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Summary

Different oceanographic provinces host discrete
microbial assemblages that are adapted to local
physicochemical conditions. We sequenced and
compared the metagenomes of two microbial commu-
nities inhabiting adjacent water masses in the
Tasman Sea, where the recent strengthening of the
East Australian Current (EAC) has altered the ecology
of coastal environments. Despite the comparable lati-
tude of the samples, significant phylogenetic differ-
ences were apparent, including shifts in the relative
frequency of matches to Cyanobacteria, Crenar-
chaeota and Euryarchaeota. Fine-scale variability in
the structure of SAR11, Prochlorococcus and Syn-
echococcus populations, with more matches to
‘warm-water’ ecotypes observed in the EAC, indicates
the EAC may drive an intrusion of tropical microbes
into temperate regions of the Tasman Sea. Further-
more, significant shifts in the relative importance of
17 metabolic categories indicate that the EAC
prokaryotic community has different physiological
properties than surrounding waters.

Introduction

The oceanography of eastern Australia is dominated by
the East Australian Current (EAC), a western boundary
current, which redistributes warm tropical waters from the
Coral Sea into the temperate Tasman Sea (Fig. 1) (Baird
et al,, 2008). In recent years, increases in wind stress
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across the South Pacific Ocean, driven by climate
change, have strengthened the subtropical gyre and
resulted in increased southerly intrusions of the EAC’s
warm oligotrophic waters (Cai efal., 2005; Ridgway,
2007; Hill etal., 2008; Wu etal., 2012). As a conse-
quence, the Tasman Sea is amongst the most rapidly
warming ocean provinces in the Southern Hemisphere
(Cai et al., 2005) and marked poleward range expansions
of marine macrofauna have been observed in eastern
Australian waters (Ling et al., 2009; Last et al., 2011).
There is also evidence that the strengthening EAC has
altered phytoplankton diversity in this region during the
last 60 years (Thompson et al., 2009), with further range
expansions of tropical species into southerly waters pre-
dicted (Hallegraeff et al., 2009). Given that discrete ocea-
nographic features can demarcate microbial community
structure (Johnson et al., 2006; Hewson et al., 2009) and
climate change processes are predicted to affect marine
microbial diversity and function (Ducklow et al., 2010),
similar shifts may be expected for prokaryotic communi-
ties in this region. Here, we used metagenomics to assess
the potential role of the EAC in shifting the structure and
function of microbial assemblages in the Tasman Sea by
comparing the prokaryote communities within the south-
ern EAC and an adjacent Tasman Sea water mass (TSW)

(Fig. 1).

Results and discussion

Consistent with its tropical origin, surface temperatures in
the EAC (23.0°C) were higher than in the adjacent TSW
site (18.7°C). Nutrient concentrations were also lower
within the EAC sample (Table 1). Water samples were
collected from the chlorophyll maximum at each location,
corresponding to 25 and 47 m in the EAC and TSW
respectively. Metagenomes were sequenced using a 454
GS-FLX (Roche) pyrosequencer, and the resultant 89 047
sequences were compared with the SEED (2011 version)
protein non-redundant database in the Meta Genome
Rapid Annotation using Subsystems Technology (MG-
RAST; Version 2.0) pipeline (Overbeek et al., 2005; Meyer
et al., 2008), using BLASTX across all alignment lengths,
and matches with an e-value of < 105 were considered
significant (Vega Thurber etal, 2009; Edwards et al.,
2010; Pfister et al.,, 2010; Poroyko et al., 2010; Delmont
et al., 2011; Jeffries et al. 2011; Smith et al. 2012).
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Fig. 1. Sample locations and sea surface temperature (SST) at the
time of sampling, indicating the position of the EAC.A. Legacy
Bureau of Meteorology SST (LBoMSST) product from 21 October
2009; a 0.01° resolution weighted combination of AVHRR data
estimating the sub-skin (~ 5 m depth) ocean temperature.B. MODIS
Aqua 1 km resolution SST from 13:12 AEST 21 October 2009.
Grey lines show the 200 m and 2000 m isobaths (a detailed
description of the oceanography of the region at the time of
sampling and sample analysis protocols is provided as Supporting
Information).

Using SEED, a total of 50% and 54% of sequences
could be matched to known phylogenies in the EAC and
TSW samples respectively, which is a level of phyloge-
netic assignment consistent with previous ocean metage-
nomes (Hewson etal, 2009). Both samples were
dominated by Bacteria (93% and 91% of SEED matches),
in particular the Proteobacteria, which made up 70% and
76% of bacterial matches in the EAC and TSW respec-
tively. In both samples, the bulk of genus level matches
were to SAR11 (Fig. 2), which is consistent with the domi-
nance of this organism in most oceanic environments
(Morris et al., 2002). Similar genus level patterns were
observed when we annotated our sequences against the
NCBI NR database in the Community Infrastructure for
Advanced Microbial Ecology Research and Analysis
(CAMERA) system (Sun et al.,, 2011) and MEGAN soft-
ware package (Huson et al., 2007) (Fig. S1).

Given the observed predominance of SAR11-affiliated
sequences in both samples, we next compared the
metagenomes to two boutique SAR11 sequence data-

bases. The first comprised full-length 16S rRNA gene
sequences from the SILVA database (Pruesse etal.,
2007) representative of previously defined SAR11 sub-
groups (Carlson et al., 2009). The second consisted of an
internal transcribed spacer (ITS) database derived from
SAR11 16S-ITS clones, which further differentiates
several of the 16S-based subgroups into different phylo-
types (Brown and Fuhrman, 2005). The 16S-based analy-
sis identified SAR11 subgroup S1a (Carlson et al., 2009)
as the major SAR11 subgroup in both the EAC and TSW
samples (Fig. 3A and B). This subgroup is generally the
most abundant in marine surface waters and has several
cultivated and sequenced representatives including Can-
didatus Pelagibacter ubique HTCC1062, HTCC1002
(Rappé et al., 2002) and HTCC7211 (Stingl et al., 2007).
Within this S1a subgroup, P1a.3, of which the isolate
HTCC7211 isolated from the Sargasso Sea is a member,
(Stingl et al., 2007) was the dominant phylotype (Fig. 3C
and D). P1a.3 has previously been shown to occur in
predominantly temperate and tropical waters (Phylotype
previously named S2 in Brown and Fuhrman, 2005). The
SAR11 16S Subgroup S2 was also identified in both
samples using 16S analysis (Fig. 3A and B); however, ITS
sequences from this subgroup (belonging to phylotype
P2.1) were only observed in the TSW sample. It has been
suggested the abundance of this subgroup may be
related to nutrient-rich upwelling events (Carlson et al.,
2009), consistent with the cooler nutrient-rich waters of
the Tasman Sea sample. Finally, subgroup S1b was iden-
tified only in the EAC sample. This subgroup (and asso-
ciated Phylotype S1b) generally occurs only in tropical
warmer waters (Brown and Fuhrman, 2005) and its
appearance here is consistent with the tropical origin of
the EAC. The relative dominance of SAR11 was also

Table 1. Characteristics of EAC and TSW water masses at the depth
of chlorophyll max where samples were obtained.

EAC TSW
Depth (m) 25 47
Temperature (°C) 22.0 18.7
Dissolved nitrate (uM) BD 2.18
Dissolved silicate (uM) BD 0.42
Dissolved phosphate (uM) 0.08 0.24
PAR (umol photon m2s™) 87 24
Chlorophyll-a (ug I") 0.47 0.49
Divinyl chlorophyll-a and b (ug I') 0.015 BD
Zeaxanthin (ug I”') 0.051 0.016
Bacterial abundance (ml™') 2.2x10° 2.0 x10°
Synechococcus abundance (ml™) 8.5 x 10* 1.8 x 10%
Prochlorococcus abundance (ml-") 1.0x10* 1.2x10°
Number of sequences 53 165 35 882
Total sequence size (bp) 16 104 563 11 261 883
Average sequence length (bp) 303 314

Sample analysis methodology is described in Supplementary
Information.
BD, below detection.

