡

x̄

MM 160 0.868 0.039 31 13.277 0.584 0.262 2.564 1.191
ME 160 0.937 0.039 17 8.745 0.574 0.331 2.146 1.321

460 0.953 0.035 33 16.355 0.579 0.330 2.270 1.358
LT 160 0.918 0.034 37 6.245 0.924 0.009 4.395 0.073

460 0.970 0.008 50 8.768 0.926 0.008 4.536 0.111

Results of ANOVA of region-specific a diversity variance means are given in Tab. 2.6.
Di�erences of means are significant for Shannon diversity at both rarefraction levels,
significance is stronger for the deeper rarefraction level. Variance di�erences of
Shannon diversity are significant between Lake Terrasovoje and Mawson Escarpment
for both rarefraction levels.

Distribution of phylotypes across sites All results of phylotype comparison across
di�erent sample groups in non-parametric ANOVA are shown in Appendix A. Phylo-
types listed in that table are briefly commented here:

• The most widespread phylotype (six samples) was most prominent at Lake
Terrasovoje, present at Mawson Escarpment and highly similar to Heterodermia
boryi, a lichen mycobiont genus described from desert ecosystems (Moberg and
Nash, 1999) (see main text and Appendix A).

• Undescribed representatives of the Apicomplexa (Eimeriidae) were assigned to
a phylotype contained in 5 of the 12 samples predominantly at Lake Terrasovoje
and also at Mawson Escarpment. Since closely related species are described
as parasites in birds (Dolnik et al., 2009), and Mount Menzies was the only
place were birds were not observed during the field campaign, the presence of
Eimeriidae at Lake Terrasovoje and Mawson Escarpment could be linked to
the presence of birds.
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Table 2.6.: Results of pairwise comparison of region-specific a diversity metrics
in ANOVA. Test were conducted for rarefraction levels of 160 sequences and
460 sequences, the former allowing inclusion of all libraries, the latter allowing
testing of di�erences between Mawson Escarpment and Lake Terrasovoje at the
deepest possible rarefraction depth. “Region” - Libraries were grouped into broader
regions (Mount Menzies, Mawson Escarpment, Lake Terrasovoje) by obtaining
the mean across all four respective samples, residuals are also given (“Residuals”).
“Depth”: rarefraction depth, “Metric”: evaluated a diversity metric (“Goods” -
Goods coverage, “Phylotypes” - observed phylotypes, “Simpson” - Simpson Index,
“Shannon” - Shannon Diversity), “Df”: degrees of freedom, “Sum Sq”: sum of
squares, “Mean Sq”: mean squares, “F value”: F ratio, “Pr (> F)”, significance
probability value associated with the F Value. Significance codes: 0 0.001: “***”,
0.001 0.01: “**”, 0.01 0.05: “*”, 0.05 0.1: “.”, 0.1 1: “ ”. Significant values
in bold.

Depth Metric Location Df Sum Sq Mean Sq F value Pr (>F) Significance
160 Goods Location 2 0.01015 0.005073 2.731 0.118

Residuals 9 0.01672 0.001858
Phylotypes Location 2 779.4 389.7 3.005 0.1

Residuals 9 1167.1 129.7
Simpson Location 2 0.3171 0.15856 1.996 0.192

Residuals 9 0.7151 0.07946
Shannon Location 2 11.45 5.723 4.066 0.0552 .

Residuals 9 12.67 1.408
460 Goods Location 1 0.000595 0.0005951 0.699 0.435

Residuals 6 0.005112 0.0008520
Phylotypes Location 1 534.6 534.6 2.329 0.178

Residuals 6 1377.4 229.6
Simpson Location 1 0.2408 0.24082 3.317 0.118

Residuals 6 0.4357 0.07261
Shannon Location 1 10.265 10.265 8.297 0.028 *

Residuals 6 7.423 1.237

• Other significant phylotype occurrences at Lake Terrasovoje were present across
four soil samples and assigned to Thecofilosea and Glissomonadida, both are
belonging to the cercozoans (Cavalier-Smith and Chao, 2003) and are known
soil eukaryotes (Howe et al., 2011) (see Appendix A). Notably these cercozoan
phylotypes are present in many more samples, although not in significantly
di�erent abundances between compared groups, most likely due to Bonferroni
p values increased by larger samples sizes.

• Generally, between all compared groups of samples, Ascomycote and Basidomy-
cote phylotypes as well as protists and other unicellular eukaryotes determine
site specific abundance di�erences, indicative of lichen as well as unicellular euk-
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aryotes being the main components of biodiversity in the sampled regions. High
diversity and widespread presence of lichen in the sampled regions corroborate
views, which deem lichen to be greatly successful and diverse in Antarctica
(Kappen, 2000). The presence of unicellular eukaryotes similar to the ones
detected here (such Cercozoans and Stramenopiles) is known from early and
recent clone-based metagenomic surveys conducted in Antarctica (Fell et al.,
2006; Gokul et al., 2013; Lawley et al., 2004).

• A match to Microcaeculus (Acarina: Caeculidae) was detected at Lake Terraso-
voje. The DNA sequence used for taxonomy assignment most likely stems from
Australian specimens (Otto, 1993; Otto and Wilson, 2001) which only allow a
coarse identification of this phylotype. Mites are well known from Antarctic
soils (Convey et al., 2008) and di�erent species were frequently observed during
field work at Mawson Escarpment and Lake Terrasovoje.

• Furthermore, many eukaryotic phylotypes detected are flagged as uncultured,
indicative of the presence of a not-well known diversity of soil eukaryotes in
the sampling region.

Species-level assignment of phylotypes Comparison of taxonomic profiles at
species level are shown in Fig. 2.7. Species level assignments within major detected
groups there are briefly commented here:
Opisthokonts are by far the most diverse eukaryotic group detected in this work

on a species level, in line with the overall high sequence coverage of this
group. At the same time it is di�cult to assess the validity of the species
level assignments. In a few cases phylotypes are highly similar (i.e. within
the threshold parameters of MEGAN, compare main text) to known Antarctic
species, particularly when assignments have high query read counts. In many
cases and when the query read count is low, assignments may be from organisms
that are unlikely to appear in Antarctica. Among the latter are:

Alternaria alternata - An ascomycote known report from desert plant material
in the USA (Parchert et al., 2012). Identified here from three reads
derived from Mount Menzies

Sporidiobilales - Reported as yeast species from Thailand (Limtong et al.,
2014). Antarctica is home to yeast species (Fell et al., 2006), but
yeast species are also found anywhere else in the world.
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Dreschslera biseptata - A plant pathogen of grass seeds, reported world wide
(Leach and Tulloch, 1972). We did not observe grass species in the
sampling area.

Toxicocladosporium posoqueriae - Fungus, plant pathogen, detected in Aus-
tralia (Crous et al., 2012). Possible contamination since all lab
work was carried out in Australia, or insu�cient reference data.

Bagniseilla examinans - Identified on plant material also from deserts (Parchert
et al., 2012). No higher plants present in sampling area.

Lophium mytelium - Fungus found on wood (Bisby and Dennis, 1952). Unlikely
because no wood was observed in the sampling area.

Teratosphaeriaceae - Members of this family are likely to be contamination
because members of this family are frequent pathogen of Eukalyptus
(Pérez et al., 2012), common to Australia. Otherwise location bias
in the reference data is possible.

Masseria sp. - Is a phylogenetically isolated genus of Ascomycetes, a plant para-
site with high host specificity (Voglmayr and Jaklitsch, 2011). No
higher plant were observed in the sampling area, hence occurrence
of Masseria in Antarctica is unlikely.

The return of such unlikely hits could be caused either a lack of reference data,
biased reference data, contamination, or chimeric sequences. Two phylotypes
within the Opisthokonts were assigned to taxonomic groups whose presence is
possible in Antarctica and passed the species assignment threshold in MEGAN.
These are:
Lassalia pennsylvani - A lichen species reported from the blue Mountains

(Nash III, 1972). Probable because lichen are common in Antarctica,
despite the Australian species occurrence.

Cryomyces antarcticus - a well known and well studies Antarctic extremophile
fungus from Antarctica, reported here in high abundance from Lake
Terrasovoje.
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Figure 2.7.: C o m p a r i s o n o f t a x o n o m i c p r o fi l e s c o n d u c t e d i n M E G A N f o r s p e c i e s -
l e v e l a s s i g n m e n t . B l a c k - a b o v e p r o fi l i n g t h r e s h o l d s , g r e y - b e l o w p r o fi l i n g
t h r e s h o l d s . Y e l l o w - L a k e T e r r a s o v o j e , o r a n g e - M a w s o n E s c a r p m e n t , g r e e n -
M o u n t M e n z i e s . B a r - p l o t s w i t h l o g a r i t h m i c s c a l i n g , v a l u e s i n b r a c k e t s i n d i c a t e
a s s i g n e d r e a d s p e r s a m p l e . D i s t r i b u t i o n o f s p e c i e s c h e c k e d v i a G l o b a l B i o d i v e r s i t y
I n f o r m a t i o n S y s t e m ( h t t p : / / w w w . g b i f . o r g / - 2 0 . 1 1 . 2 0 1 4 ) : An t a r c t i c - “ * * * ” , Ar c t i c
a n d S u b a r c t i c “ * * ” , t e m p e r a t e “ * ” . L i k e l y m i s i d e n t i fi c a t i o n o r c o n t a m i n a t i o n - “ # ” .
I n t e r m i s s i o n s o f b r a n c h e s i n d i c a t i v e o f c a t e g o r i e s o f t h e N C B I t a x o n o m y , n a m e s
a r e o n l y g i v e n f o r s e l e c t e d c a t e g o r i e s .

Heterolobosea T h e m a t c h o f p h y l o t y p e s f r o m L a k e T e r r a s o v o j e a n d M a w s o n E s -
c a r p m e n t t o a s i n g l e s p e c i e s o f H e t e r o l o b o s e a c o u l d b e i n d i c a t i v e o f t h e s e
u n i c e l l u l a r e u k a r y o t e s r e q u i r i n g w a t e r a s w e l l a s c e r t a i n o t h e r t a x a t o f e e d o n -
t h e o n l y r e c e n t r e p o r t m e n t i o n i n g H e t e r o l o b o s e a i n A n t a r c t i c p r o x i m i t y r e p o r t s
s e v e r a l m e m b e r s o f t h i s g r o u p s f e e d i n g o n b a c t e r i a a n d d e t r i t u s a t t h e c o a s t o f
K i n g G e o r g e I s l a n d ( T i k h o n e n k o v , 2 0 1 3 ) .

Cercozoa a r e c o m m o n e u k a r y o t i c s o i l p r e d a t o r s t h a t h a v e b e e n r e p o r t e d f r o m t h e
M c M u r d o d r y v a l l e y s o f A n t a r c t i c a ( B a s s e t a l . , 2 0 0 9 ; F e l l e t a l . , 2 0 0 6 ) . T h e
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taxonomy assignment identifies:

Cavernomonas stercoris - 4-9 mm in size, was first isolated from Antelope
Island, Great Salt Lake (Bass et al., 2009). Cavernomonas is thus a
relatively recently described cercozoan genus. Metagenomic surveys
may in the future be well suited to detect microscopic eukaryotes
across a wide range of possible new habitats, given that suitable
reference sequences are available.

Streptophyta Phylotype identification appears to be highly dependent on read
coverage per taxon, due to the LCA algorithm implemented in MEGAN
(Huson and Weber, 2013):

Leptobryum pyriforme - Is a moss species known from Dronning Maud Land
(Kanda and Mochida, 1992). While this assignment is a good
example that the detection of Antarctic moss species is possible
with the present methodology, it also becomes obvious that this
is only possible with a su�ciently high read count. Streptophyte
phylotypes with less coverage return spurious matches such as
Cicer arietinum (chick pea) and Lagenaria siceraria (bottle gurd).
Hence, while the 18S region appears to be well suited to detect
algal phylotypes in soils (also due to the availability of reference
sequences), the correct identification of mosses may be impeded
by the slow evolutionary rate of the 18S marker in this group,
that only allows it’s detection with su�ciently high read counts,
due to the properties of the LCA algorithm (Huson and Weber,
2013; Stenø ien, 2008). The detection of phylotypes similar to
Klebsormidium flaccidum is interesting. Although this algal species
has a recognised temperate distribution (see Fig. 2.7), it is also
capable of cold acclimation (Nagao et al., 2008), and hence may in
fact be present at Lake Terrasovoje.

Chlorophyta At Mawson Escapement and Lake Terrasovoje, species level assign-
ments within Chlorophyta indicated the presence of phylotypes similar (i.e.
within the threshold parameters of MEGAN, compare main text) to:

Chlamydomonas reinhartii - Commonly found in soils (Marchant and Head,
2007).