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports
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found to be lower in the EAC sample, where there was
a significantly (P < 107'%) higher frequency of SEED
matches to the Flavobacteriales, Rhodobacteriaceae and
the major oceanic cyanobacteria genera Synechococcus
and Prochlorococcus, as determined using Fisher’s exact
test in the STAMP (STatistical Analysis of Metagenomic
Profiles) package (Parks and Beiko, 2010) (Fig. 2,
Fig. S1).

The relative number of SEED matches to cyanobacteria
was almost 3 times higher in the EAC sample than the
TSW sample, but most striking was a shift in the distribu-
tion of cyanobacterial genera (Figs 2 and 4). Matches to
Synechococcus were the dominant feature of both
samples, which is typical for sub-tropical and temperate
marine ecosystems (Partensky et al.,, 1999a). However,
there were significantly (P<107'®*) more matches to
Prochlorococcus, the most abundant photoautotroph in
tropical oligotrophic waters (Partensky et al., 1999b), in
the EAC sample (42% of cyanobacteria) than in the TSW
sample (14%). This pattern is in agreement with pigment
analyses, where divinyl chlorophyll a and b were
observed in the EAC, but not the TSW, flow cytometry
counts, where Prochlorococcus abundances were almost
an order of magnitude higher in the EAC sample
(Table 1), and comparison of our data to a 16S-ITS data-
base that resulted in no hits to Prochlorococcus in the
TSW sample.

Superimposed upon the broad-scale shifts in the rela-
tive importance of Prochlorococcus were differences in
the distribution of Prochlorococcus ecotypes. Within the
EAC sample, 81% of matches to Prochlorococcus pro-
teins, derived from sequenced representatives in the
SEED data-base, were associated with MIT9312, the

Fig. 3. Frequency of matches to SAR11 16S
rRNA subgroups (as defined by Carlson et al.,
2009) in the (A) EAC and (B) TSW, and
matches to ITS phylotypes (as defined by

m Subgroup 1a Brown and Fuhrman, 2005) in the (C) EAC

u Subgroup 1b and (I_D) TSW sample_s. Metagenomic datasets
were interrogated using the annotated 16S or

i Subgroup 52 ITS reference databases using BLASTN

e=0.0001. The subgroup identity of 16S
sequence fragments covering at least 100 bp
and having a sequence identity of > 97%, and
phylotype identity ITS sequence fragments
covering at least 80 bp and having a
sequence identity of > 90%, were identified
from high scoring pairs.

M Phylotype Pl1a.3
u Phylotype P1b

W Phylotype P2.1

dominant Prochlorococcus ecotype in tropical oceans
(Johnson et al., 2006). However, MIT9312 accounted for
only 22% of matches in the TSW sample, where the
largest number of matches were to CCMP1986 (also
known as MED4), an ecotype that dominates the Prochlo-
rococcus community in cooler, high latitude waters
(Fig 4C) (Johnson et al., 2006). Similar patterns occurred
when we compared our data with a 16S-ITS database to
identify Prochlorococcus ecotypes in our samples. Con-
sistent with the very low proportion of SEED hits to
Prochlorococcus in the TSW sample, no Prochlorococcus
16S-ITS sequences were observed in the TSW sample.
On the other hand, in the EAC sample, only sequences
matching MIT9312 and MIT9301, a related strain that has
previously been shown to exhibit distribution patterns that
closely mirror MIT9312 (Hewson etal., 2009), were
observed. In both samples the Prochlorococcus commu-
nity was dominated by high-light adapted strains (Malm-
strom et al., 2010), indicating that the patterns observed
here were more compatible with latitudinal shifts in
Prochlorococcus community composition (Johnson et al.,
2006) than depth-related shifts (Malmstrom et al., 2010).

Similar patterns occurred amongst Synechococcus
ecotypes, whereby 78% of matches to Synechococcus
proteins in the EAC sample were associated with CC9605
(Synechococcus Clade 1), an ecotype most frequently
found in tropical/subtropical oligotrophic samples (Toledo
and Palenik, 2003; Zwirgimaier et al., 2008). While this
ecotype still dominated the TSW sample, it represented a
significantly (P < 107'%) smaller proportion of the Syn-
echococcus community, with a more even distribution of
ecotypes, including a higher proportion of matches to
temperate-zone ecotypes, occurring in this sample

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports



90
80
70
60 EAC
50 W TSW
40
30
20

MIT9313 CCMP1375 MIT9211

MIT9312 CCMP1986 NATLZA

Metagenomics in the East Australian Current 5

B Synechococcus

B Synechocystis

W Crocosphaera

B Thermosynechococcus
B Prochlorococcus

H Nostoc

W Anabaena

W Gloeobacteria

Trichodesmium

EAC
B TSW

WHS701 RS9917 WH8102 (CC9902 CC9605 WH7805 elongatus

B Korarchaeota
B Crenarchaeota

W Euryarchaeota

Fig. 4. Distribution of SEED matches (e < 107°) to; cyanobacterial genera in the (A) EAC and (B) TSW samples, major (C) Prochlorococcus
and (D) Synechococcus ecotypes in EAC and TSW samples, and Archaea groups in the (E) EAC and (F) TSW samples.

(Fig 4D). These patterns in the distribution of Synechoc-
occus and Prochlorococcus ecotypes indicate that the
EAC may advect tropical microbial assemblages into the
temperate latitudes of the Tasman Sea.

Shifts in the Archaea community paralleled those
observed amongst the cyanobacteria. In the EAC sample,
only 1.1% of sequences were matched to Archaea, com-
pared with 4.2% in the TSW sample. The smaller EAC
Archaea community was dominated by matches to the
Euryarchaeota (82%), while the TSW was instead domi-
nated by the Crenarchaeota (Fig. 2; Fig. 4E and F). The
increase in matches to Crenarchaeotain the TSW sample
was primarily driven by a significant (P < 10-'®) increase in
matches to Nitrosopumilus maritimus, which made up

61% of total archaeal matches. Conversely, N. maritimus
accounted for only 5% of Archaea matches in the EAC
sample. Nitrosopumilus maritimus is an important
ammonia oxidizing, carbon fixing archeon, which is widely
distributed in surface ocean waters and plays a critical
role in the ocean’s nitrogen and carbon cycles (Kénneke
et al., 2005; Walker et al., 2010). However, it is important
to note that matches to SEED are dependent upon com-
parisons to sequenced representative organisms, and
N. maritimus is currently one of very few sequenced
pelagic archaea. Consequently, the high percentage of
matches to this organism may in part be an artefact of its
dominance of the SEED database, rather than its numeri-
cal dominance of the Crenarchaeota community. None-

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports
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theless, the strong divergence in the relative importance
of Crenarchaeota and Euryarchaeota between the EAC
and TSW samples provides further evidence for funda-
mental differences between the two water masses.

Sequence reads were assigned to metabolic subsys-
tem pathways using MG-RAST and a BLASTX e-value
cut-off of 1075, In comparison to the phylogenetic shifts
observed among key bacterial and archaeal groups,
smaller differences in the distribution of matches to meta-
bolic function categories occurred between the samples
(Fig. S2). At the coarsest level of metabolic classification,
17 of 27 categories exhibited significant (P < 0.05) differ-
ences between samples, with amino acid synthesis and
metabolism, motility and chemotaxis, clustering based
subsystems and photosynthesis exhibiting the greatest
divergence between samples. However, at the finer reso-
lution, subsystem pathway level there was little quantita-
tive difference between the samples, with only two
categories (Electron transport and photophosphorylation,
which was over-represented in the EAC, and Sarcosine
oxidase, which was over-represented in the TSW
sample), showing significant (P < 0.05) differences
between samples. This apparent low degree of overall
metabolic divergence is a recurrent phenomenon in
marine metagenomes and has been explained by the
dominance of a core suite of metabolic functions that
remain relatively invariable due to their essential role in
microbial physiology in ocean environments (Hewson
et al.,, 2009). Despite differences in the nutrient status of
the two water masses (Table 1), no significant differences
in the relative importance of nitrogen, phosphorous or
sulfur metabolism were observed between samples at
any level. However, proteins involved in photosynthesis
were significantly (P < 0.05) more prevalent in the EAC
sample, where the relative proportion of matches to Phy-
coblisome and Photosystem | and Il proteins were 3.6
times higher than in the TSW sample. This is consistent
with the higher proportion of cyanobacteria in the EAC
sample.

The microbial communities inhabiting the EAC and
TSW water masses displayed several disparate features,
indicative of marked ecological and biogeochemical diver-
gence. These included fundamental shifts in the popula-
tion structure and relative abundance of important ocean
microbes, including SAR11, Prochlorococcus and Crenar-
chaeota, and is consistent with the premise that discrete
oceanographic provinces host specific microbial assem-
blages (Hewson et al., 2009). Significantly, patterns in the
distributions of key organisms indicate that the EAC
microbial community is characterized by a somewhat
‘tropical’ signature, despite being sampled at virtually the
same latitude (33.3°S) to the TSW community. We tested
this hypothesis by comparing our data to a set of publi-
cally available metagenomic data (Fig. S3). While there

was no clear demarcation of the data into two discrete
tropical and temperate groups, it is notable that for both
taxonomy and metabolism, the EAC sample was always
most similar to metagenomes from the equatorial Pacific
(latitudes: 7.5 and 8.6°N), while the TSW sample was
generally most similar to samples obtained from compa-
rable temperate latitudes [i.e. Botany Bay (33.9°S) and
Monterey Bay (36.6°N)]. These trends, along with the
observed patterns in cyanobacterial community organiza-
tion, provide evidence for a poleward incursion of tropical
microbes within the EAC, which mirrors the southerly
spread of macrofauna and phytoplankton in this region
(Ling etal, 2009; Thompson etal., 2009; Last etal,
2011). Increases in the southerly flow of the EAC have
occurred at a rate of approximately 6 km year over the
last 60 years, and are predicted to increase by a further
20% by 2100 (Ridgway and Hill, 2009). The different
characteristics of our two metagenomes indicate that
further increases in the influence of the EAC may sub-
stantially alter microbial community structure and biogeo-
chemical dynamics in the Tasman Sea. A more extensive
analysis of the microbial oceanography within this ‘climate
change hotspot’ (Last et al., 2011) and in other regions
where shifting circulation patterns are occurring (Bryden
etal.,, 2005; Wu et al., 2012) may provide a preview of
future patterns in ocean function.
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Abstract. Biogeochemical cycles are driven by the 1 Introduction
metabolic activity of microbial communities, yet the envi-
ronmental parameters that underpin shifts in the functionaBiogeochemical cycles, over geological time, have funda-
potential coded within microbial community genomes are mentally determined the chemical nature of the Earth’'s sur-
still poorly understood. Salinity is one of the primary de- face and atmosphere. Due to their high abundance and
terminants of microbial community structure and can vary metabolic activities, microorganisms drive many global bio-
strongly along gradients within a variety of habitats. To geochemical processes including the carbon, oxygen, nitro-
test the hypothesis that shifts in salinity will also alter the gen, hydrogen, sulfur and iron cycles (Falkowski et al., 2008;
bulk biogeochemical potential of aquatic microbial assem-Fuhrman, 2009). The biochemical potential of the micro-
blages, we generated four metagenomic DNA sequence libial inhabitants of an environment is determined by the com-
braries from sediment samples taken along a continuous, natnunity structure — the types of organisms present and their
ural salinity gradient in the Coorong lagoon, Australia, andrelative abundance, which is in turn largely determined by
compared them to physical and chemical parameters. A totathe physico-chemical conditions of the habitat, such as the
of 392483 DNA sequences obtained from four sediment samneed for cells to survive in highly saline environments by ad-
ples were generated and used to compare genomic charactgusting their internal salt concentrations (Oren, 2009). How
istics along the gradient. The most significant shifts alongmicrobial communities respond to and contribute to chemi-
the salinity gradient were in the genetic potential for halotol- cal gradients is a central question of microbial ecology and
erance and photosynthesis, which were more highly repreis essential to our understanding of biogeochemical cycling
sented in hypersaline samples. At these sites, halotolerancand biological adaptation to global change.
was achieved by an increase in genes responsible for the ac- Salinity has an important influence on the global distri-
quisition of compatible solutes — organic chemicals which in- hution of bacterial diversity (Lozupone and Knight, 2007).
fluence the carbon, nitrogen and methane cycles of sedimengalinity gradients occur in a wide variety of ecologically im-
Photosynthesis gene increases were coupled to an increag@rtant habitats such as estuaries, wetlands, salt marshes and
in genes matching Cyanobacteria, which are responsible fogoastal lagoons. Many of these habitats are under increasing
mediating CQ and nitrogen cycles. These salinity driven pressure from climate change, due to increased evaporation,
shifts in gene abundance will influence nutrient cycles alongreduced freshwater flows, and rising sea levels (Scavia et al.,
the gradient, controlling the ecology and biogeochemistry of2002; Schallenburg et al., 2003).
the entire ecosystem. In high salinity environments, microbes must maintain
their cellular osmotic balance via the acquisition of charged
solutes (Roberts, 2005; Oren, 2009). This fundamen-
tal physiological requirement has led to the evolution of
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halotolerant specialists, with several studies in hypersalindord et al., 2011). A better knowledge of the response of
habitats demonstrating that microbial diversity decreasesnicrobial communities to these conditions is essential from
with salinity (Estrada et al., 2004; Schapira et al., 2010;the perspective of both (i) ecosystem management and (i)
Pedbs-Alio et al., 2000; Benlloch et al., 2002) with halo- as a model to understand the effect of increased salinity lev-
tolerant and halophilic taxa becoming dominant in more ex-els on microbially mediated biogeochemical cycles. While
treme salinities. Shifts in microbial community structure microbial and viral abundance and activity has been shown
have also been observed along estuaries (Bouvier and déb increase along this salinity gradient (Schapira et al., 2009,
Giorgio, 2002; Oakley et al., 2010; Bernhard et al., 2005)2010; Pollet et al., 2010), the identity and metabolic potential
and in saline sediments (Swan et al., 2010; Hollister et al.of the bacteria that drive particular steps in a biogeochemical
2010), with changes in the abundance of specific functionakycle have not been characterized in this system.
groups, such as ammonia-oxidizing (Bernhard et al., 2005) We conducted a metagenomic survey of the Coorong la-
and sulfate-reducing bacteria (Oakley et al., 2010), and overgoon as a model for continuous natural salinity and nutrient
all composition (Hollister et al., 2010; Swan et al., 2010; gradients, and describe the shifts in gene content of sediment
Bouvier and del Giorgio, 2002), suggesting the important se-microbial metagenomes along the salinity gradient from ma-
lective role of salinity. However, it is not known how these rine to hypersaline conditions. This provides a model for how
taxonomic shifts will change the functional gene content in-environmental gradients can drive shifts in the biogeochem-
volved in biogeochemical processes, with the majority ofically important metabolic processes involved in salinity tol-
studies focusing on taxonomic marker genes or specific funcerance and in taxonomic groups involved in photosynthesis
tional groups. and nitrogen cycling.