Characium perforatum - Well studied soil algae (Wilcox et al., 1993).
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Koliella spiculiformis - Well studied soil algae (Katana et al., 2001).
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Abstract Biodiversity information from Antarctic terrestrial habitats can assist
studies estimating the e�ects of environmental change on Antarctic ecosystems,
conservation management and investigating the historic e�ects of glacial constraints
on the evolution and distribution patterns of Antarctic biology. Unfortunately, the
distribution and diversity of the Antarctic biota to date is not well known, partic-
ularly in the case of micro-invertebrates. These invertebrates, such as springtails,
mites, tardigrades, nematodes and rotifers, are morphologically conserved making
identifications based on morphological approaches di�cult. Not reliant on phen-
otype, identification using molecular methods may be better suited for the study
of such taxa, but may lack resolution when sequence information is not used or
may be prohibitively work intensive. Here, we compared the taxonomy assignment
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performance of a high throughput sequencing metagenetic approach using one rDNA
(18S) and one mtDNA (cytochrome c oxidase subunit I COI) marker to reference
data generated by morphological approaches. We were interested in how successfully
each method (metagenomic or morphological taxonomic identification) retrieves
taxonomic assignment on superphylum, phylum, class, order, family, genus, and
species levels in an artificial DNA blend containing Australian invertebrates, and
in seven extracts of Antarctic soils containing known compositions of microfaunal
taxa. To avoid arbitrary application of metagenetic analysis parameters, we cal-
ibrated those parameters with metagenetic data from non-Antarctic soil extracts.
We found that metagenetic approaches employing 18S and COI markers were well
suited to detect the smallest and most cryptic Antarctic invertebrates, even when
missed in morphological taxonomic assignments. On low taxonomic ranks 18S data
outperformed COI data in accurately recognising Antarctic invertebrate phylotypes,
likely due to lack of reference data for the COI marker with regard to Antarctic
invertebrates.
Keywords Antarctica, invertebrates, environmental DNA, metagenetic, cytochrome

c oxidase I, 18S rDNA

3.1. Introduction

Biodiversity information from Antarctic terrestrial habitats is important for estim-
ating the e�ects of environmental change on Antarctic ecosystems (Freckman and
Virginia, 1997; Nielsen et al., 2011), conservation management in light of increasing
threats from non-indigenous invasive species (Chown et al., 2012), and investigations
on the historic e�ect of glacial constraints on the evolution of Antarctic biology over
millions of years (Convey and Stevens, 2007). Undertaking such biodiversity research
in terrestrial Antarctica however, is challenging due to the logistics of accessing
remote locations in a harsh environment (Convey, 2010). In recent years, biodiversity
information for terrestrial Antarctic plant life has improved due to compilation of
occurrence records from smaller-scale studies into easily accessible databases, and
may in the future be easier to obtain through remote sensing technology (Fretwell
et al., 2011; Peat et al., 2007). However, the distribution and diversity of Antarctic
invertebrates remains largely unknown (McGaughran et al., 2011; Terauds et al.,
2012) despite their important role in nutrient cycling and soil formation (Wall, 2012).
Deficient biodiversity information for terrestrial Antarctic invertebrates is caused by
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the persistence of slow and ine�cient survey methods. Antarctic springtails, mites,
tardigrades, nematodes and rotifers are morphologically conserved, but still frequently
analysed with morphological approaches, requiring highly skilled taxonomists and
ample time (Stevens and Hogg, 2003; Velasco-Castrillón et al., 2014). Not reliant on
morphological identification, molecular methods are better suited for the study of
such taxa, but may lack resolution when sequence information is not used (e.g. in
analysis of Terminal Restriction Fragment Length Polymorphisms TRFLPs) or
may also be prohibitively work intensive, when large sample numbers are analysed
(e.g. through Sanger-sequencing) (Makhalanyane et al., 2013; Nakai et al., 2012).
High Throughput Sequencing (HTS) of amplicons generated from bulk extracts of
environmental samples provides a more rapid generation of biodiversity information
from terrestrial Antarctic habitats, which is deemed necessary for implementations
of conservation approaches (Chown et al., 2015; Gutt et al., 2012). With such
metagenetic methods, morphologically conserved species are rapidly distinguished
in parallel using substrates such as soil, snow or water, while sampling procedures
and laboratory workflows stay simple (reviewed in Bik et al., 2012; Bohmann et al.,
2014). In Antarctica, HTS based metagenetic studies have investigated viruses
(López-Bueno et al., 2009), bacteria (Bottos et al., 2014; Makhalanyane et al., 2013;
Teixeira et al., 2010), eukaryotes (Dreesens et al., 2014; Niederberger et al., 2015)
and could similarly be applied to invertebrates.
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Figure 3.1.: Soil sampling locations used for morphological and metagenetic analysis
of invertebrates. Amplification of 18S and COI metagenetic markers was conducted
for whole-soil sample of all shown locations. From locations marked with a number
sign data could only be retrieved using the 18S marker. Base layers compiled
by the Norwegian Polar Institute and distributed in the Quantarctica package.
Visit http://www.quantarctica.org/. Base layers courtesy of the SCAR Antarctic
Digital Database, © 1993-2015 Scientific Committee on Antarctic Research; The
National Snow and Ice Data Centre, University of Colorado, Boulder; NASA,
Visible Earth Team, http://visibleearth.nasa.gov/; Australian Antarctic Division,
© Commonwealth of Australia 2006.

It is currently unknown how well taxonomic assignments to Antarctic invertebrate
phylotypes generated with metagenetic approaches would compare to taxonomic
assignments of morphotypes. Metagenetic studies require suitable genetic markers
to detect target organisms, and markers targeting 18S rDNA (18S) and cytochrome
oxidase c I (COI) have been widely applied for phylogenetic studies of multiple
invertebrate phyla which are also prevalent in Antarctica (Fell et al., 2006; Folmer
et al., 1994; Lawley et al., 2004; Medlin et al., 1988). Both markers consequently
o�er a comparatively large amount of reference data to identify such invertebrates
in mixed DNA extracts (Benson et al., 2011; Pruesse et al., 2007). A comparison
of taxonomic assignments between 18S and COI phylotypes generated through
metagenetic approaches and morphotypes would require evaluation across multiple
taxonomic ranks and should consider available metagenetic reference data, and rank
resolution of morphological identifications. Comparisons between morphological and
HTS-based metagenomic approaches are also complicated by multiple assumptions
regarding sequence clustering and taxonomy assignment. Often, analysis parameters
for a given processing environment are more or less arbitrary, although crucial to
establish reliable richness and diversity estimates (Koskinen et al., 2014; Smith and
Peay, 2014).
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Here, we compared the taxonomy assignment performance of a metagenetic approach
using one 18S and one COI marker to reference data generated by morphological
approaches. To avoid arbitrary application of metagenetic analysis parameters,
we calibrated parameters with replicated metagenetic data from two soil samples
(“Australian soils”). We were interested how successfully each method retrieves taxo-
nomic assignment on superphylum, phylum, class, order, family, genus, and species
level in an artificial DNA blend (containing Australian invertebrates - “Australian
blend”), and in seven extracts of Antarctic soils (containing known compositions of
microfaunal taxa - “Antarctic soils”).

3.2. Methods

3.2.1. Samples

Sampling locations of Antarctic soils are shown in Fig. 3.1, invertebrate isolation
and taxonomic descriptions are detailed elsewhere (Velasco-Castrillón et al., 2014).
Invertebrate morphotype composition of these soils is provided in Fig. 3.6. Antarctic
soils were thawed and freeze-dried prior to DNA extraction. Australian soils, col-
lected in Adelaide (July 2012, see supplemental Tab. 3.1), were introduced into the
laboratory workflow at the freeze-drying stage; the Australian blend was introduced
prior to amplification. The latter blend contained 15 taxa belonging to one order of
Arachnida and 14 orders of Insects, at a total concentration of (3.1 ng/µl) (Clarke
et al., 2014).
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sourced from the 18S rRNA amplification protocol 4.13 of the Earth Microbiome Pro-
ject (Gilbert et al., 2010) and are also routinely employed by other groups specialised
in metagenetic 18s rDNA analyses (Parfrey et al., 2014). Primers HCO2198 (Folmer
et al., 1994) and mlCOIintF (Leray et al., 2013) were chosen for COI amplification
and sequencing using the 454 GS FLX platform. Further details on fusion primer
design for both gene regions are provided in sec. 3.8. Primer testing of 18S and COI
fusion primers was performed; phyla Chelicerata, Nematoda and Rotifera could be
recovered by both 18S and COI, phylum Tardigrada only by 18S.

3.2.4. Amplification and sequencing

Amplification and sequencing steps are detailed in sec. 3.8. Triplicate PCRs were
prepared from all 8 extracts to alleviate mixed-template amplification biases (Bik
et al., 2012; Bohmann et al., 2014; Gilbert et al., 2010; Kanagawa, 2003). Long
extension times were chosen to counteract chimera formation (Lenz and Becker, 2008;
Yu et al., 2012). Amplicons were visualised on agarose gels. Triplicates amplicons
for each marker were then combined, purified and quantified. Amplicons above 0.25
ng/µl (supplemental Tab. 3.1) were then pooled by weight for each marker. Libraries
were diluted to 9 pM for Illumina sequencing (18S) or concentrated to 3.18 ng/µl
for emulsion PCR preceding 454 sequencing (COI). 18S libraries were paired-end
sequenced in two separate runs on the Illumina MiSeq platform (Illumina, San Diego,
US-CA) in 300 cycles and on two separate quarters of a 454 GS FLX PicoTiterPlate
(COI). DNA extraction and PCR controls were included into amplification and
sequencing for both markers, if the cleaned control reaction allowed pipetting (with
a concentration above 0.25 ng/µl). Further details are provided in sec. 3.8.

3.2.5. Reference data for taxonomic assignments

For 18S taxonomy assignments, SILVA reference data (Pruesse et al., 2007) release
111 was used. Reference data for COI was compiled from earlier Antarctic studies
(Velasco-Castrillón et al., 2014) as well as GenBank (Benson et al., 2011). Further
details regarding creation and composition of reference data are provided in sec. 3.8.
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3.2.6. Generation of phylotype observations using multiple
parameter combinations

Phylotype data was generated in QIIME 1.8 (Caporaso et al., 2010), analyses were
preformed in R 3.1.1 (R Development Core Team, 2011) using packages described
elsewhere (Dray et al., 2007; McMurdie and Holmes, 2013; Wickham, 2007, 2009,
2011). With QIIME, we applied several clustering, taxonomy assignment and abund-
ance filtering thresholds to metagenetic raw data of both markers and evaluated the
e�ect of these di�erent settings on phylotype data from Australian soils (Fig. 3.2),
we then picked the most suitable setting to evaluate data from Australian blend
and Antarctic soils (Fig. 3.3). Initially, deconvolution and chimera screening of
18S and COI data was performed. Subsequently, de novo clustering at 97 or 99%
sequence similarity was performed with UCLUST (Edgar, 2010). Taxonomy as-
signment to phylotypes was performed with UCLUST and thresholds of 90%, 95%
and 99% (18S), and 70%, 75%, 80%, 85%, 90%, 95% and 99% (COI; accommodat-
ing higher intraspecific pairwise distances between query and reference sequences).
Resulting phylotype observations were filtered in a step-wise process (Fig. 3.2 and
supplemental Tab. 3.3) to retrieve data free of information obtained from PCR
and extraction blanks and containing only arthropods, nematodes, tardigrades and
rotifers after removal of observations present at 0.1%, 0.2% 0.3% or 0.5% total
abundance. From 24 (18S) and 70 (COI) resulting QIIME phylotype tables, 24 and
16 contained data after processing and were imported into R using the Phyloseq
package (McMurdie and Holmes, 2013). Morphological information for Australian
blend and Australian soils was converted into a format accessible by Phyloseq and also
imported into R. To ensure Antarctic phylotype origin in Antarctic soils, observations
linked to Australian soils were removed from the Antarctic soil data. Taxonomy
strings for morphological and metagenetic data were restricted or expanded (where
possible), to yield superphylum, phylum, class, order, family, genus, and species
rank-level information. Taxon names were corrected using NCBI taxonomy expres-
sions (http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/). All steps,
QIIME-aided processing and R analysis are further detailed provided in sec. 3.8 and
Appendix B.
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of low abundant phylotypes without discarding phylotypes reflective of the ‘true’
compositional diversity (see discussion, on page 72).

3.2.8. Concordance between taxonomic assignments of
morphotypes and 18S / COI phylotypes

To compare the taxonomic resolution of morphotype assignments in Australian blend
and Antarctic soils, in order to evaluate the quality of taxonomic assignments to
morphotypes, we plotted their taxonomic composition among the lowest completely
defined taxonomic ranks (family level for Australian blend and order level for Antarctic
soils). Concordance between taxonomic assignments of morphotypes and 18S /
COI phylotypes was determined by subsequently comparing rank-level information
obtained for morphotypes and phylotypes across all (seven) taxonomic ranks. At each
rank level, all occurring rank names contained in the morphologic data were recorded,
and their presence was evaluated among phylotypes obtained for each gene. Complete
concordance between morphotypes and phylotypes was assigned value “1”, complete
dis-concordance was expressed through “0”. In order to not deflate taxonomic
concordance when both morphological and metagenetic data did not yield taxonomic
information for specific ranks, unavailable taxonomic information was not excluded,
but coded as unavailable (“NA”). To compare taxonomic assignment correlations
between 18S and COI phylotypes in relation to morphotypes in dependence of
the used extract concentrations (i.e. high, Australian blend, versus low, Antarctic
soils, see supplemental Tab. 3.1) and available morphotype information (defined to
lower ranks, Australian blend, versus defined to higher ranks, Antarctic soils; see
supplemental Fig. 3.7 and Fig. 3.8, respectively) we calculated inter-class correlation
coe�cients (ICC) (Koch, 1982). These ICCs related the 18S and COI concordance
values, when each marker was compared to the morphologic reference data, and
reach a value of 1 if both markers have the same ability to detect morphotypes. R
source code for analysis is provided in Appendix B.
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3.3. Results

3.3.1. Selection of analysis parameters for 18S and COI
metagenetic data

Maximum mean compositional similarity between two PCR replicates of each of
both Australian soil samples (with 0.8 for 18S, and 0.45 for COI) was achieved using
a clustering threshold of 97%, a taxonomy assignment threshold of 99% and using
low abundance filtering of 0.01% for 18S. Values for COI were determined with 97%,
80% and 0.01%, respectively (Fig. 3.3).