Metagenomics allows for the elucidation of the biochem-
ical potential of microbial genomes present in a given en-
vironmental sample via direct sequencing of community2 Materials and methods
DNA (Tyson et al.,, 2004; Wooley et al., 2010). Several
metagenomic studies (Kunin et al., 2008; Rodriguez-Brito2.1 Study sites and sample collection
et al., 2010) have focused on specific hypersaline environ-
ments, but there has been no assessment of metabolic shifampling was conducted at four reference stations along the
along salinity gradients. Additionally, the majority of non- Coorong lagoon, South Australia, in January 2008, during
metagenomic studies have investigated either estuarine habihe Austral summer. Salinity varied by 99 across stations,
tats that do not exceed 50 salinity (Practical Salinity Scale)expressed using the Practical Salinity Scale (Lewis, 1980).
or extreme hypersaline environments (e.g. solar salterns). The sites were named by their salinity and defined by their

In this context, the Coorong lagoon, in South Australia GPS coordinates, which were as follows: 3736.55F S,
provides a unique model system of a continuous, natu-138.883 E), 109 (-35.797 S, 139.317E), 132 (-35.938S,
ral salinity gradient from estuarine to hypersaline salinities139.488 E) & 136 (—36.166 S, 139.651E). Ammonia
(Lester and Fairweather, 2009; Schapira et al., 2009), whictconcentrations at these sites ranged between G:R100)
provides an opportunity to investigate shifts in the biogeo-and 3.10 £0.84) mgN -1, phosphate concentrations ranged
chemical potential and function of microbial communities. between 0.0540.01) and 0.27 £0.09) mgP 11 (Supple-

The Coorong lagoon is one of Australia’s most significant ment Fig. S1). Heterotrophic bacteria and virus like parti-
wetlands and is listed under the Ramsar convention as a wetles in porewater, as determined by flow cytometry (Marie
land of international significance (Kingsford et al., 2011). et al., 1995; Seymour et al., 2005), increased from-418°
The 150 km long, 2 km wide system is contained between thg+6.3 x 10°) to 1.5x 10° (+1.4x 107) bacteria per mL and
last interglacial dune before the ocean and a modern penint.5x 10" (£5.8x 10P) to 4.2x 108 (+3.1x 107) viruses
sula that has been established from the mid-holocene. Thper mL along the salinity gradient (Supplement Fig. S1).
system receives water inputs at one end from the Southern At each site, 10g of sediment, submerged in approxi-
Ocean and the Murray River, Australia’s largest freshwatermately 2m deep water was sampled using a sterile corer.
system. These combined inputs result in an estuarine sysfhis equated to a core containing the upper 10cm of sedi-
tem at the mouth of the lagoon that becomes hypersalinenent. This sampling approach averages out the vertical het-
along the gradient due to evaporation. In recent decades, reerogeneity present in the sample, combining chemical gradi-
duced freshwater inputs due to agricultural practices and anents and pooling both oxic sand and black anaerobic mud. In
thropogenic barriers, coupled with climate driven increaseseach sample approximately 7 cm of the core was dark grey
in evaporation and decreases in rainfall, have resulted in inand black mud overlaid by approximately 3 cm of pale sand.
creasingly hypersaline conditions within the lagoon (LesterSediment cores on this scale demonstrate strong vertical gra-
and Fairweather, 2009). This has led to a shift in the biogeodients in Oxygen, Nitrogen, Carbon, and Sulfur (Paerl and
chemical status of the system with increased nutrient levelsPickney, 1996). As our focus was on regional-scale rather
acidification, and degradation of the overall ecological con-than micro-scale shifts it was necessary to incorporate all
dition of the wetland (Lester and Fairweather, 2009; Kings-of this heterogeneity in our sample to characterize the bulk
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metagenomic potential of the upper surface sediment, in daypergeometric distribution of sequences drawn without re-
similar fashion to which water metagenomic studies (e.g.placement from a pair of metagenomic samples to generate
Dinsdale et al., 2008; Rusch et al., 2007) and sediment 16% statistical significance value in a computationally efficient
rDNA studies (e.g. Hollister et al., 2010) combine spatially manner (Parks and Beiko, 2010) and is thus ideal for the
heterogeneous samples to investigate regional scale shiftpairwise comparison of metagenomes. Fisher's exact test
Samples were stored on ice prior to DNA extraction which has been routinely applied to observe statistically signifi-

was performed within 8 h of collection. cant differences between single metagenomic profiles (e.g.
Lamendella et al., 2011; McCarthy et al., 2011; Biddle et al.,
2.2 DNA extraction and sequencing 2011). The Salinity tolerance of identified taxa were deter-

mined within the MEGAN software package (Huson et al.,
DNA was extracted from 10 g of homogenized sediment us-2009) using the NCBI prokaryotic attributes table to display
ing a bead beating and chemical lysis procedure (Powerthe results of a BLASTX search of our datasets against the
soil, MoBIo). Four shotgun metagenomic libraries were gen-NCBI non redundant database using CAMERA (Sun et al.,
erated and sequenced using 454 GS-FLX pyrosequencing011).
technology (Roche) at the Australian Genome Research Fa-
cility. This sequencing yielded 68888 DNA sequences in
the 37 salinity metagenome, 101003 sequences in the 10§ Results
salinity metagenome, 114 335 sequences in the 132 salir‘§

ity metagenome and 108 257 sequences in the 136 salinity 1 Overall shifts in metagenomic profiles

metagenome, with an average read length of 232 bp. To investigate the influence of salinity on the composition of
o . - . the Coorong sediment metagenomes, we compared the abun-
2.3 Bioinformatics and statistical analysis dance profiles of the metabolic potential (Fig. 1a) and the

taxonomic identity of genes (Fig. 1b) sampled along the gra-

Unassembled DNA sequences (environmental Sequencgien: |n poth cases the metagenomic profiles demonstrated

tags) from each site were annotated using the MG-RASTgiis in structure along the gradient. Metagenomes derived

pipeline (Meyer et al., 2008). MG-RAST implements the ¢om hypersaline sites showed a higher degree of similar-
automated BLASTX annotation of DNA sequencing readsjyy, (4 each other than to the lower salinity (37) metagenome
to the SEED non redundant database which is a database T)gr both function and taxonomic identity. The signature for
genome sequences organized into cellular functions termegaianolic potential was more conserved between samples
subsystems (Overbeek et al., 2005). Within MG-RAST, 4 that for the phylogenetic identity of genes.

metabolic assignments were annotated to the SEED subsys-

tems database (Overbeek et al., 2005) and taxonomic identg 2  Shifts in functional potential along the salinity

fication was determined based on the top BLAST hit to the gradient

SEED taxonomy. The SEED is organized in three hierar-

chical levels for metabolism and six for taxonomy and al- We further investigated shifts in the functional gene content
lows for data to be exported at each level. The heat mamf microbial communities along the salinity gradient using
function of MG-RAST version 3.0 was used to display the STAMP (Parks and Beiko, 2010) to determine which finer
normalized abundance of sequences matching different catevel metabolic processes were statistically over-represented
egories with the Euclidian distance between profiles beingn the hypersaline metagenomes relative to the marine (37)
displayed as a ward-based clustering dendogram. Taxonomimetagenome (Fig. 2). This was investigated at the second
and metabolic reconstructions generated using MG-RASTlevel of the MG-RAST metabolic hierarchy.