3.3.2. Concordance between taxonomic assignments of
morphotypes and 18S / COI phylotypes

For Australian blend, the ICC coe�cient of 18S and COI phylotype taxonomy assign-
ments in relation to morphotype taxonomy was 0.84, which served as a comparison
value to Antarctic soils (supplemental Tab. 3.4). Phylotype taxonomy assignments
of Australian blend of 18S and COI were accurate on the superphylum and phylum
level (Ecdysozoa and Arthropoda, respectively, Fig. 3.4a). On class and order levels
COI performed better than 18S (Fig. 3.4a) - insects were more accurately retrieved
by COI, furthermore six of 12 expected orders were retrieved (Araneae, Diptera,
Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, Fig. 3.5c). 18S yielded only
four expected orders (Blattodae, Hymenoptera, Lepidoptera, Odonata, Fig. 3.5b).
On the family level 18S yielded higher matches (Fig. 3.4a), three of 12 expected
families were accurately assigned (Blattidae, Coenagrionidae, Ichneumonidae) and
one family (Zygaenidae) constituted a miss-assignment (Fig. 3.5b). In comparison,
COI yielded only two correct family assignments (Formicidae, Ichneumonidae), while
five families were miss-assigned (Tachinidae, Erebidae, Cicadellidae, Gnaphosidae,
Hemerobiidae, Ichneumonidae, Fig. 3.5c). The concordance indices hereafter rose
for both markers on the genus and species level (Fig. 3.4a), indicative of missing
taxonomic information in both the morphologic and metagenetic data (Fig. 3.5a and
supplemental Fig. 3.7). Morphotype taxonomy assessments performed comparatively
well for relatively large invertebrates and were possible in Australian blend to species
rank (Fig. 3.5a and supplemental Fig. 3.7).
In the Antarctic soils samples ICCs for samples CS-1, CS-2 and HI-1, were 0.42, 1.0
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and -0.73 respectively (supplemental Tab. 3.4), and thus lower than for the Australian
blend (CS-1, HI-1) and / or influenced only by unavailable taxon information (HI-1)
(Fig. 3.6, supplemental Fig. 3.8). Sample LH-2 yielded a comparatively high ICC
value (0.76), also due to the detection of Plectidae (Araeolaimida, Nematoda) in
all three data sets (Fig. 3.6). In this sample, COI performed better on phylum and
class level, 18S performed better on order to species ranks (Fig. 3.4b). Morphotypes
across all Antarctic soils comprised of taxa in six orders (Adinetida, Araeolaimida,
Rhabditida, Dorylaimida, Parachela and Phylodinidae) and seven families (Macro-
biotidae, Adinetidae, Hypsibiidae, Philodinidae, Plectidae, Qudsiannematidae and
Rhabditidae, Fig. 3.6a). 18S data yielded only one of those orders and families
(Araeolaimida: Plectidae), in 3 of 5 expected samples LH-1, LH-2, VH-1 (Fig. 3.6b).
Furthermore, 18S phylotypes comprised of orders not detected in morphologic ap-
proaches (Monhysterida in sample HI-1 and Oribatida in sample LH-2, Fig. 3.6b),
each comprised of one family (Monhysteridae and Phenopelopidae, respectively).
COI metagenetic data yielded two orders contained in morphologic reference data
(Adinetida and Araeolaimida, Fig. 3.6c). COI family level assignment to Araeolaim-
ida was concordant with morphologic data (Plectidae, Fig. 3.6a,c). This family was
detected in sample LH-2 with both approaches, in CS-1 only with COI (Fig. 3.6a,c).
In order Adinetida, morphologic assessment yielded the family Adinetidae in sample
LH-1 and LH-2 (Fig. 3.6a), for which matching information was unavailable in COI
(Fig. 3.6c); instead family Adinetidae was detected in sample CS-1 (Fig. 3.6c). Since
we excluded non-Antarctic phylotypes in our initial processing and also conducted
chimera filtering and low-abundance filtering, orders Coleoptera, Diptera, Lepidop-
tera and families therein (Fig. 3.6c) are highly likely to constitute miss-assignments
due to missing reference data. When compared to Australian blend, taxonomy
assignment comparisons between phylotype and morphotypes were more impeded
by missing information; determination of morphotypes became di�cult below order
level for these morphologically highly conserved invertebrates (Fig. 3.4b, Fig. 3.6 and
supplemental Fig. 3.8).

3.4. Discussion

We examined the usefulness of two gene marker regions with comparatively com-
prehensive reference information for application to Antarctic invertebrates in a
metagenetic approach. In doing so, we add to the range of metagenetic studies that
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compare metagenetic markers (e.g. Zhan et al., 2014; Zhang and Hewitt, 1997), focus
on invertebrates (Cowart et al., 2015; Tréguier et al., 2014; Wu et al., 2009) and
provide replicated ‘ground truthing’ with morphological data (Cowart et al., 2015;
Tréguier et al., 2014). We also expand the range of studies investigating the e�ect
of analysis parameters on metagenetic data sets (Bik et al., 2012; Bokulich et al.,
2013; Koskinen et al., 2014; Zhan et al., 2014) including the quality of reference
data (Berney et al., 2004; Kwong et al., 2012). We show that both metagenetic data
generation and morphologic taxonomy assignments are more complicated for small,
cryptic Antarctic terrestrial invertebrates than for larger, less cryptic invertebrates of
higher diverse and taxon-rich ecosystems, where also comparatively more reference
data exists. Our approach allows detection of Antarctic phylotypes that are not
contained in metagenetic reference data, as discussed below. Metagenetic markers
employed for the detection of Antarctic invertebrates from bulk soil extracts need to
be chosen depending on the desired rank-resolution of taxonomic assignments, and
with regard to available reference data. On lower taxonomic ranks, the taxonomic res-
olution of 18S currently outperforms that of COI in metagenetic approaches applied
to Antarctic invertebrates. Comparable results regarding the low rank- resolution
of 18S and COI might not apply to low-diversity terrestrial ecosystems other than
Antarctica, if more comprehensive reference data is available for the COI marker.

3.4.1. Selection of analysis parameters for 18S and COI
metagenetic data

Previous studies demonstrated that amplicons of replicate bulk soil DNA extracts
yield similar taxonomic compositions when the same markers are used, even when
sequenced on di�erent HTS platforms (Smith and Peay, 2014). At the same time,
low abundant phylotypes in metagenetic data are more likely to be of chimeric
origin or may constitute PCR or sequencing errors and their removal may improve
ecological inferences (Bokulich et al., 2013). Sequence data processing thresholds
adjustment (for clustering, taxonomy assignment and low-abundance filtering) could
lead to biased results, if sparse data (i.e. Antarctic soils with low diversity Wall,
2012; Zhan et al., 2014; and low overall sequence count) or an artificial community
(i.e. Artificial blend, with high overall sequence count, but little sequence diversity)
were used for calibration. In the first case (calibration with Antarctic soils), the
amount of sequence artefacts could be underestimated, when applied to the Artificial
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blend. In the second case (calibration with Artificial blend), the amount of sequence
artefacts could be overestimated in data from Antarctic soils. Consequently, we chose
replicate metagenetic data from a higher diversity and richer natural community (i.e.
Australian soils) for thresholds adjustment. We considered that these data, would
represent a compromise between over- or under-estimating the amount of sequence
artefacts. Application of analysis parameters determined with Australian soils to
Antarctic soils resulted in exclusion of a large proportion of phylotypes, which could
be obtained when less stringent parameters are used (see Methods and chapter 4);
but for the purpose of this study, we favoured well-defined (i.e. tightly clustered,
taxonomically closely assigned, highly abundant) 18S and COI phylotypes. While this
approach may appear puzzling at first glance, it allowed us to compare high quality
metagenetic data to morphological approaches. Subsequently, we were able to show
that both metagenetic data generation and morphological taxonomy assignments were
much more complicated for small, cryptic Antarctic terrestrial invertebrates than for
larger, less cryptic invertebrates of higher diverse and taxon-rich ecosystems where
also a comparatively larger reference database exists. Since we conducted chimera
filtering and low-abundance filtering, and also excluded non-Antarctic phylotypes
from Antarctic soils, miss-assignments in metagenetic Antarctic data are less likely
to reflect phylotype artefacts or contamination. Thus, our approach also allowed
detection of Antarctic phylotypes that are not contained in our reference data, which
are likely to have been assigned with incorrect taxonomic information from this
incomplete reference data (i.e. insects in Antarctic soils for COI, Fig. 3.6c).

3.4.2. Detecting highly abundant and cryptic Antarctic
invertebrates

Metagenetic approaches are preferable over morphological biodiversity assessment
particularly for the highly abundant and most cryptic Antarctic nematodes and
rotifers. Multiple comparisons between metagenetic and morphologic biodiversity
assessments have shown that retrieval of a completely overlapping species inventory
is di�cult to achieve due to inherent biases of each approach (Cowart et al., 2015;
Tréguier et al., 2014; Wu et al., 2009). Nematodes are often missed in morphologic
approaches due to constraints of extraction methods (Cowart et al., 2015; Wu et al.,
2009). Antarctic rotifers are hard to classify on low taxonomic ranks due to their
conserved morphology and small size (Dartnall, 1983; Velasco-Castrillón et al., 2014).
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Both phyla can occur in high abundances in Antarctic (Sohlenius and Bostroem, 2008;
Sohlenius et al., 1996). While metagenetic markers perform di�erently in detecting
expected phylotypes in an DNA mixtures (Clarke et al., 2014), both markers employed
here were able to provide family level assignments to nematodes and rotifers. The
high abundance of those taxa constitutes a constraint to morphological approaches
and increases their DNA contributions to low-diverse Antarctic soil extracts, leading
to high success of metagenetic approaches (Cowart et al., 2015; Wu et al., 2009).
Apart from Araeolaimida (Nematoda), and Adinetida (Rotifera), our phylotype
data did not contain morphotypes detected by the morphological assessment. These
absences may be caused by (a) absences of target organisms in the sample, (b)
inappropriate DNA extract composition, (c) poor inappropriate reference data (Bik
et al., 2012; Cowart et al., 2015; Egan et al., 2015; Tréguier et al., 2014). While we
cannot rule out that sub-samples of Antarctic soils used for extractions lacked taxa
found in morphologic assessments (a), extracting large quantities of soil makes biased
DNA extract composition (b) unlikely (Taberlet et al., 2012), particularly since our
extraction method had been optimised for the detection of soil invertebrates (Ophel-
Keller et al., 2008; Pankhurst et al., 1996). Overall lower amplicon concentrations
for COI (Tab. 3.1) indicated lower PCR performance in comparison to 18S (c),
but retrieval of invertebrate phylotypes was nonetheless possible (chapter 4). We
were aware of the possibility to retrieve phylotype information from tardigrades in
(18S) and chelicerates (COI) with the employed markers in addition to the detected
phylotypes (chapter 4), but chose not to do so in order to only yield precisely defined
invertebrate phylotypes with parameters chosen to exclude low-abundant phylotypes
(Fig. 3.3). In consequence incorrect taxonomy assignment to phylotypes also detected
among morphotypes is unlikely (d). Our results hence showed that both 18S and
COI markers were well suited to accurately detect Antarctic rotifers and nematodes
on the family level from bulk soil extracts. Additionally, the employed 18S marker
was able to accurately detect Oribatida (Chelicerata), which may have been missed
entirely with the morphologic approach.

3.4.3. Metagenetic marker choice for Antarctic invertebrates

Metagenetic markers employed for the detection of Antarctic invertebrates from bulk
soil extracts need to be chosen depending on the desired rank-resolution of taxonomic
assignments, and with regard to available reference data. The relatively slow mutation
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rate of 18S rDNA made it a widely applied marker region to investigate high-rank
relationships among metazoans, while the faster mutation rate of the mitochondrial
COI region was considered well-suited for the delimitation among lower taxonomic
ranks (Abouheif et al., 1998; Medlin et al., 1988; Moritz et al., 1987; Wiemers
and Fiedler, 2007). Although metagenetic 18S data may fail to accurately reflect
biodiversity in mixed samples, the 18S gene region was considered an e�cient and
powerful marker for profiling unknown communities (Wu et al., 2011; Zhan et al.,
2014). At the same time, while COI was sometimes assumed to perform better in
describing lower level diversity in metagenetic data, recent studies showed that this
might not be the case, due to high variability in the COI region, constraining the
ability to design metagenetic markers (Deagle et al., 2014; Zhan et al., 2014). Our
results provided details for which taxonomic ranks both 18S and COI markers might
be best suited when describing the biodiversity of Antarctic soil invertebrates: In
the Australian blend, COI performed better in retrieving morphologically concordant
class and order level information, while on the family level 18S yielded higher
concordance. Morphological assignments in Antarctic soils were constrained by
the comparatively small invertebrates contained in these samples (supplemental
Fig. 3.8), but for the Antarctic sample (LH-2) with a usable ICC (0.752) closest to
the reference value (0.843) COI performed better on phylum and class level, while
18S retrieved better concordance at the order to species ranks. The overall decreased
low-rank performance of COI in Antarctic soils is likely due to large variability of this
marker in concordance with other studies (Berney et al., 2004; Deagle et al., 2014;
Kwong et al., 2012). We therefore recommend the application of COI markers for
Antarctic invertebrate biodiversity assessments only for high taxonomic ranks, and
to complement phylotype information obtained through other markers, such as 18S,
as exemplified in Chapter 4. On lower taxonomic ranks, the taxonomic resolution of
18S outperforms the taxonomic resolution of COI in metagenetic approaches for the
biodiversity assessment of Antarctic invertebrates.

3.5. Conclusions

We compared the fidelity of taxonomic assignments yielded through morphologic
and metagenetic approaches, using two molecular markers o�ering more substantial
reference data than available for other metagenetic markers. We showed that
metagenetic approaches employing 18S and COI are particularly well suited in
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detecting the smallest and most cryptic Antarctic invertebrates, nematodes and
rotifers, in bulk soil extracts. Members of the phylum Chelicerata (Antarctic oribatid
mites) may be detected with metagenetic approaches, even when missed in taxonomic
assignments. On low taxonomic ranks 18S data currently outperforms COI in
accurately recognising Antarctic invertebrates phylotypes due to a lack of reference
data for the COI marker.
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3.8. Supplemental information: Matching phylotypes
and morphotypes to invertebrate taxonomic
assignments: implications for metagenetic
surveys in terrestrial Antarctica

3.8.1. Methods and Materials

Provided are details on primer design, deconvolution and chimera screening, clustering,
phylotype filtering, determination of Antarctic phylotypes and taxonomic information
of phylotypes and morphotypes.