version 2.0 with an E-value cutoff of 2 10° and a 50 bp Genes responsible for the synthesis of cell membrane
minimum alignment length were imported into the STatisti- bound ABC transporter proteins, predominantly composed
cal Analysis of Metagenomic Profiles (STAMP) package to of branched chain amino acid and oligopeptide trans-
test for statistically significant abundance differences in tax-porters (Fig. 3a), were over-represented in the hypersaline
onomic and metabolic groupings (Parks and Beiko, 2010)metagenomes (Fig. 2), as were ATP synthase enzymes
These were investigated at the second and third level of th¢Fig. 2a and c¢) and pathways responsible for the cellular
MG-RAST metabolic hierarchy and the third level of the response to osmotic stress. Osmotic stress genes were pri-
MG-RAST taxonomic hierarchy. Fisher’s exact test was usedmarily involved in the synthesis and transport of the osmo-
to determine the most significantly different categories, with protectants choline, betaine, ectoine and periplasmic glu-
a Storey’'s FDR multiple test correction applied (Agresti, cans (Fig. 3b). DNA metabolism genes and the genes re-
1990; Storey and Tibshirani, 2003). Confidence intervalssponsible for the metabolism of di- and oligosaccharide sug-
were determined using a Newcombe-Wilson method (New-ars were also significantly more abundant in the hypersaline
combe, 1998). Results were filtered to display only cate-metagenomes than in the 37 salinity metagenome.

gories with a g-value 0k0.05. Fisher’'s exact test uses a
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Fig. 2. Metabolic processes over-represented in hypersaline metagenomes relative to the 37 metdg¢ia9@) 132(C) 136. Corrected
P-values were calculated using Storey's FDR approach.

Sequences related to photosynthesis and pigment synthe- Several archaeal taxa were over-represented in the 109,
sis were over-represented in all hypersaline metagenome$s32 and 136 metagenomes relative to the 37 sample.
relative to the 37 metagenome (Fig. 2). Specifically, theOf these, the class Methanomicrobia was the most over-
abundance of sequences matching tetrapyrrole synthesigpresented in all cases. The halophilic class Halobacte-
(chlorophyll) and photosynthetic electron transport and pho-ria were over-represented in the 136 and 109 metagenomes
tophosphorylation pathways were significantly higher in the showing the highest increase in proportion in the most hyper-
hypersaline metagenomes than in the 37 metagenome. saline metagenome (136) (Fig. 4; Supplement Fig. S2).

We also observed shifts in the structure of the Proteobac-
teria. The class Delta/Epsilon-Proteobacteria were over-
represented in hypersaline metagenomes, while the relative
abundance of Gammaproteobacteria, Betaproteobactera and
Alphaproteobacteria were significantly higher in the lower
salinity metagenome. The classes Bacteroidetes and Placto-
mycetacia were also strongly over-represented in the lower
alinity metagenome.

3.3 Shifts in taxonomic identity of genes along the
salinity gradient

We further investigated the taxonomic identity of genes
along the salinity gradient using STAMP (Parks and Beiko,
2010) to determine which finer level taxonomic groups
were statistically different in abundance between the 37
metagenome and the hypersaline metagenomes (Fig. 4, SuB
plement Fig. S2). The cyanobacterial classes Nostocales, To investigate how these shifts in taxon abundance were
Oscillatoriales and Chroococcales were found to be overreflected in the salinity tolerance of members of the micro-

represented in the most hypersaline metagenome (136) rebial community, we used MEGAN (Huson et al., 2009) to

ative to the lower salinity sample (Fig. 4), as was the photo-summarize taxonomic assignments of sequencing reads in
heterotrophic bacterial class Chloroflexi, which contains theNCBI's microbial attributes table. We found that the pro-

green non-sulfur bacteria. portion of reads matching moderate halophiles and extreme
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halophiles increased by 5% and 6 % respectively,

the total number of moderate and extreme halophilic taxa in

T. C. Jeffries et al.: Increases in the abundance of microbial genes

dicate that salinity is a dominant factor, as does the increased
representation of halophiles along the gradient.

The most significant differences along the gradient can be
categorized into two biogeochemically important categories:
osmotic stress tolerance, via acquisition of compatible so-
lutes, and photosynthesis. Our data allows us to form several
new hypotheses relating to how microbial communities may
respond to increasing salinity levels in the environment, and
influence the biogeochemistry of salinity gradient habitats.

4.1 Salinity tolerance via compatible solute acquisition
and its influence on carbon and nutrient cycling

Many of the metabolic pathways over-represented in the hy-
persaline metagenomes (Fig. 2) are potentially involved in
cellular halotolerance. Microorganisms can overcome the
osmotic stress caused by increased salt concentration by two
mechanisms: the accumulation of KCI, which requires heavy
modification of the enzyme content of the cell, or by accu-
mulating organic compatible solutes which requires less pro-
teomic modification and allows adaptation to a broad salin-
ity range (Oren, 2008). It is this “organic solutes in” strat-
egy that seems most prevalent in our data. Osmotic stress
functional categories were over-represented in hypersaline
metagenomes and these were largely composed of path-
ways responsible for choline, betaine and ectoine transport
and synthesis, and the acquisition of periplasmic glucans.
These solutes are common osmoprotectants in halotolerant
and halophilic microorganisms. In particular, ectoine and be-
taine are important osmolytes in a wide range of taxonomic
roups (Oren, 2008; Roberts, 2005) and betaine is an impor-
(?ant characteristic of halotolerant Cyanobacteria and other
phototrophic bacteria (Welsh, 2000). Choline is a precursor
for betaine synthesis and its concentration has been shown

and that® be salt dependant in halophilic bacteria (Roberts, 2005;

Canovas et al., 1998).

creased from 15 to 32 in the 136 salinity metagenome relative Consistent with the osmoregulated accumulation  of
to the 37 metagenome (Fig. 5). Overall the majority of iden-Selutes, di- and oligosaccharide functional categories
tifiable taxa in both of these communities were mesophiliceré over-represented in both hypersaline metagenomes

and moderately halophilic.

4 Discussion

(Fig. 2) and the biosynthesis of other sugars (galactogly-
cans/lipopolysaccharide) was also enriched in the most hy-
persaline metagenome. Many sugars act as osmoprotec-
tants (Oren, 2008; Roberts, 2005) for example trehalose is
a common compatible solute in a variety of halotolerant

Our results comprise the first metagenomic survey of a modefind halophilic microorganisms, and sucrose in halotolerant
continuous natural salinity gradient and describe the shifts incyanobacteria and proteobacteria (Roberts, 2005). The pres-
gene content of sediment microbial metagenomes along thence of elevated sugar biosynthesis has the biogeochemical
gradient from marine to hypersaline salinities. Overall shiftsimplications that microbially mediated cycling can occur at
in the genetic composition of the metagenomes highlightechigher salinities and that there will be more energy available
the substantial influence of salinity on the metabolic potentialin the form of sugars to stimulate the metabolism of biogeo-
of microbial communities, which in turn has biogeochemical chemically active heterotrophic bacteria.

consequences. Taxonomic shifts may also reflect variation Genes responsible for the synthesis of cell membrane
in other variables such as nutrient concentration and the relabound ATP binding cassette (ABC) transporter proteins were
tive amount of oxic and anoxic sediment present in each coregver-represented in both hypersaline metagenomes and also
however the nature of metabolic shifts along the gradient in-potentially play a role in salinity tolerance. In our data, these
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Fig. 4. Taxa enriched or depleted in the 37 and 136 metagenomes. Corrected P-values were calculated using Storey's FDR approach. Tax:
enriched in the marine (37) metagenomes have positive differences between proportions.

enzymes were largely dominated by those involved in thement. The extent to which compatible solute metabolism
transport of branched chain amino acids. Amino acids ardanfluences primary production and provides key substrates
common compatible solutes (Oren, 2008) and a branchefor heterotrophic nutrition is still to be determined (Oren,
chain amino acid ABC-transporter has been transcriptionally2009), but the release of osmoprotectants via diffusion, lysis
up-regulated during salt adaptation in the sediment bacteriand grazing provides a significant source of carbon, nitrogen
Desulfovibrio vulgarisalong with other ABC transportersre- and sulfur to heterotrophic microorganisms (Welsh, 2000;
sponsible for betaine transport (He et al., 2010). The overHoward et al. 2006). This process appears to be particularly
representation of sequences for ATP synthase enzymes important in hypersaline sediments and mats where the uti-
also potentially explained by halotolerance as these memlization of high concentration glycine-betaine, trehalose and
brane bound pumps are up regulated in salt stressed yeasticrose represent a significant carbon source for microorgan-
(Yale and Bohnert, 2001) and a novel form of this enzymeisms and where glycine betaine can represent up to 20 % of
plays a role in salinity tolerance in halotolerant Cyanobacte-the total nitrogen of the surface layers (Welsh, 2000; King,
ria (Soontharapirakkul et al., 2011). 1988). The potentially increased catabolism of betaine is
In addition to providing survivability to the increasing pa_rticularly significant i_n hypersaline sediment w_here anaer-
biomass present in the hypersaline samples, which is re9b'c degradation of this compound may result in methane
flected in the increase in halotolerant and halophilic taxal> an end pTOd“Ct (We_lsh,_ 2000).  Members Qf the class
I\(Iethanosarcmales, which is over-represented in the most

along the gradient, the increased synthesis and uptake (?1 ersaline metagenome, contain the order Methanosarci-
compatible solutes also has direct consequences for the nuP g '

trient cycling and greenhouse gas emissions of the Sedipales which metabolize methylated amines, formed from the
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samples. Sequences and isolates matching the Halobacteri-

ales have been observed in the hypersaline microbial mats of

Shark Bay, Australia (Goh et al., 2006; Burns et al., 2004;

Allen et al., 2008) indicating that they are an important con-

stituent of benthic microbial communities that exist at more

moderate hypersaline conditions as well as at the extremes of
0136 salt saturation.

m 37

A)
non-halophilic

moderate halophile

mesophilic

4.2 Photosynthesis
extreme halophile

i1l

The over-representation of sequences matching tetrapyrrole
synthesis (chlorophyll) and photosynthetic electron trans-

0 1(1 20 3040 30 port and photophosphorylation pathways in the hypersaline
% of DNA reads metagenomes is consistent with the overrepresentation of
B) Cyanobacteria in the most saline metagenome. Cyanobac-

teria are abundant in hypersaline systems (Javor, 1989; Oren,
2002) particularly in the form of benthic microbial mats
which drive primary productivity in hypersaline environ-
ments between 100 and 200¢! salinity (Oren, 2009).
The Cyanobacteria over-represented in our most hypersaline
metagenome represent filamentous Cyanobacteria. Many
taxa comprising mats are filamentous (Oren, 2002, 2009),
however the sediment we sampled in this study did not show
the laminated structure characteristic of cyanobacterial mats,
but was sandy sediment dominated by non photosynthetic
taxa. Our data indicate that increasing salinity could po-
20 40 60 tentially increase the presence of flamentous Cyanobacteria
number of taxa without precipitating the transformation of porous sediment
into laminated mats. Mats are associated with photosynthe-
Fig. 5. Representation of halophilic taxa in the 37 and 136 Sis and nitrogen cycling but our results indicate that these
metagenomes.(A) % DNA reads matching taxa with a defined processes occur significantly in sediments without the visual
salinity tolerance(B) number of taxa with a defined salinity tol- presence of stratified mat communities. The occurrence of
erance. abundant Nostocales sequences in our metagenomes is unex-
pected as while Nostocales have also been observed in saline
Antarctic lakes (Jungblut and Neilan, 2010) and in the hy-
breakdown of the osmoprotectant glycine betaine (Kendallpersaline stromatolites of Shark Bay, Australia (Burns et al.,
and Boone, 2006), potentially influencing the rates of 2004), there are indeed no reports that we could find of high
methane flux in the sediment. Additionally, the climate reg- abundance Nostocales in samples as hypersaline as ours. Our
ulating gas dimethylsulfide (DMS) precursor dimethylsulfo- data could either describe a novel group of halophilic het-
niopropionate (DMSP) is a structural analogue to betaine an@&roscystous Nostocales, which would require further micro-
shares a cellular transport system (Welsh, 2000), thus the inscopic analysis and detailed molecular taxonomic classifica-
creased abundance of betaine transport potential with salinion to confirm, or potentially our Nostocales sequences are
ity could also result in an increase in the accumulation ofderived from other filamentous cyanobacterial taxa which are
this solute which is central to global scale climate and sul-closely related to Nostocales, for which there are no exam-
fur cycles. Thus, the observation that metabolisms related tgles in the SEED database used for taxonomic classification.
compatible solute metabolism are over-represented in hyper- Salinity often co-varies with other parameters such as nu-
saline metagenomes directly links the halotolerant metaboligrient concentration and microbial/viral abundance (Schapira
potential of the community to global scale nutrient cycles andet g|., 2009) thus other gradients in the system can be ex-
climate processes, and suggest that with increasing salinitypected to influence the abundance of Cyanobacteria and de-
this influence will become further exaggerated. termine their morphology, such as the increase in ammonia
The presence of sequences matching the Halobacteriacemd phosphate concentration observed in our data (Supple-
further indicates an adapted halophilic community as thesament Fig. S1). Larger cells with small surface to volume
Archaea tend to be found at the highest salinities and genratios, such as colonial and filamentous cyanobacteria, pref-
erally use a “high-salt in” strategy (Oren, 2008), which sug- erentially grow at higher nutrient concentrations and find a
gests that this mode of salt adaptation is also present in ouniche when protozoan grazing is high (Cotner and Biddanda,

non-halophilic

moderate halophile

0136
m 37
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2002; Pernthaler et al., 2004). Reduced grazing due to highthe community level is crucial to predicting how the bio-
salinity also facilitates the development of stratified matsgeochemistry of aquatic habitats will change over space and
(Oren, 2009) however grazing is still prevalent in the hyper-time.
saline Coorong (Newton et al., 2012) potentially limiting the
formation of these structures, but favoring flamentous mor-Supplementary material related to this
phologies. article is available online at:
The increase of photosynthetic metabolisms and taxa irhttp://www.biogeosciences.net/9/815/2012/
the most hypersaline metagenome (136 PSU) has implicabg-9-815-2012-supplement.pdf
tions for the exchange of nutrients and £ié&tween the ben-
thic and pelagic systems within the lagoon. Photosynthetic
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also provide energy for nitrogen fixation in underlying sedi- discussion.
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our data is the higher level of ammonium in hypersaline sed-
iments compared to th lower galinity (37) sediment (S‘%p'References
plement Fig. S1). This is potentially related to the potential
negative influence of high salt concentrations on nitrifying Agresti, A.: Categorical data analysis, Wiley series in probabil-
bacteria, such as the genera Nitrosomonas and Nitrosococ- ity and mathematical statistics Applied probability and statistics,
cus, which are both present in our data further suggesting Wiley, New York, xv, 558 pp., 1990.
that salinity may be influencing other taxonomic groups rel-Allen, M. A., Goh, F., Leuko, S., Echigo, A., Mizuki, T., Usami,
evant to the nitrogen cycle. R., Kamekura, M., Neilan, B. A., and Burns, B. P.:_ Haloferax
Whilst the extent of these environments in the Coorong elgngaps sp. nov. and Haloferax mucosum sp. Nov., |sollated from
remain unknown and the overall influence of salinity on pro- mlc_roblal mats from Hamehn_PooI, Shark Bay, Aust_ralla,_ Inter-
- . . . national Journal of Systematic and Evolutionary Microbiology,
duction rates and nutrient flux remains undetermined (Ford, 58, 798-802, 2008.
2007), our Qata |nd|cgte that thls_ hablj[a_t could_ become MOMeniioch, S., Lopez-Lopez, A., Casamayor, E. O., Ovreas, L.,
common with further increases in salinity, which have been Goddard, V., Daae, F. L., Smerdon, G., Massana, R., Joint,
predicted to occur in environments such as the Coorong due |., Thingstad, F., Pedros-Alio, C., and Rodriguez-Valera, F.:
to climate change (Hughes, 2003), altering the primary pro- Prokaryotic genetic diversity throughout the salinity gradient of
ductivity and nutrient levels of lagoons and potentially alter-  a coastal solar saltern, Environ. Microbiol., 4, 349-360, 2002.
ing mineral precipitation via changes in DOC concentrationBernhard, A. E., Donn, T., Giblin, A. E., and Stahl, D. A.: Loss of
(Javor, 1989). diversity of ammonia-oxidizing bacteria correlates with increas-
ing salinity in an estuary system, Environ. Microbiol., 7, 1289—
1297,d0i:10.1111/j.1462-2920.2005.008082005.
Biddle, J. F., White, J. R., Teske, A. P., and House, C. H.:
Metagenomics of the subsurface Brazos-Trinity Basin (IODP