3.8.1.1. Primer design

The forward 18S primer sequence consisted of an Illumina adapter, a primer pad
and linker, as well as the target-priming region “1391f” (Gilbert et al., 2010; Par-
frey et al., 2014). The reverse primer sequence contained the reverse complement
of a 3’ Illumina adapter, a twelve bp recognition sequence allowing error correc-
tion (Caporaso et al., 2012; Golay, 1949) (assigned to samples as listed Tab. 3.2),
a reverse primer pad and linker, as well as the reverse primer “EukBr”(Gilbert
et al., 2010). Samples discussed here were processed as part of a sequencing pro-
ject consisting of 192 samples. Only 140 adequate recognition sequences are read-
ily available and tested (Faircloth and Glenn, 2012) for multiplexing on the 454
platform (Roche, 2009a). Some combinations of adapter, recognition and primer
sequences may inhibit amplification (Vallone and Butler, 2004). The selection of
454 primers used here featured only sequences that did not exhibit hairpins (tested
at http://www.thermoscientificbio.com/webtools/multipleprimer/). The reduced
amount of possible primer sequences required sequencing of amplicons in two ori-
entations to allow deconvolution (see Tab. 3.2). Sequence constructs of the first
sequencing orientation consisted of a primer with 454 adaptor “Lib-L Primer A
key” (Roche, 2009a,b), recognition sequences unique to sample (Tab. 3.2) as well as
the primer “mlCOIintF” (Leray et al., 2013); furthermore of a primer linking the
reverse complemented 454 adaptor “Lib L Primer B key” (Roche, 2009a,b) with
the reverse complemented sequence “HCO2198” (Folmer et al., 1994). Sequence
constructs of reversed sequencing orientation contained the 454 adaptor “Lib-L
Primer A key” (Roche, 2009a,b), recognition sequence unique to sample (Tab. 3.2)
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as well as primer “HCO2198” in the first sequencing oligonucleotide. The second
oligonucleotide contained the reverse complemented 454 adaptor “Lib L Primer B
key”, and “mlCOIintF” (Leray et al., 2013). Further details are provided in sec. 2.8.

3.8.1.2. Amplification and sequencing

Triplicate PCRs were prepared containing 2 µl template, 1.5 mM MgCl2, 1 x AmpliTaq
Gold bu�er (Thermo Fisher Scientific, Waltham, US-MA), 0.25 mM dNTPs, 0.5 µM
forward and reverse primer and 1.25 units AmpliTaq Gold (Thermo Fisher Scientific,
Waltham, US-MA) in a 20 µl reaction. Thermal cycling conditions were set to initial
denaturation at 94 °C (3 min), followed by 35 cycles (94 °C for 0:45 min, 57 °C for
1 min, and 72 °C for 1:30 min) with a final elongation of 10 minutes (72 °C). Long
extension times were used to counteract chimera formation (Lenz and Becker, 2008;
Yu et al., 2012). Amplicons were visualised on 2% agarose gels.
Combined and un-quantified replicate amplicons of each gene region were purified
using Agencourt AMPure XP (Beckman Coulter, Brea, US-CA), quantified using
Qubit QuantiFluor dsDNA kits (Promega, Fitchburg, US-WI). Amplicons above
0.25 ng/µl (Tab. 3.1) were then pooled by weight (18S: 12 ng/µl per sample, COI:
4 ng/µl per sample; except first replicate of each of the two Australian soils, COI:
3 ng/µl per sample, due to overall lower amplicon concentration). Concentration in
library pools was established using a 2100 Bioanalyser (Agilent Technologies, Santa
Clara, US-CA) and diluted to 9 pM for Illumina sequencing (18S) or concentrated
to 3.18 ng/µl for emulsion PCR preceding 454 sequencing (COI). Libraries were
paired-end sequenced in two separate runs on the Illumina MiSeq platform (Illumina,
San Diego, US-CA) with 300 cycles or on two separate quarter of a 454 PicoTiterPlate
(454 GS FLX platform).
DNA extraction and PCR controls were included into amplification and sequencing
for both genes if the cleaned amplicons were su�ciently concentrated (required
were 0.25 ng/µl). Among 192 combined PCR reactions for 18S, six of 13 PCR
controls and one of three blended extraction controls were sequenced. For COI, seven
of 13 PCR controls and two of three blended extraction controls were sequenced.
Usable sequence data for contamination removal could be obtained for 18S, COI data
contained no invertebrate phylotypes that would have interfered with subsequent
analysis steps.
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3.8.1.3. Reference data for taxonomic assignments

Unclustered rather then clustered reference data was chosen for 18S and COI to
allow more precise taxonomic assignment of phylotypes using QIIME 1.8 (Caporaso
et al., 2010). For 18S, SILVA reference data (Pruesse et al., 2007) release 111 was
used, consisting of 20,115 metazoan entries (9,904 arthropods, 1,941 nematodes, 126
rotifers, 197 tardigrades). Reference data for COI was compiled from earlier Antarctic
studies (Velasco-Castrillón et al., 2014) as well as GenBank (Benson et al., 2011).
Antarctic records for COI consisted of 42 arthropods and 621 nematodes, rotifers
and tardigrades. GenBank COI records were retrieved on the 16 January 2015,
and consisted of sequences between 100 1000 bp length, with 651,565 arthropods,
4,102 nematodes, 3,724 rotifers and 598 tardigrades. Combined reference data was
de-replicated using 100% clustering with UCLUST (Edgar, 2010). The final COI
reference collection included 79,906 invertebrate sequences (74,603 arthropods, 2,794
nematodes, 1,990 rotifers, 519 tardigrades).

3.8.1.4. Deconvolution and chimera screening

All analysis steps were performed with scripts provided by QIIME 1.8. (Ca-
poraso et al., 2010). Deconvolution of 18S data was accomplished using QIIME’s
“split_libraries.py” with parameters “-q 10” (maximum unacceptable Phred
score) “--store_qual_scores” (quality scores not discarded), “--rev_comp
_mapping_barcodes” (reverse-complementing sequences before writing to output
file). COI data was deconvoluted after reverse-complementing sequence data with
opposite orientations (Tab. 3.2) using QIIME’s “split_libraries.py” with para-
meters “-l 350” (minimum sequence length), “-L 400” (maximum sequence length),
“-b 12” (enabling error correction of Golay barcode), “-M 3” (allowed maximum
primer mismatches) “-w 50” (sliding window test of quality scores, default), “-z
truncate_only” (truncation of reverse primers) and “–d” (recording quality scores).
The e�ect of chimeras in metagenetic data is detrimental (Bokulich et al., 2013;
Edgar, 2013). Chimera screening of unclustered 18S data using USEARCH (Edgar,
2010) was not performed due to software licensing restrictions2, in unclustered COI
data 37 de novo chimeras were detected and removed. In an alternative approach, to
reduce the e�ect of chimeras, phylotypes with abundances <5 sequences across the
18S or COI data were removed in later analysis steps (Carew et al., 2013). De-nosing

2No licence-free processing of files larger then 5 GB
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of COI 454 data was omitted, after initial test showed this to only decreased the
phylotype count by 0.2 % while drastically lowering the quality of correctly called
phylotypes: in de-noised 454 data, initial flowgram clustering resulted in spreading
of high quality sequences with imperfectly trimmed adapter sequences across lower
quality sequence data and resulted in clustering bias based on amplicon orientation.
Without denoising this e�ect was circumvented. Additionally, initial analyses showed
that adapter trimming, even with consecutive application of several tools such as
Trimmomatic (Lindgreen, 2012) and AdapterRemoval (Lindgreen, 2012), in no case
allowed complete removal of adapter sequences from target sequences, meaning that
denoising of 454 data by means of flowgram clustering would have had a detrimental
e�ects on overall sequence quality.

3.8.1.5. Clustering

Clustering of 18S data was performed with QIIME “pick_otus.py” with default
parameters for reasons of computational e�ciency. For COI additional parameters
were used: “—optimal” (every was seed aligned to query), “--exact_uclust” (find
a match if one exists, even if it is not the best), “-z” (reverse strand matching).
Further information can be obtained from the UCLUST manual.

3.8.1.6. Phylotype filtering

Phylotype data were filtered in a step-wise process using scripts provided by QIIME
as outlined in the online documentation. Specifically, unassigned phylotypes were
removed, contamination stemming from control reactions was subtracted (18S only, as
for COI no sequence information could be retrieved from extraction and PCR controls)
and phylotypes with <5 sequences across data sets were discarded (Carew et al., 2013).
After these filtering steps, phylotype data was subset to target organisms that were
contained in both reference data sets and also expected in the Australian / Antarctic
samples; arthropods, nematodes, tardigrades and rotifers. To mitigate the e�ect of
spurious taxonomy assignments during later analysis steps all phylotype tables (n =
2 x 7 for COI and n = 2 x 3 for 18S) were subsequently filtered for low abundant
phylotypes with increasing stringency, i.e. from each dataset the lowest 0.1%, 0.2%,
0.3% and 0.5% of phylotypes were discarded. See Tab. 3.3 for filtering results.
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3.8.1.7. Determination of Antarctic phylotypes

Origin verification of Antarctic phylotypes was performed using R (R Development
Core Team, 2011). Briefly, phylotypes were only considered to be of Antarctic origin,
when the Antarctic sequence clusters (i.e. phylotypes) were not also contained in
Australian soils (also see source code, Appendix B).

3.8.1.8. Taxonomic information of phylotypes and morphotypes

Comparison between phylotypes and morphotypes of corresponding samples was
only possible, when sequence data for 18S or COI phylotype data was available for
morphologically assessed samples. Initially, morphotype information for Antarctic
samples was converted into file formats accessible through QIIME and Phyloseq. In
R, NCBI taxonomy information was used to correct taxonomy information carried
through from 18S and COI reference databases to match a format used in the
morphotypes data, the taxonomic ranks phylum, class, order, family, genus and
species were chosen (also see source code, Appendix B).

3.8.2. Tables and Figures

Table 3.1.: Sample collection locations and molecular lab work details. Concentra-
tion measurements are provided after pooling of three PCR replicates and small
fragment removal (*). Required for handling were 0.25 ng / µl (**). Concentrations
are given for both replicates of Australian soil controls (***).

Origin Name Lat (°S) Long (°E) Location Amplified 18S PCR [ng/µl] * COI PCR [ng/µl] *
Antarctic soil LH-1 -69.37552 76.38286 Larsemann Hills 18S 6 0.58

LH-2 -69.40918 76.00242 Larsemann Hills 18S, COI 6 1.72
HI-1 -68.82586 77.72085 Hop Island 18S 6 1.16
VH-1 -68.6415 78.29643 Vestfold Hills 18S 6 1.34
VH-2 -68.60162 78.34634 Vestfold Hills 18S 6 1.04
CS-1 -66.28059 110.52003 Casey Station 18S, COI 6 0.14 **
CS-2 -66.28297 110.52717 Casey Station 18S, COI 5.65 0.26

Australian soil Soil 1 -34.96884 138.63684 Adelaide University 18S, COI 6,6 *** 1.35,1.74 ***
Soil 2 -34.96880 138.63687 Adelaide University 18S, COI 6,6 *** 1.48,1.64 ***

Australian blend -34.99983 138.79951 Adelaide Hills 18S, COI 6 1.04
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Table 3.2.: Recognition sequences enabling assignment of 18S and COI sequence
data to samples. One sample did not meet the required minimum concentration
for sequencing of 0.25 ng / µl (*). Double use of sequencing tag possible since two
separate 454 runs were conducted.

Origin Sample 18S sequence COI sequence Orientation of COI amplicon
Antarctic soil LH-1 TGTAACGCCGAT ACGCGATCGATA rev

LH-2 TAACGTGTGTGC CAGTAGACGTGG fwd
HI-1 CAGCTCATCAGC TACGCTGTCTGG fwd
VH-1 AGCAGAACATCT - (*) -
VH-2 GCAACACCATCC TCTAGCGACTGG fwd
CS-1 TGGAGTAGGTGG AGCTCACGTAT rev
CS-2 ATGTCACCGCTG TGACGTATGTTA rev

Australian soil Soil 1 TTGACGACATCG CGCAGTACGATA rev
TGTGCGATAACA CGCAGTACGATA(**) rev

Soil 2 ACATACTGAGCA CGCGTATACATA rev
GATTATCGACGA CGCGTATACATA(**) rev

Australian blend GATCCCACGTAC AGTGCTACGATA rev

Table 3.3.: Decreasing phylotype counts for 18S and COI data sets during filtering.
Given are phylotype and sequence counts (“- / -”). Values are only given for final
analysis parameters. No phylotypes were retrieved for COI PCR and extraction
controls.

Gene Sample All Assigned w/o blanks Invertebrates <5 sequences Abundance filtering Antarctic
18S LH-1 2319 / 120285 2003 / 115152 1926 / 73647 13 / 120 8 / 95 4 / 54

LH-2 3196 / 156486 2821 / 150038 2699 / 54539 9 / 748 5 / 733 0 / 0
HI-1 2287 / 132684 1656 / 103127 1598 / 82937 16 / 8436 3 / 8419 1 / 8295
VH-1 2830 / 129315 2636 / 123652 2568 / 19744 51 / 273 4 / 191 0 / 0
VH-2 1992 / 130811 1920 / 130412 1877 / 4403 3 / 10 2 / 9 0 / 0
CS-1 1776 / 78544 1577 / 76673 1507 / 57437 2 / 9 2 / 9 0 / 0
CS-2 1285 / 98865 1190 / 94889 1147 / 92395 7 / 466 4 / 457 2 / 453
Soil 1 9318 / 139793 7844 / 129229 7621 / 61682 110 / 734 11 / 306.0 - / -

7162 / 133522 5627 / 122301 5437 / 57965 97 / 767 13 / 352.0 - / -
Soil 2 8990 / 166642 7519 / 157171 7303 / 83038 103 / 1945 11 / 306.0 - / -

6492 / 129474 5019 / 120176 4868 / 63529 91 / 1781 13 / 352.0 - / -
Australian blend 1186 / 94231 1127 / 93352 1098 / 93123 45 / 91768 13 / 90829 - / -

COI LH-1 28 / 507 15 / 367.0 - / - 9 / 356 4 / 340 0 / 0
LH-2 50 / 2274 18 / 750 - / - 17 / 749 9 / 692 2 / 11
VH-1 - / - - / - - / - - / - - / - 0 / 0
VH-2 17 / 2434 2 / 106 - / - 6 / 106 4 / 101 0 / 0
HI-1 64 / 1431 27 / 538 - / - 18 / 514 6 / 424 0 / 0
CS-1 36 / 619 13 / 367 - / - 9 / 359 4 / 335 1 / 41
CS-2 24 / 552 12 / 308 - / - 10 / 305 6 / 279 1 / 15
Soil 1 449 / 1874 204 / 666 - / - 76 / 501 12 / 232 - / -

297 / 917 131 / 328 - / - 63 / 245 11 / 112 - / -
Soil 2 416 / 1898 194 / 820 - / - 73 / 660 13 / 413 - / -

237 / 836 100 / 352 - / - 52 / 295 12 / 190 - / -
Australian blend 19 / 788 18 / 787 - / - 10 / 770 6 / 725 - / -
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Table 3.4.: Intraclass correlation coe�cients (ICC) of taxonomic assignments using
18S and COI markers when compared to morphologic reference information. A
value of 1.0 indicates total concordance between metagenetic and morphologic
taxonomic assignments.