Our study comprises the first metagenomic characterization site 1320): comparison with other sediment and pyrosequenced
y P 9 metagenomes, ISME J., 5, 1038-1047, 2011.

O.f a model hypgrsaline, antinuous and natural Sa”_nity grafBouvier, T. C. and del Giorgio, P. A.: Compositional changes in
dient and describes the shifts in gene content of sediment Mi- free.Jiving bacterial communities along a salinity gradient in two
crobial metagenomes in the system. Shifts in the biochemi- temperate estuaries, Limnol. Oceanogr., 47, 453-470, 2002.
cal potential and identity of the microorganisms controlling Burns, B. P., Goh, F., Allen, M., and Neilan, B. A.: Microbial di-
the potential can be summarized as an increase in halotol- versity of extant stromatolites in the hypersaline marine environ-
erant and benthic photosynthetic forms with salinity. This ment of Shark Bay, Australia, Environmental Microbiology, 6,
data provides the first direct observation of an increase in 1096-1101, 2004.

genes responsible for the acquisition of compatible solutes ifff@novas, D., Vargas, C., Csonka, L. N., Ventosa, A., and Nieto, J.
a natural hypersaline environment as opposed to in culture. J.: Synthesis of Gly_c_lne Betalr_le from Exogenous Choline in the
The biogeochemical implications of an increase in compat- Moderately Halophilic Bacterium Halomonas elongata, Appl.

ible solute acquisition and increased benthic photosynthe- Environ. Microbiol,, 64, 4095-4097, 1998.
Cotner, J. B. and Biddanda, B. A.. Small Players, Large

sis potentially represent important drivers of the ecosystem oio.  Microbial Influence on Biogeochemical Processes
biogeochemistry. Given the ecological and biogeochemical j, Pelagic Aquatic Ecosystems, Ecosystems, 5, 105-121,
importance of salinity gradients and increased pressure on doj:10.1007/s10021-001-0059-2002.

these systems from climate change and its associated effectsinsdale, E. A., Pantos, O., Smriga, S., Edwards, R. A., Angly, F
understanding microbial adaptation to increasing salinity at Wegley, L., Hatay, M., Hall, D., Brown, E., Haynes, M., Krause,

5 Concluding remarks

www.biogeosciences.net/9/815/2012/ Biogeosciences, 9, 8152012


http://www.biogeosciences.net/9/815/2012/bg-9-815-2012-supplement.pdf
http://www.biogeosciences.net/9/815/2012/bg-9-815-2012-supplement.pdf
http://dx.doi.org/10.1111/j.1462-2920.2005.00808.x
http://dx.doi.org/10.1007/s10021-001-0059-3

824 T. C. Jeffries et al.: Increases in the abundance of microbial genes

L., Sala, E., Sandin, S. A., Thurber, R. V., Willis, B. L., Azam, 256, 2006.

F., Knowlton, N., and Rohwer, F.: Microbial Ecology of Four King, G. M.: Methanogenesis from Methylated Amines in a Hyper-
Coral Atolls in the Northern Line Islands, PLoS ONE, 3, E1584, saline Algal Mat, Appl. Environ. Microbiol., 54, 130-136, 1988.
doi:10.1371/journal.pone.0001582D08. Kingsford, R. T., Walker, K. F., Lester, R. E., Young, W. J,,

Estrada, M., Henriksen, P., Gasol, J. M., Casamayor, E. Fairweather, P. G., Sammut, J., and Geddes, M. C.: A Ram-
0., and Pedros-Alio, C.: Diversity of planktonic photo sar wetland in crisis - the Coorong, Lower Lakes and Mur-
auto trophic microorganisms along a salinity gradient as de- ray Mouth, Australia, Mar. Freshwater Res., 62, 255-265,
picted by microscopy, flow cytometry, pigment analysis and doi:10.1071/mf093152011.

DNA-based methods, FEMS Microbiol. Ecol., 49, 281-293, Kunin, V., Raes, J., Harris, J. K., Spear, J. R., Walker, J. J.,
doi:10.1016/j.femsec.2004.04.0@004. Ivanova, N., von Mering, C., Bebout, B. M., Pace, N. R., Bork,
Falkowski, P. G., Fenchel, T., and Delong, E. F.: The microbial P., and Hugenholtz, P.: Millimeter-scale genetic gradients and
engines that drive Earth’s biogeochemical cycles, Science, 320, community-level molecular convergence in a hypersaline mi-
1034-1039d0i:10.1126/science.1153213008. crobial mat, Mol. Syst. Biol., 4, 198]0i:10.1038/msh.2008.35

Ford, P. W.: Biogeochemistry of the Coorong. Review and iden- 2008.
tification of future research requirements., Water for a Healthy Lamendella, R., Santo Domingo, J., Ghosh, S., Martinson, J., and
Country Flagship, CSIRO, 33 pp., 2007. Oerther, D.: Comparative fecal metagenomics unveils unique

Fuhrman, J. A.: Microbial community structure and its functional  functional capacity of the swine gut, BMC Microbiology, 11,
implications, Nature, 459, 193—-196pi:10.1038/Nature08058 103,d0i:10.1186/1471-2180-11-102011.

20009. Lester, R. E. and Fairweather, P. G.: Modelling future condi-

Goh, F., Leuko, S., Allen, M. A., Bowman, J. P.,, Kamekura, tions in the degraded semi-arid estuary of Australia’s largest
M., Neilan, B. A., and Burns, B. P.: Halococcus hamelinen-  river using ecosystem states, Estuar. Coast Shelf S., 85, 1-11,
sis sp. nov., a novel halophilic archaeon isolated from stro- doi:10.1016/j.ecss.2009.04.Q18009.
matolites in Shark Bay, Australia, International Journal of Lewis, E.: The practical salinity scale 1978 and its antecedents,
Systematic and Evolutionary Microbiology, 56, 1323-1329, Oceanic Engineering, IEEE Journal of, 5, 3-8, 1980.
doi:10.1099/ijs.0.64180;@2006. Lozupone, C. A. and Knight, R.: Global patterns in bacte-

He, Z., Zhou, A., Baidoo, E., He, Q., Joachimiak, M. P., Benke, P., rial diversity, P. Natl. Acad. Sci. USA, 104, 11436-11440,
Phan, R., Mukhopadhyay, A., Hemme, C. L., Huang, K., Alm,  doi:10.1073/pnas.06115251,@D07.