Australian blend CS -1 CS-2 HI-1 LH-2
0.843 0.429 1.000 -0.173 0.759

3.8.3. Analysis code

Analysis code is provided in Appendix B.
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Abstract Knowledge of the relationship between terrestrial Antarctic biodiversity
and environmental constraints is necessary to understand the potential e�ects of
human-mediated environmental change and for successful conservation management.
A valuable approach to explore the potential impact of environmental change on
ecosystems is to compare biodiversity patterns across large-scale environmental
gradients. However, studies to date have been limited by the cryptic nature of many
Antarctic invertebrate taxa and the time-consuming nature of morphology-based
biodiversity assessments. We used high throughput sequencing (HTS)-derived meta-
genetic biodiversity information to elucidate the relationship between soil properties
and invertebrate biodiversity in the Prince Charles Mountains, East Antarctica. We
analysed data obtained from 103 soil samples collected across three broad sampling
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regions (Mount Menzies, Mawson Escarpment, and Lake Terrasovoje). We found
invertebrate distribution in the Prince Charles Mountains was significantly influenced
by electrical conductivity and / or sulphur content and, to a lesser extent, slope
and elevation. The classes Enoplea (Nematoda), Bdelloidea (Rotifera), and phyla
Tardigrada and Arachnida, only occurred in low salinity substrates with relatively
abundant nutrients, but Chromadorea (Nematoda) and Monogonata (Rotifera) were
apparently less influenced by salinity because they showed broader distributions.
Positive correlation between soil salt concentration and terrain age (time since de-
glaciation) indicated that terrain age may indirectly influence Antarctic terrestrial
biodiversity. We demonstrate the value of metagenetic HTS approaches to investigate
Antarctic environmental constraints on the distribution of terrestrial invertebrates
across large spatial scales.
Keywords Antarctica, invertebrates, environmental DNA, gradient, salinity, high

throughput sequencing (HTS), Prince Charles Mountains

4.1. Introduction

Biodiversity information and its relation to environmental constraints is required to
address the e�ect of anticipated human-mediated environmental change on Antarctic
terrestrial life (Kennicutt et al., 2015), and is required for successful conservation
management (Chown et al., 2012; Terauds et al., 2012). A valuable approach to
explore the potential impact of environmental change on ecosystems is to compare
biodiversity patterns across environmental gradients (Howard-Williams et al., 2010).
For example, comparing ecosystems at slightly warmer or slightly cooler sites, e.g.
with latitude or altitude, may allow future predictions of biodiversity changes in
response to increasing temperature (Howard-Williams et al., 2006). However, a
limited number of sites may prevent conclusions about latitudinal and / or climate
controls over patterns of biodiversity (Barrett et al., 2006). Baseline data enabling
predictions of future environmental changes across Antarctica should hence describe
biodiversity with broad taxonomic focus across large spatial scales in relation to
as many potentially environmental variables as possible (Convey et al., 2014; Gutt
et al., 2012).
It has previously been suggested that geo-glaciological events and the presence of
past refuges may be more important than latitudinal variations in climatic and
environmental conditions in determining the large-scale distributions of most Ant-
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as Antarctica (Cowan et al., 2015). For Antarctic invertebrates, morphological
approaches require a high level of taxon-specific knowledge and are practically lim-
ited to small sample numbers (Colesie et al., 2014; Sohlenius and Bostroem, 2008;
Sohlenius et al., 1996; Zawierucha et al., 2015). Additionally, morphologically cryptic
Antarctic species may consist of multiple genetic lineages shaped by long-term isola-
tion, making molecular approaches a more suitable tool to investigate their diversity
(Convey and Stevens, 2007; Rogers, 2007). Early Antarctic metagenetic studies used
bacterial cloning to investigate drivers of Antarctic biodiversity across large-scale
spatial gradients (Convey et al., 2014; Lawley et al., 2004). These cloning approaches
were work-intensive (Fell et al., 2006; Lawley et al., 2004; Nakai et al., 2012), and
more recent high-throughput approaches are better suited to generating biodiversity
information from large sample numbers (reviewed in Bik et al., 2012; Bohmann
et al., 2014). HTS-based metagenetic approaches have now been used to describe
invertebrate distribution and diversity on a global scale (Wu et al., 2011). These
methods could also provide valuable information regarding Antarctic invertebrate
biodiversity under the influence of environmental variables (Chown et al., 2015).
In this paper, we used HTS-derived metagenetic biodiversity information to elucidate
the relationship between soil properties and invertebrate biodiversity in the Prince
Charles Mountains (PCMs), East Antarctica. We analysed data obtained from
a total of 103 soil samples collected across three broad sampling regions (Mount
Menzies, Mawson Escarpment, and Lake Terrasovoje). Initially, we characterized
the spatial variation of soil geochemical and mineral composition, as well as the
distribution of the four major Antarctic invertebrate (sub-) phyla (nematodes, rotifers,
tardigrades and chelicerates) among all samples, on class level. Using constrained
ordination of environmental and biological observations we then identified potential
environmental variables influencing invertebrate diversity and distribution. We show
that the distribution of invertebrates in the Prince Charles Mountains is mainly
influenced by electrical conductivity, sulphur content, slope and elevation, suggesting
that long-term soil formation processes such as age-related salt accumulation unique
to Antarctica are driving invertebrate distribution across large spatial scales. This
e�ect is less pronounced at coastal sites, where substrate salinity is relatively low,
but nutrient input relatively high.
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4.2. Methods

4.2.1. Fieldwork

Fieldwork was conducted in the Prince Charles Mountains (East Antarctica) between
26th November 2011 and 21th January 2012 at Mount Menzies, Mawson Escarpment
and Lake Terrasovoje. Satellite imagery was used in ARC-GIS v10.0 (Esri, Redlands,
US-CA) to determine sampling locations across the three regions based on broader
glaciological and geological properties (bedrock, moraine lines and altitude) (Fig. 4.1).
The centroid of each sampling location was used as the sampling site. At each site,
a maximum of 500 g of soil was collected from the top 10 cm of the substratum by
combining five subsamples from the corners and centre of a one metre square quadrat
into a sterile WhirlPak bag (Nasco, Fort Atkinson, US-WI; protocol after Magalhaes
et al. 2012; Velasco-Castrillón et al. 2014. Sample contamination was minimised by
wearing nitrile gloves and cleaning equipment with 70% ethanol. Additionally, at
each sampling site a maximum of 300g of soil was collected in the same fashion for
soil geochemical and mineral analysis. A total of 103 soil samples were obtained and
all samples were stored at -30 to +4 °C in the field in insulated containers (Coleman,
Wichita, US-KS). Samples were transported and stored at -20 °C.

4.2.2. Soil geochemical and mineral analysis

Soil geochemical analysis was performed at the CSBP Soil and Plant Analysis Labor-
atory (Bibra Lake, AU-QLD) to determine colour, texture, electrical conductivity,
pH (for CaCl2 and H2O), gravel content, NH4

+, NO3
-, P, K, S, and organic C for

each sample. Geochemical analysis methods, sourced from Rayment and Lyons
(2011), are listed in Tab. 4.1. Electrical conductivity was used as a proxy for salinity
(Magalhaes et al., 2012). For the collection of X-ray di�raction spectra, all soils
were dried at 100 °C for 48 h and then each consecutively sieved through 2 mm and
63 mm meshes. X-ray di�raction spectra of the resulting powders were measured
using a BTX II Benchtop XRD (Cu-Ka X-ray source), with 105 consecutive cycles
per sample. Mineral identification was conducted using PANalytical’s Highscore Plus
software v3.0e, against the open crystallographic database (Grazulis et al., 2012).
Mineral groups were considered present if position and intensity of phase-identified
peaks matched three or more peaks in the database. Semi-quantitative measures
of mineral abundance were determined as described in Chung (1974) for quartz,
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feldspar, titanite, pyroxene / amphibole / garnet, micas, dolomite, kaolin / chlorite,
calcite and chlorite.
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using package CARET v6.0-41 (Kuhn, 2008). Since extreme values impeded PCA
initially, values with the largest di�erence from the mean were replaced by their
means for all variables (Reid and Spencer, 2009). Geomorphic mapping and weath-
ering studies (White, 2007; White and Hermichen, 2007) and cosmogenic exposure
dating (White et al., 2011) were used for age determination of glacial sediment.

4.2.4. Preparation and analysis of biological observations

Methods and materials for molecular laboratory work (DNA extractions, library
generation and sequencing) and invertebrate phylotype generation are provided in
the supplemental information (sec. 4.10) and elsewhere (sec. 3.8). Preparation of
Antarctic invertebrate phylotype data from COI and 18S metagenetic data was
conducted using QIIME v1.8 (Caporaso et al., 2010) and R package PHYLOSEQ
v1.12.1 (McMurdie and Holmes, 2013). Reference trees for 18S and COI invertebrate
phylotypes were calculated using FASTTREE (Price et al., 2009), via GENEIOUS
R7 (http://www.geneious.com/), with alignments pre-processed using QIIME default
parameters. Sparse biological observations in both data sets resulted in high site
heterogeneity, which initially prevented subsequent analysis steps. We used the
tree tip agglomeration function (‘tipglom’) of PHYLOSEQ and reference trees to
decrease biological site heterogeneity in a taxon-agnostic fashion (cut height =
0.1). 18S and COI PHYLOSEQ objects were then combined using the PHYLOSEQ
functions (‘merge_phyloseq’ and ‘merge_phyloseq_pair’), with taxon and sample
data components of each object modified to reflect the origin of the source data (18S
or COI). Subsequently, phylotypes were agglomerated to the class level. To relate
invertebrate class occurrences to sample origin, class-agglomerated phylotype counts
were pre-processed and subjected to PCA as for the environmental observations, but
without removal of outliers. In PCAs of higher-rank-agglomerated phylotypes (e.g.
class) the e�ects of possibly biased mixed template sequence abundances (Kanagawa,
2003) are mitigated through the large sample size and combination of multiple
phylotypes.
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4.2.5. Constrained ordination of environmental and biological
observations

To relate environmental observations and invertebrate phylotypes, Canonical Cor-
respondence Analysis (CCA) (Ter Braak, 1986) was performed using the R package
VEGAN v2.2-1 (Dixon, 2003; Oksanen et al., 2015). CCA models were defined
by sequentially adding environmental variables (i.e. constraints) to an initially
unconstrained model towards a fully constrained model containing all 21 variables.
From these models, the highest-ranking one was selected based on Akaike Inform-
ation Criterion (AIC) (Bozdogan, 1987). Model evaluation was performed using
VEGAN-specific ANOVA functions (all with 1000 permutations), including testing
the significance of the final model, its axes, each variable during sequential addition
to the model (Type I test) and each variable during sequential elimination from
the model (Type III test). Also, variance inflation factors (VIFs) for each variable
contained in the final model were obtained.

4.3. Results

4.3.1. Environmental data

When comparing each region to the mean values obtained from all samples (Fig. 4.3a
and supplemental Fig. 4.9), the majority of Mount Menzies soils were rich in S, K and
quartz. Soils of the Mawson Escarpment encompassed a large variety of environmental
properties reflective of the large sampling range, but were comparatively alkaline
and K-rich and dominated by micas, calcite and pyroxene, amphibole and garnet.
Most soils of Lake Terrasovoje were rich in P, with high gravel content, and relatively
high abundance of dolomite and chlorite. Both Mawson Escarpment and Lake
Terrasovoje soils had higher levels of NH4

+, P and organic C when compared to
Mount Menzies. Salt concentrations (conductivity, S, NO3

-, and P) in soils in the
drier inland areas increased with terrain age. The trend was most pronounced at
the Mawson Escarpment, where age-salt regressions had R2 values of 17 to 32%.
At the more coastal and relatively humid Lake Terrasovoje sites, correlations were
lower (R2 of 0.1 to 9%), suggesting soluble ions were washed out of the soils by
snow- or glacial melt-water rather than accumulating over time. The final PCA
included 21 environmental variables (gravel, texture, NH4

+, NO3
-, P, K, S, organic
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C, pH H2O, quartz, feldspar, titanite, pyroxene / amphibole / garnet, micas, dolomite,
kaolin / chlorite, calcite, and chlorite, elevation, slope and soil temperature) with
the first two principal components (PCs) (Fig. 4.3a) explaining 32.9% of the total
variation. Since variance decline was shallow in all PCAs of environmental data
(insets Fig. 4.3a and supplemental Fig. 4.9a,b), we focussed on the largest factor
loadings of the first two PCs in all analyses.

4.3.2. Biological data

When comparing relative phylotype richness values of each region to the mean
values obtained from all samples (Fig. 4.3 and supplemental Fig. 4.12, Fig. 4.13) low
abundances of the classes chromadorea (Nematoda) and monogonata (Rotifera)
were common in the Mount Menzies area, while abundances were highly variable
for all seven invertebrate classes in the Mawson Escarpment region. Most of the
Lake Terrasovoje soils exhibited high abundances of classes Enoplea (Nematoda),
Arachnids (Chelicerata) and Eutardigrades (Tardigrada).

4.3.3. Biological data in relation to environment

The CCA model with the lowest AIC included 15 variables. Sulphur (S) (and / or
co-correlated variable electrical conductivity - see methods), slope and elevation were
the most significant variables influencing the distribution of invertebrate classes
across the sampling range based on type I and III tests (Fig. 4.4). NH4

+, organic
C, texture, titanite, soil temperature, chlorite, micas, P, gravel content, feldspar,
and kaolin / chlorite also influenced the distribution of invertebrates to some extent
(based on VIFs), apart from K. Correlation between invertebrate occurrences and
conductivity (as a proxy for salt concentrations) therefore suggested that terrain
age indirectly influences the distribution of biota. Detailed results regarding model
selection, VIFs, final model evaluation, Type I, and Type III tests are provided in the
supplemental materials. Class Chromadorea (Nematoda) occurred predominantly
in areas with above-average S or conductivity (Fig. 4.4a, c). Monogonata (Rotifera)
were not associated with a specific combination of variables (Fig. 4.3b). Enoplea
(Nematoda) and arachnids (Chelicerata) occurred predominantly in low and flat areas
with above-average levels of organic carbon, and phosphorus (Fig. 4.4). Heterotardi-
grades occurred frequently in areas with low salinity (Fig. 4.4a) and on sloped areas
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rich in NH4
+ (Fig. 4.4b, c). Bdelloid rotifers were associated with above-average

elevation and high salinity (Fig. 4.4b).

4.4. Discussion

Our results indicate that soil salinity, and / or co-correlated variable S, are the most
important constraints on Antarctic invertebrate biodiversity. PCA of environmental
variables resulted in region-specific separation of Mount Menzies, Mawson Escarpment
and Lake Terrasovoje, with cluster sizes seemingly corresponding to the spatial extent
of sample collection (Fig. 4.1, Fig. 4.3a); such spatial separation was not observed for
the biological data (Fig. 4.1, Fig. 4.3b). We found few variables significantly influ-
enced invertebrate distribution patterns. The strong e�ect of electrical conductivity
(and / or co-correlated variable S) was also pronounced in CCA (Fig. 4.4). Studies
of the McMurdo Dry Valley soils suggested that salinity is an important factor
influencing diversity of nematode communities (Freckman and Virginia, 1997; Powers
et al., 1998; Treonis et al., 1999), with a similar e�ect also observed for mites (Elkins
and Whitford, 1984). More complex communities were associated with younger
weakly developed drifts with low conductivity in cold desert soils (Magalhaes et al.,
2012). Cold desert soils (Mount Menzies, Mawson Escarpment) are dominated by the
age-related accumulation of soluble salts from atmospheric deposition and weathering
due to lack of precipitation (Bockheim, 1997; Campbell and Clardidge, 1987), while
this e�ect is less pronounced in the polar desert soils of Lake Terrasovoje (Tedrow,
1966). The age-salinity correspondence is more pronounced for the soils of Mount
Menzies and Mawson Escarpment, while this e�ect is reduced at Lake Terrasovoje
where factors other than soil salinity predominantly influence soil biodiversity. The
PCA of biological data (Fig. 4.3b; also supplemental. Fig. 4.12, Fig. 4.13) indicates
Chromadorea (Nematodes) and Monogonata (Rotifera) are able to survive in the
cold desert soils of Mount Menzies, while the heterogenic set of environmental factors
in the Mawson Escarpment region o�ers suitable living conditions for all analysed
invertebrate classes. Lower salinity soils at Lake Terrasovoje also support Bdelloidea
and Heterotardigrada, in addition to all other taxa.
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Slope and elevation were not significant in both Type I and Type III CCA model
tests and therefore regarded as proxies for other environmental variables. It has
previously been suggested that spatial variables may constitute surrogates for relevant
environmental variables at Cape Hallett (Sinclair et al., 2006). In line with this,
co-variables linked to elevation have previously been di�cult to determine for arctic
tardigrades (Zawierucha et al., 2015). An elevational trend in the Antarctic was
found to co-vary with soil properties such as carbon, nitrogen and salinity (Powers
et al., 1998). In the Antarctic, elevation may be a strong proxy for salinity, as
increasing elevation and lower temperature can increase the osmotic concentration
of the soil solution, further inhibiting biological activity (Campbell and Clardidge,
1987; Freckman and Virginia, 1997; Powers et al., 1998). Slope has been suggested
to have a localised e�ect on arctic soil biodiversity due to the increased moisture
run-o� (Zawierucha et al., 2015), however such an e�ect was deemed dependent on
the moisture retention capabilities of local substrates (Sinclair et al., 2006). Hence,
a relationship between slope angle and moisture should not be generalised without
taking into account other variables, such as salinity. Also, spatial distribution of
invertebrates is presumed only indirectly a�ected by the e�ect of slope or elevation.
The distribution of invertebrate taxa in environmental space in the PCMs corresponds
well with previous studies. Along an elevation gradient in Taylor Valley (McMurdo
Dry Valleys) invertebrate biodiversity was greatest at the lowest elevation, where
soil moisture, carbon, and nitrogen were highest, and salinity was lowest (Powers
et al., 1998). In coastal locations of Victoria Land (Cape Hallett) variation in soil
metazoan communities was related to di�erences in soil organic matter and moisture
levels (Barrett et al., 2006). Salinity may a�ect soil invertebrate biodiversity by
limiting the amount of available food or by directly a�ecting physiological functions
(Nkem et al., 2006; Powers et al., 1998). At the same time, micro-eukaryotes may
show a higher salinity tolerance than invertebrates since highly saline areas in the
McMurdo dry valleys contained an abundant and complex mix of micro-eukaryotes
(Fell et al., 2006) that may serve as food sources for Chromadorea and Monogonata
in highly saline substrates. Our results and previous studies correspond well with the
apparent split between Chromadorea and Monogonata, which are strongly associated
with saline substrates (Fig. 4.3b) of Mount Menzies and Mawson Escarpment (Suppl.
Fig. 4.12), and the arachnids, tardigrades and Enoplea, which are abundant in more
nutrient-rich locations, predominantly at Lake Terrasovoje.
The observed split between nematode classes Enoplea and Chromadorea is also
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concordant with previous studies. Nematodes were widely distributed and not
correlated with moisture in the McMurdo Dry Valleys (Freckman and Virginia, 1997;
Treonis et al., 1999), and there, nematode densities were also higher in dry soils
(Powers et al., 1998). Environmental constraints may a�ect nematode species of
the class Chromadorea di�erently (i.e. Scottnema lindsayae was deemed negatively
correlated with soil moisture and C content; Plectus antarcticus dominantly found wet
soils with low conductivity Barrett et al., 2006). At the same time, the abundance of
S. lindsayae (Chromadorea) was negatively correlated with soil moisture and organic
C content (Barrett et al., 2006; Freckman and Virginia, 1997) while Eudorylaimus
antarcticus (Enoplea) was associated with high moisture and organic C (Freckman
and Virginia, 1997). The dominance of Chromadorea in high-salinity areas may be
due to species-specific physiological adaptations (Nkem et al., 2006), which allow
species such as S. lindsayae to be almost ubiquitously distributed (Powers et al.,
1998), if not a�ected by predation in moist and nutrient rich areas (Treonis et al.,
1999). Enoplea (Eudorylaimus) may be less desiccation tolerant or dependent on a
food source that is only available in moister soils (Powers et al., 1998).
In this study, tardigrades were associated with nutrient-rich soils along with arach-
nids and Enoplea, while rotifers were seemingly not strongly influenced by any
environmental factor. Tardigrades were previously found to be associated with wet
sediments (Barrett et al., 2006; Freckman and Virginia, 1997) and ornithogenic
nutrient deposits (Zawierucha et al., 2015), and the majority of Antarctic mite
species have similar habitat preferences (Pugh, 1993). Ornithogenic deposits are a
major nutrient source of Antarctic soils, consequently nutrients are more abundant in
coastal proximity (Bockheim, 1997). Tardigrades and rotifers were found associated
with higher soil moistures (Freckman and Virginia, 1997), and found ubiquitously
in coastal and inland sites (Barrett et al., 2006; Sohlenius and Bostroem, 2008;
Sohlenius et al., 1996). While the literature regarding environmental requirements of
mites, tardigrades and rotifers appears sparse, our results confirm the presence of
these taxa in nutrient-rich substrates with low salinity (Fig. 4.3b, Fig. 4.4; also suppl.
Fig. 4.12, Fig. 4.13). Antarctic rotifers are likely to be ubiquitously distributed across
the sampling area and for this reason are not easily placed into the environmental
space determined by the variables analysed here, apart from an apparent split also
related to salinity.
Two of the most dominant environmental variables, temperature and water availability,
have not been included in the analysis, due to practical constraints of retrieving
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representative (i.e. time series) data from all study sites. Spot measurements of
water are a poor proxy for actual water availability at a given sampling site, the
same applies analogously for temperatures (Sansom, 1989; Sinclair et al., 2006).
Inclusion of these environmental parameters will require detailed time series data for
the considered areas in the Prince Charles Mountains, and a more extensive, future
modelling approach, for example through species distribution modelling. Several
possible approaches, with an Antarctic focus, are reviewed elsewhere (Chown et al.,
2015; Gutt et al., 2012)

4.5. Conclusion

Linking biodiversity to environmental gradients is di�cult in Antarctica, and CCA
might be the most useful technique to investigate such relationships. It was previously
found that various interrelated soil factors such as soil moisture, salinity, and pH may
modify the e�ects of soil carbon and nitrogen on biodiversity, and that all variables
collectively define suitable or inhospitable habitats for Antarctic soil invertebrates,
both at local and more regional levels (Courtright et al., 2001; Freckman and Virginia,
1997; Powers et al., 1998). Yet, several studies could not find a clear link between
environmental variables and invertebrate biodiversity or distribution, possibly because
terrestrial Antarctica is characterized by limited ice-free ground and discontinuous
substrates (Convey et al., 2014). The abiotic environment was shown to have some
e�ect on the distribution of invertebrates on Ross Island, but vegetation and soil
carbon did not explain the distribution of many taxa on Ross Island (Sinclair,
2001). Similarly, no correlations between animal or bacterial abundance, organic
content and C / N ratio were found in soils of Basen Nunatak (Dronning Maud
Land; Sohlenius et al., 1996). Among eukaryotes, distribution patterns seemed to
reflect range expansion into deglaciated areas (Lawley et al., 2004). In summary,
detecting relationships between environmental variables and species distributions
in Antarctica is challenging, since organisms exhibit multiple scales of variability
and their distribution is strongly influenced by spatial autocorrelation (Caruso et al.,
2010). Canonical correspondence analysis (CCA) has been deemed particularly useful
for the distinction between environmental variables representing real gradients or
unimportant factors for species distribution (Palmer, 1993). Also, CCA performed
well with skewed species distributions, quantitative noise in species abundance data,
unusual sampling designs, and situations where not all of the factors determining
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species composition were known (Palmer, 1993). The large distances between the
three sampling regions (Fig. 4.1) mitigates spatial autocorrelation when comparing
large-scale trends; application of CCA was likely most appropriate for this study.
In further modelling approaches, time series data of water availability and annual
temperature regimes will be able to provide further detail on relationships between
the invertebrate biota of the Prince Charles Mountains and their abiotic environment.
We used HTS-derived metagenetic biodiversity information to elucidate the relation-
ships between soil properties and invertebrate biodiversity in the Prince Charles
Mountains, Antarctica. Using data obtained from 103 soil samples collected across
three broad sampling regions, we found invertebrate distributions were significantly
influenced by electrical conductivity. Correlations between measured salt concentra-
tion and terrain age indicated, that terrain age may indirectly constrain Antarctic
terrestrial biodiversity distributions, particularly in (inland) regions with cold desert
soils. It has previously been suggested that geo-glaciological events and the presence
of past glacial refuges may be more important than latitudinal variations in climatic
and environmental conditions in determining the large-scale distributions of most
Antarctic terrestrial fauna (Caruso et al., 2010). In addition, we find that the unique
properties of Antarctic soils strongly constrain the distribution of Antarctic terrestrial
taxa, in particular for classes Enoplea (Nematoda), Bdelloidea (Rotifera) and the
phyla Tardigrada and Arachnida, which are restricted to nutrient rich, low-saline,
(predominantly) more coastal sites. We demonstrated the value of HTS for exploring
drivers of cryptic biodiversity at remote, largely unsurveyed sites across large spatial
extents. Our approach is likewise applicable for other continental Antarctic taxa and
regions.

4.6. Data accessibility

QIIME generated .biom files with raw invertebrate observations, reference trees and
sequences, pre-processing shell scripts, environmental data, R analysis code and the
corresponding R workspace file are available via https://zenodo.org/record/191811.
Shell and R scripts are also provided in this document, Appendix C.

1Data pre-release with closed access. Data will be publicly after manuscript publication.
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4.10. Supplemental information: Salinity gradients
determine invertebrate distribution in the
Prince Charles Mountains, East Antarctica

4.10.1. Phylotype data generation for 18S and COI

Extractions were performed using a method optimised for the retrieval of DNA from
di�erent soil types and invertebrates Ophel-Keller et al. (2008); Pankhurst et al.
(1996) that processes 400 g of starting material. Extraction, PCR and environmental
controls were included in the molecular workflow as detailed below. Primer sequences
for 18S sequencing on the Illumina MiSeq were sourced from (Gilbert et al., 2010;
Parfrey et al., 2014). Primers “HCO2198” Folmer et al. (1994) and “mlCOIintF”
Leray et al. (2013) were chosen for COI sequencing using the 454 GS FLX. Primer
design and assignment is detailed below and in Fig. 4.5, Fig. 4.6. Illumina primer tags
were sourced from Parfrey et al. (2014). Long extension times during amplification
were used to counteract chimera formation Lenz and Becker (2008); Yu et al. (2012).
All PCRs were carried out in triplicates to alleviate amplification biases (Gilbert
et al., 2010). Amplicons above 0.25 ng/µl were pooled by weight for each marker. 18S
libraries were paired-end sequenced in two runs on the MiSeq using 300 cycles. COI
libraries were sequenced on two separate quarters of a 454 PicoTiterPlate. SILVA
reference data (Pruesse et al., 2007) release 111 was used for taxonomy assignment
to 18S phylotypes. COI reference data was compiled from earlier Antarctic studies
(Velasco-Castrillón et al., 2014) and GenBank (Benson et al., 2011). Deconvolution,
chimera screening, clustering, filtering of phylotypes, and naming and retention of
Antarctic invertebrates was performed using QIIME version 1.8 (Caporaso et al.,
2010) and R (R Development Core Team, 2011), including phylotypes obtained from
control reactions and NCBI taxonomy nomenclature. All steps of phylotype data
generation are further detailed elsewhere (Chapter 3). Design of molecular work and
control reactions Antarctic soil DNA extracts from the Prince Charles Mountains
were received in seven micro-titer plates, and then distributed between four plates,
two with identical sample allocation for amplification using 18S or COI fusion
primers. Several wells of each plate were reserved for control reactions. Controls
included aliquots of blank extracts, H2O (prior to amplification) or blank PCRs
(after amplification) and several positive controls (Fig. 4.5). Methods for removal
of contamination and retention of contamination are detailed elsewhere (Chapter
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3). Phylotype data generated form Australian soil controls helped identification of
Antarctic phylotypes in the final data: Only Antarctic phylotypes without linkage to
Australian phylotypes were included into analyses for the current study. Phylotype
information obtained from extraction controls or PCR controls was subtracted
from Antarctic phylotypes using QIIME scripts, yielding a dataset deemed free of
contamination (see also Appendix C).

4.10.2. Sequence tag selection and amplicon orientations

Biological samples processed in this study were part of a metagenetic sequen-
cing workflow consisting of 192 samples (Fig. 4.6). While sample multiplexing
was possible on the Illumina platforms with readily designed sequence tags Ca-
poraso et al. (2012), only 140 adequate recognition sequences were available and
tested for multiplexing on the 454 platform (Faircloth and Glenn, 2012; Roche,
2009a,b). Consequently, 454 fusion primers were specifically designed for the meta-
genetic workflow employed here and assigned to samples as listed in Fig. 4.6. Some
combinations of adapter, recognition and primer sequences may inhibit amplifica-
tion (Vallone and Butler, 2004), the selection of 454 fusion primers designed and
employed here featured only sequences that did not exhibit hairpins (tested at
http://www.thermoscientificbio.com/webtools/multipleprimer/). This further re-
duced amount of possible 454 fusion primers required sequencing of amplicons in two
orientations to allow deconvolution, as shown in Fig. 4.6. Sequence constructs of the
first sequencing orientation consisted of a primer with 454 adaptor “Lib-L Primer A
key” (Roche, 2009b), recognition sequences unique to sample (Fig. 4.6) as well as the
primer “mlCOIintF” (Leray et al., 2013); furthermore of a primer linking the reverse
complemented 454 adaptor “Lib L Primer B key” (Roche, 2009b) with the reverse
complemented sequence “HCO2198” (Folmer et al., 1994). Sequence constructs of
reversed sequencing orientation contained the 454 adaptor “Lib-L Primer A key”
(Roche, 2009b), recognition sequence unique to sample (Fig. 4.6) as well as primer
“HCO2198” Folmer et al. (1994) in the first sequencing oligonucleotide. The second
oligonucleotide contained the reverse complemented 454 adaptor “Lib L Primer B
key” (Roche, 2009b), and “mlCOIintF” Leray et al. (2013).
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4.10.3. Intermediate results of environmental data processing

Raw and pre-processed soil geochemical observations are summarised in Tab. 4.2
and Tab. 4.3. A first PCA showed to be impaired by outliers (Fig. 4.9), hence pre-
processing was conducted. Removal of covariate variables is documented in Fig. 4.8.
Geochemical and mineral variables for final PCA included gravel, texture, ammonium,
nitrate, P, K, S, organic C, pH H2O, quartz, feldspar, titanite, pyroxene / amphibole
/ granite, micas, dolomite, kaolin / chlorite, calcite, and chlorite, elevation, slope
and soil temperature.

4.10.4. Intermediate results of biological data processing

Raw, taxon corrected, phylotype data for each marker are plotted on the phylum
level (Fig. 4.10). Both markers detected phyla Chelicerata, Nematoda and Rotifera;
tardigrades were retrieved exclusively by 18S (Fig. 4.10). Phylotype tip agglomeration
condensed phylotype numbers from 1860 to 29 for 18S, and from 37 to 31 for COI,
respectively (Fig. 4.11). Combined invertebrate phylotype observations were defined
for two super-phyla, 4 phyla, 7 classes, 16 orders, 19 families, 14 genera and 12
species (Tab. 4.4). Phylotype counts were agglomerated to class ranks Arachnida
(Chelicerata), Bdelloidea and Monogonata (Rotifera), Chromadorea and Enoplea
(Nematoda) and Eu- and Heterotardigrades (Tardigrada), and are shown in Fig. 4.12.

4.10.5. Intermediate results of biological data in relation to
environment

Variables included in the final CCA model included elevation, sulphur, slope, am-
monium, texture, titanite, soil temperature, organic carbon, chlorite, micas, po-
tassium, phosphorus, gravel, feldspar, and kaolin / chlorite. For this highest-ranking
model stepwise addition of variables to the unconstrained model towards the fully con-
strained model resulted in a drop of AIC values from 871 to 824 (Tab. 4.5) indicating
improvement of predictive strength. VIFs ranged from min: 1.445 (ammonium), 1st
Qu.: 1.912, median: 2.499, mean: 3.247, 3rd Qu.: 3.687 to max: 10.240 (potassium)
and were below 10 for all but variable potassium (Tab. 4.6), indicating that all
included variable except potassium contained independent information and little
co-correlation. The final CCA model with the selected 15 variables was significant
with p = 0.021. Significant information was loaded on 4 axes, with CCA1 p = 0.001,
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4.10 Supplemental information

CCA2 p = 0.001, CCA3 p = 0.001 and CCA4 p = 0.028. The first 3 axes were
plotted in Fig. 4.4. Type I tests identified significant variables elevation (p = 0.001),
sulphur (p = 0.007) and slope (p = 0.082). No re-arranged Type I tests were con-
ducted, since the observed VIFs were below 10 for 9 of 10 variables. Type III tests
identified significant variables S (p = 0.007) and slope (p = 0.029). Elevation was not
significant in Type III tests due to its relatively high VIF (5.87).

4.10.6. Data and analysis scripts, additional figures and tables

Data and analysis scripts can be accessed at https://zenodo.org/record/19181.
Analysis source code is provided in this document (Appendix C).
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4.10 Supplemental information

Table 4.1.: Extraction methods employed for soil geochemical analysis, provided by
CSBP Soil and Plant Analysis Laboratory (Bibra Lake, AU-QLD) and referenced
in Rayment and Lyons, 2011.

Analytes Method, Unit, Detection Limit
P and K Method 9B1; Unit: mg/kg; Limits: 2
Soil pH in CaCl2 Method 4B1; Unit: pH; Limits: 2 decimal points
Soil pH in H2O Method 4A1; Unit: pH; Limits: 2 decimal points
Organic C Method 6A1; Unit: %; Limits: 0.05
NH4

+ and NO3
- N Method 7C2; Unit: mg/kg; Limits: 1

KCl S Method 10D1; Unit: mg/kg; Limits: 0.5
electric conductivity Method 3A1; Unit: dS/m; Limits: 0.01
P Method 9C2; Unit: mg/kg; Limits: 0.1
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Table 4.5.: Summary of model selection process for the final model used in Canonical
Correspondence analysis (CCA). In each step (Step) a variable was added to an
unconstrained model towards a fully constrained model, and the result was tested
with 999 permutations. Addition of a variable removed one degree of freedom (Df).
For each step the residual degrees of freedom and Deviance (Resid. Df and Resid.
Dev., respectively) were assessed. For the selected model, addition or removal of
variables resulted in a final Akaike Information criterion of 824.73. Lower ranking
models not shown.

Step Df Deviance Resid. Df Resid. Dev. AIC
1 - - 102 475580.8 871.07
2 + elevation -1 56865.87 101 418715 859.95
3 + S -1 44454.43 100 374260.5 850.39
4 + quartz -1 28653.09 99 345607.4 844.19
5 + slope -1 23439.02 98 322168.4 838.95
6 + NH4

+ -1 16679.44 97 305489 835.48
7 + texture -1 14470.92 96 291018 832.48
8 + titanite -1 9675.71 95 281342.3 831.00
9 + pH (H2O) -1 6582.63 94 274759.7 830.56
10 + soil temperature -1 6775.03 93 267984.7 829.99
11 + org C -1 6450.50 92 261534.2 829.48
12 + Chlorite -1 6498.16 91 255036 828.89
13 + Micas -1 5538.27 90 249497.8 828.63
14 + K -1 5843.47 89 243654.3 828.18
15 + P -1 5521.46 88 238132.8 827.82
16 + gravel -1 6996.76 87 231136.1 826.75
17 - pH pH (H2O) 1 4415.63 88 235551.7 826.70
18 + Feldspar -1 4913.89 87 230637.8 826.53
19 - Quartz 1 1212.16 88 231850 825.07
20 + Kao. / Chl. -1 5196.19 87 226653.8 824.73
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Table 4.6.: Variance inflation factors (VIF) for model employed in Canonical
Correspondence Analysis (CCA). A value above 10 indicates that the corresponding
variable does not contain independent information.

Variable VIF
Elevation 5.87
Slope 2.23
S 2.69
NH4

+ 1.44
Texture 1.49
Titanite 2.92
Soil temp. 3.48
Org. C 1.48
Chlorite 1.81
Micas 2.01
K 10.24
P 2.5
Gravel 4.2
Feldspar 3.9
Kaol. / Chl. 2.44
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5. Synthesis

Paul Czechowski1

1 Australian Centre for Ancient DNA, University of Adelaide, Adelaide, SA 5005
Australia

5.1. Summary

5.1.1. Technical and computational methods

This work applied a wide range of technical and computational methods to increase the
biological information available for remote ice-free regions of continental Antarctica
and applied these to explore environmental constraints on Antarctic biodiversity.
Initially, the possibility of using metagenetic high throughput sequencing (MHTS)
to generate baseline biodiversity data was evaluated (Chapter 1). Subsequently,
the eukaryotic diversity of three hitherto unsurveyed regions in the Prince Charles
Mountains was explored (Chapter 2). In order to apply MHTS for the study of
Antarctic invertebrates, taxonomic assignment fidelities between metagenetic markers
and morphological approaches were compared (Chapter 3). Lastly, MHTS-generated
biodiversity data was used to explore the environmental determinants of invertebrate
distribution in the Prince Charles Mountains (Chapter 4).

5.1.2. Biodiversity information from the Prince Charles
Mountains

Chapter 1 The first chapter of this thesis showed that current MHTS approaches
mainly employ workflows coined amplicon sequencing that require relatively few
laboratory steps, and for this reason are preferable to retrieve large-scale biodiversity
information from terrestrial Antarctica. Such approaches have previously been
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5.1 Summary

applied in Antarctica (e.g. Bottos et al. 2014; Makhalanyane et al. 2013; Roesch
et al. 2012; Teixeira et al. 2010), but focussed mainly on small spatial scales and
prokaryotes (but see Lee et al., 2012), while eukaryotes and invertebrates seemed
somewhat neglected (but see Dreesens et al., 2014; Niederberger et al., 2015, for
studies on fungi). Consequently, subsequent chapters of my work investigated how
to increase knowledge regarding the distribution of Antarctic biota both on small
and large spatial scales, while enabling insights into the cryptic community-level
organisation of terrestrial Antarctic biota.

Chapter 2 Chapter two of this thesis demonstrated how eukaryotic biodiversity
information from terrestrial Antarctica can be generated using MHTS. Even the
simplest analysis method (network visualisation) revealed substantial eukaryotic
biodiversity di�erences between three sampling regions in the Prince Charles Moun-
tains (Mount Menzies, Mawson Escarpment and Lake Terrasovoje), indicative of a
latitudinal or elevational correlation to eukaryotic diversity and richness. Rarefaction
methods performed poorly on this Antarctic biological data, due to the low yield
of eukaryotic phylotypes from the most extreme environment (Mount Menzies).
Principal Coordinate Analysis (PCoA) proved to be a better means to analyse and
visualise biodiversity data, particularly to detect trends in highly detailed phylotype
data. High-rank taxonomic inspection of phylotypes showed that protists and fungi
were most widespread in the sampling area, low-rank taxonomic inspections resulted
in the identification of Antarctic fungi (Cryomycetes antarcticus), or bird parasites
(Apicomplexa: Eimeriidae) where birds (South polar skua - Catharacta maccormicki,
or Snow petrels - Pagodroma nivea) were observed.

Chapter 3 Chapter three of this thesis revealed that fidelities of taxonomic as-
signments di�ered depending on metagenetic marker and inspected environment,
and application of non-arbitrary sequence processing parameters made it possible
to uncover these findings. While it became obvious that morphological description
is easier for larger invertebrates, it was shown that 18S rDNA (18S) is preferable
over cytochrome oxidase subunit I (COI) for the retrieval of family- and genus-level
taxonomic information of Antarctic invertebrates. At the same time, COI performed
more accurately in retrieving class- and order-level information. Careful selection of
MHTS processing parameters eliminated phylotypes that could not be retrieved in
replicated amplifications, and the removal of artefact data, for example chimeras,
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5.2 High throughput sequencing for Antarctica

reads containing PCR or sequencing errors. Precisely defined phylotypes and com-
parison to morphological reference data allowed determination of metagenetic marker
rank-level fidelity for invertebrate biodiversity assessments.

Chapter 4 In chapter four, MHTS data indicated that distribution of Antarctic
invertebrates was constrained by age-related salinity in inland areas. Other envir-
onmental variables appeared to play a minor role in constraining biodiversity, but
provided for a higher-diverse community in regions with low salinity, such as in
coastal proximity. In general, inland areas (Mount Menzies and Mawson Escarpment)
appeared to accumulate salt in soils over time, while salts are more likely to be
washed out of soils at the wetter, more coastal Lake Terrasovoje or at some inland
sites that receive moisture from glacial meltwater (e.g. Magalhaes et al., 2012). This
trend was reflected by measurements of S, conductivity, K, NO3

-, most pronounced
at the Mawson Escarpment, and least obvious around Lake Terrasovoje, while Mount
Menzies exhibited an intermediate position due to its more recent exposure after
glacial recession (Chapter 2, sec. 2.8). Accordingly, Chromadorea (Nematoda) and
Monogonata (Bdelloidea) were found distributed across the three main regions,
likely due to physiological adaptations to tolerate high salinity and due to usage of
saline-tolerant micro-eukaryotic food sources. In low-saline, nutrient-rich areas, phyla
Tardigrada, Arachnida and classes Enoplea (Nematoda) and Bdelloidea (Rotifera)
dominated.

5.2. High throughput sequencing for Antarctica

Chapter 1 Chapter one showed, in line with the SCAR ANTECO research program
(http://www.scar.org/srp/anteco) that MHTS needs to be applied with a densely
spaced sampling regime over large distances and on a variety of communities to
improve terrestrial Antarctic baseline biodiversity information. Substantial e�ort
is currently invested in examining biodiversity and community level interactions
of typical Antarctic terrestrial biota, but even many recent publications frequently
applied traditional Sanger sequencing technology for this purpose (Altermann et al.,
2014; Fernández-Mendoza et al., 2011; Gokul et al., 2013; Jungblut et al., 2012;
Khan et al., 2011; Nakai et al., 2012). Practical limitations of early, Sanger-based,
metagenetic studies allowed analysis of relatively few samples, even when samples
were retrieved over large geographical distances (Fell et al., 2006; Lawley et al., 2004).
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5.2 High throughput sequencing for Antarctica

The current advent of MHTS approaches in Antarctica so far has mainly appreciated
the high taxonomic resolution of the resulting data, but mostly has not su�ciently
made use of options to process large sample numbers for all occurring taxa (Bottos
et al., 2014; López-Bueno et al., 2009; Makhalanyane et al., 2013; Teixeira et al.,
2010). At the same time, climate modellers call for precisely the type of biological
information data that could be obtained with HTS platforms (Gutt et al., 2012), also
due to the huge spatial heterogeneity of the Antarctic environment (Convey et al.,
2014).The Chapter summarizes evidence that the application of MHTS over a large
spatial scale with a densely spaced sampling regime would greatly improve baseline
biodiversity information from terrestrial Antarctica as shown by recent studies (Lee
et al., 2012). The Chapter furthermore supplies background and methodological
knowledge to apply such survey methods.

Chapter 2 Co-correlation between overall eukaryotic diversity / richness and el-
evation / latitude or latitudinal trends observed in Chapter two could indicate a
substantially di�erent evolutionary history between the hitherto somewhat neglected
Antarctic unicellular eukaryotes and the larger invertebrates. For invertebrates, geo-
glacial events and salt accumulation seem to be the main determinants influencing
occurrence throughout the continent (Convey and Stevens, 2007; Magalhaes et al.,
2012) (also: chapter 4). However, throughout the continent, unicellular eukaryotes
are frequently found in old and saline locations, albeit at a lower diversity, where in-
vertebrates were not found (Fell et al., 2006; Magalhaes et al., 2012) (also: chapter 2).
Consequently, there currently appears to be no indication that Antarctic unicellular
eukaryotes are restricted to younger substrate deposits in the same fashion as inver-
tebrates. Lack of co-correlation between micro-eukaryote biodiversity and latitude
was previously attributed to high site isolation and possible endemicity of Antarctic
eukaryotes (Lawley et al., 2004). Results obtained in this thesis (chapter 2) indicate
a much higher diversity of unicellular eukaryotes than observed by Lawley et al.
(2004). Also, in line with recent studies (Dreesens et al., 2014; Niederberger et al.,
2015) since a much higher diversity was were obtained here with MHTS approaches,
results indicate that MHTS is better suited to provide biodiversity information from
unicellular eukaryotes than early Sanger-based metagenetic studies.

Chapter 3 Findings of Chapter three suggest that the amount of available reference
data and MHTS markers for Antarctic taxa should be combined and extended. The
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5.2 High throughput sequencing for Antarctica

quest to find MHTS markers suitable for eukaryotic taxa also present in Antarctica
is on-going (Epp et al., 2012; Hajibabaei et al., 2006; Leray et al., 2013; Machida and
Knowlton, 2012; Riaz et al., 2011). At the same time marker-associated reference
information may prove to be insu�cient for species and genus-level taxonomic
assignments of MHTS phylotypes even after decades of data collection (Benson
et al., 2011; Folmer et al., 1994), as exemplified here for Antarctic invertebrates
and COI. Candidate markers o�ering comprehensive reference data (here: 18S or
COI) for phylotype identification are often criticised for their application in MHTS
(Clarke et al., 2014; Deagle et al., 2014; Tang et al., 2012). There may not be a
single marker suitable to capture the invertebrate complexity of mixed Antarctic soil
extracts, but it was demonstrated here that statistical tests allowed taxonomic fidelity
evaluation of combined 18S and COI data using morphological data as a baseline.
The fidelity-comparison approach developed in this thesis could be used analogously
to evaluate the quality of other MHTS marker candidates, also when applied to other
Antarctic taxa. Combinations of di�erent markers could then be chosen based upon
their (qualified) ability to retrieve certain taxonomic ranks. Meanwhile, it remains
important to increase reference data for MHTS markers such as 18S and COI for
research on Antarctic biodiversity.

Chapter 4 In Chapter four, soil salinity and terrain age were found to be the
main constraints of invertebrate biodiversity across large spatial scales in the Prince
Charles Mountains. These findings presented encompassed a large spatial extent and
hence the e�ect of spatial autocorrelation was mitigated. Additionally, the parallel
assessment of four (Chelicerata, Nematoda, Tardigrada, Rotifera) out of five (not
Hexapoda) invertebrate (sub-) phyla commonly encountered in Antarctica, was more
comprehensive than studies focused on few taxa. Importantly, while most abiotic
variables contained independent information to disperse invertebrate classes in the
environmental space of the selected Canonical Correspondence Analysis (CCA, Ter
Braak, 1986) model in concordance with earlier studies (Courtright et al., 2001),
none apart from salinity was found significant in determining invertebrate occurrence,
indicating that invertebrates could be able to survive in a variety of substrates,
as long as salinity does not exceed physiological tolerance. In summary, results
obtained here were indicative for Antarctic-specific terrain-age-related substrate salt
accumulation being the main driver of invertebrate biodiversity across inland areas in
the Prince Charles Mountains, while in coastal proximity decreased salinity pressure
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and higher nutrient input is incidental with a more diverse invertebrate fauna. Since
this relationship between salinity and physiological tolerance was inferred from the
distribution of invertebrate taxa, future physiological studies will be able to prove or
disprove this hypothesis.

5.3. Implications and future improvements

Chapter 1 The relatively simple MHTS workflow applied in this thesis was ideal
for large scale approaches, easily automatable using robotics and multiplex pipetting,
but may be a�ected by PCR-associated biases and may be less cost-e�cient in
comparison to alternative methods. Hybrid capture of DNA in bulk extracts could
allow for detection of a broader diversity of homologous gene regions, while reducing
PCR-related biases (Denonfoux et al., 2013). A combination of shotgun sequencing
methods and amplicon sequencing could allow for retrieval of, for example, full length
COI sequences using HTS technology (Liu et al., 2013). The applied amplicon
sequencing methods could be more cost e�cient using a modular tagging approach
(Clarke et al., 2014)1. Another option would be the omission of library quantification,
while instead pooling libraries by volume (coupled with shearing and reassembly)
(Feng et al., 2015). Application of such methodological adjustments could improve
read length (i.e. information content) and increase cost e�ectiveness of the MHTS
approaches applied here.

Chapter 2 Despite limitations of rarefaction methods and low sequence coverage,
ecological trends from ecological data could be obtained using Principal Coordinate
Analysis (PCoA) and the Unifrac distance measure. The usage of proportions or
rarefied counts, although applied widely, are inappropriate for analysis of di�er-
entially abundant phylotypes in metagenetic data (McMurdie and Holmes, 2014).
Furthermore, sequencing depth of metagenetic libraries is crucial for the estimation
of reliable biodiversity measures in metagenetic data (Smith and Peay, 2014). R
packages deSeq and edgeR o�er alternative ways of phylotype abundance correction
(Anders and Huber, 2013; Robinson et al., 2009), and sequencing coverage can be
increased by repeated sequencing of the libraries in combination with the already
generated data. Combining both approaches will improve retrieval of more reliable
biodiversity metrics.

1See Publications and Awards and appendix
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Chapter 3 A newly developed method for comparing metagenetic data to mor-
phological reference data was presented in Chapter 3. Precise low-rank taxonomic
assignments with morphological approaches are di�cult to achieve for Antarctic in-
vertebrates, such as nematodes (Freckman and Virginia, 1997) or rotifers, tardigrades
and arthropods (Powers et al., 1998; Velasco-Castrillón et al., 2014). Furthermore,
the developed scoring algorithm (Appendix B) uses unweighted concordance fractions
for each taxonomic rank for the determination of intra-class correlation coe�cients
(ICCs;Koch, 1982) , leading leading to values that are di�cult to interpret (Fig. 3.4
and Tab. 3.4). Better morphological reference data will improve marker comparisons;
a taxon-rank-weighted concordance algorithm will provide more easily interpretable
ICCs.

Chapter 4 The application of the R packages PHYLOSEQ (McMurdie and Holmes,
2013) and VEGAN (Dixon, 2003; Oksanen et al., 2015) to combined MHTS data
enabled the application of established, well documented, powerful community ana-
lysis methods to large data volumes. The evaluated final CCA model had higher
significance than recent comparable approaches that used variance inflation factors
rather than Akaike’s information criterion for model selection (Ding et al., 2015).
Similar to the analysis described here, forward selection of model constraints have
previously been used in other Antarctic studies (Sinclair et al., 2006). Scarcity
of biological data is known to impair ecological statistical analysis in Antarctica
(Magalhaes et al., 2012), and consequently non-aglommerated phylotype data was
di�cult to analyse with various ordination methods such as multidimensional scaling
(MDS) (Wish and Carroll, 1982), constrained principal component analysis (CAP)
and redundancy analysis (RDA) (Legendre and Andersson, 1999) due to the low
spatial overlap of individual phylotypes. Higher significance values for environmental
observations could have been achieved by inspecting variables individually as shown
elsewhere (Sinclair et al., 2006). Analysis of non-agglomerated phylotype abundance
values would have been possible with Hellinger transformation of abundance values
(Legendre, 2008). Hellinger-transformed phylotype data could have also been used
for weighted PCA (i.e. CAP) accounting for spatial autocorrelation (Caruso et al.,
2010). Finally, e�ects of marker specific phylotype abundance biases, here mitigated
through agglomeration, could have been addressed using more recent abundance
correction methods mentioned above (Anders and Huber, 2013; Robinson et al.,
2009). Sampling design, taxon agglomeration and application of CCA accounted for
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potential pitfalls of the analyses performed here, such as e�ects of spatial autocorrel-
ation, marker specific abundance biases, and gradient distortion related to the latter
two e�ects (Caruso et al., 2010; Palmer, 1993); however, an extensive set of tools
and analysis methods are available to further detail findings obtained in the future.

5.4. Conclusion

Current Antarctic biology is majorly influenced by the desire to conserve the unique
and still largely uncharacterised biodiversity of the continent and surrounding islands.
Of major concern are the establishment of non-indigenous species in Antarctica’s
protected regions that threaten indigenous species (McGeoch et al., 2015; Shaw et al.,
2014). Plants (e.g. Poa annua) and insects (e.g. Rhopalosiphum padi) make up the
vast majority of alien species in the Antarctic region and are most widespread with
close to half of all bioregions occupied (McGeoch et al., 2015). At the same time,
missing baseline information of endemic and invasive taxa hinders the assessment of
e�ectiveness of conservation measurements (McGeoch et al., 2015). Also, definition
and extension of protected regions in Antarctica, particularly in remote locations, is
urgently required (Shaw et al., 2014), and inevitably coupled with obtaining baseline
biological data from those remote regions. Systematic measurements of the impact
of alien species will require a systematic network to conserve Antarctic biodiversity
as a whole (McGeoch et al., 2015; Shaw et al., 2014).
Highlighted in this thesis were the possibilities of MHTS approaches to (a) survey for
small and cryptic eukaryotic organisms in remote and hitherto largely uncharacterised
regions of Antarctica such as the Prince Charles Mountains, (b) detect taxa of all
major invertebrate (sub-) phyla encountered in Antarctica with relatively simple, fast,
and standardised methods across large spatial scales, (c) generate complementary
biodiversity information using multiple MHTS markers, and (d) relating inverteb-
rate occurrences to environmental constraints with the help of rich geo-referenced
observational data.
Such methods are only now being recognised for their ability to monitor for the
distinction and occurrence of invasive taxa in Antarctica, but seemingly are not
applied widely to achieve this goal (Chown et al., 2015). Consequently, methods
developed and applied here should be furthered, for example, to define and extend
protected regions in Antarctica, particularly in remote regions (Shaw et al., 2014;
Terauds et al., 2012). More specifically, methods presented here could inform on

137



5.5 Acknowledgements

the number of eukaryotic alien and invasive species (compared to endemic) per
biogeographic region in the DPSR framework (McGeoch et al., 2015), coupled with
the collection baseline biodiversity information form hitherto unsurveyed regions.
Requirements to enable large scale biomonitoring across Antarctica using MHTS are
availability, linking and usability of reference sequence data, biological records and
distributional data (Chown et al., 2015). The work presented here provides examples
for generation and usage of MHTS sequence information from remote Antarctic
habitats, demonstrates how information retrieved using di�erent metagenetic markers
can be combined, provides methods for quality assessment of di�erent MHTS markers
and finally shows the application of combined information to investigate current
Antarctic environmental constraints on continental fauna. Therefore, this thesis serves
as a valuable resource to formalise and organise large-scale biodiversity information
from Antarctic terrestrial habitats, in line with the latest findings (Chown et al.,
2015).
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