E. J., Fields, M. W., Wall, J., Stahl, D., Hazen, T. C., Keasling, J. McCarthy, C. B., Diambra, L. A., and Rivera Pomar, R. V.. Metage-
D., Arkin, A. P., and Zhou, J.: Global Transcriptional, Physiolog- ~ nomic Analysis of Taxa Associated with Lutzomyia longipalpis,
ical, and Metabolite Analyses of the Responses of Desulfovibrio  Vector of Visceral Leishmaniasis, Using an Unbiased High-
vulgaris Hildenborough to Salt Adaptation, Appl. Environ. Mi- Throughput Approach, PLoS Negl. Trop. Diseases, 5, €1304,
crobiol., 76, 1574-158@]0i:10.1128/aem.02141-02010. 2011.

Hollister, E. B., Engledow, A. S., Hammett, A. J. M., Provin, T. L., Meyer, F., Paarmann, D., D'Souza, M., Olson, R., Glass, E. M.,
Wilkinson, H. H., and Gentry, T. J.: Shifts in microbial commu- Kubal, M., Paczian, T., Rodriguez, A., Stevens, R., Wilke, A.,
nity structure along an ecological gradient of hypersaline soils Wilkening, J., and Edwards, R. A.: The metagenomics RAST
and sediments, ISME J., 4, 829-88®i:10.1038/ismej.2010,3 server - a public resource for the automatic phylogenetic and
2010. functional analysis of metagenomes, BMC Bioinformatics, 9,

Howard, E. C., Henriksen, J. R., Buchan, A., Reisch, C. R.,, 386,d0i:10.1186/1471-2105-9-382008.

Burgmann, H., Welsh, R., Ye, W., Goalez, J. M., Mace, K., Marie, D., Brussaard, C. P. D., Thyrhaug, R., Bratbak, G., and
Joye, S. B., Kiene, R. P., Whitman, W. B., and Moran, M. A.:  Vaulot, D.: Enumeration of marine viruses in culture and natural
Bacterial taxa that limit sulfur flux from the ocean, Science, 314, samples by flow cytometry, Appl. Environ. Microb., 65, 45-52,

649-652d0i:10.1126/science.1130652006. 1999.
Hughes, L.: Climate change and australia: Trends, projections antNewcombe, R. G.: Interval estimation for the difference between
impacts, Austral Ecology, 28, 423-443, 2003. independent proportions: Comparison of eleven methods, Statis-

Huson, D. H., Richter, D. C., Mitra, S., Auch, A. F., and Schus- tics in Medicine, 17, 873—890, 1998.
ter, S. C.: Methods for comparative metagenomics, BMC Oakley, B. B., Carbonero, F., van der Gast, C. J., Hawkins, R. J.,
Bioinformatics, 10 Suppl 1, S12, 1471-2105-10-S1-S12 [pii], and Purdy, K. J.: Evolutionary divergence and biogeography of
doi:10.1186/1471-2105-10-S1-S12D09. sympatric niche-differentiated bacterial populations, ISME J., 4,
Javor, B.: Hypersaline environments: microbiology and biogeo- 488-497, available athttp://www.nature.com/ismej/journal/v4/
chemistry, Brock/Springer series in contemporary bioscience, n4/suppinfo/ismej2009146s1.htr2010.
Springer-Verlag, Berlin, New York, viii, 328 pp., 1989. Oren, A.: Salts and Brines, in: The Ecology of Cyanobacteria,
Jungblut, A. D. and Neilan, B. A.: Cyanobacterial Mats of the Melt-  edited by: Whitton, B. and Potts, M., Springer Netherlands, 281—
water Ponds on the McMurdo Ice Shelf (Antarctica) Microbial 306, 2000.
Mats, in: Cellular Origin, Life in Extreme Habitats and Astro- Oren, A.: Microbial life at high salt concentrations: phylogenetic
biology, edited by: Seckbach, J. and Oren, A., Springer Nether- and metabolic diversity, Saline Systems, 4¢d@i;10.1186/1746-
lands, 499-514, 2010. 1448-4-2 2008.
Kendall, M. and Boone, D.: The Order Methanosarcinales, in: TheOren, A.: Saltern evaporation ponds as model systems for the study
Prokaryotes, edited by: Dworkin, M., Falkow, S., Rosenberg, E., of primary production processes under hypersaline conditions,
Schleifer, K.-H., and Stackebrandt, E., Springer New York, 244—  Aquat. Microb. Ecol., 56, 193-204d0i:10.3354/ame01297

Biogeosciences, 9, 81825 2012 www.biogeosciences.net/9/815/2012/


http://dx.doi.org/10.1371/journal.pone.0001584
http://dx.doi.org/10.1016/j.femsec.2004.04.002
http://dx.doi.org/10.1126/science.1153213
http://dx.doi.org/10.1038/Nature08058
http://dx.doi.org/10.1099/ijs.0.64180-0
http://dx.doi.org/10.1128/aem.02141-09
http://dx.doi.org/10.1038/ismej.2010.3
http://dx.doi.org/10.1126/science.1130657
http://dx.doi.org/10.1186/1471-2105-10-S1-S12
http://dx.doi.org/10.1071/mf09315
http://dx.doi.org/10.1038/msb.2008.35
http://dx.doi.org/10.1186/1471-2180-11-103
http://dx.doi.org/10.1016/j.ecss.2009.04.018
http://dx.doi.org/10.1073/pnas.0611525104
http://dx.doi.org/10.1186/1471-2105-9-386
http://www.nature.com/ismej/journal/v4/n4/suppinfo/ismej2009146s1.html
http://www.nature.com/ismej/journal/v4/n4/suppinfo/ismej2009146s1.html
http://dx.doi.org/10.1186/1746-1448-4-2
http://dx.doi.org/10.1186/1746-1448-4-2
http://dx.doi.org/10.3354/ame01297

T. C. Jeffries et al.: Increases in the abundance of microbial genes 825

20009. Scavia, D., Field, J., Boesch, D., Buddemeier, R., Burkett, V.,
Overbeek, R., Begley, T., Butler, R. M., Choudhuri, J. V., Chuang, Cayan, D., Fogarty, M., Harwell, M., Howarth, R., Mason, C.,
H. Y., Cohoon, M., de Crecy-Lagard, V., Diaz, N., Disz, T, Reed, D., Royer, T., Sallenger, A., and Titus, J.: Climate change
Edwards, R., Fonstein, M., Frank, E. D., Gerdes, S., Glass, impacts on U.S. Coastal and Marine Ecosystems, Estuaries and
E. M., Goesmann, A., Hanson, A., Ilwata-Reuyl, D., Jensen, Coasts, 25, 149-16dpi:10.1007/bf026913Q42002.
R., Jamshidi, N., Krause, L., Kubal, M., Larsen, N., Linke, Schallenberg, M., Hall, C. J., and Burns, C. W.: Consequences
B., McHardy, A. C., Meyer, F., Neuweger, H., Olsen, G., OI- of climate-induced salinity increases on zooplankton abundance
son, R., Osterman, A., Portnoy, V., Pusch, G. D., Rodionov, D. and diversity in coastal lakes, Mar. Ecol.-Prog. Ser., 251, 181—
A., Ruckert, C., Steiner, J., Stevens, R., Thiele, I., Vassieva, 189,d0i:10.3354/meps251182003.
O., Ye, Y., Zagnitko, O., and Vonstein, V.: The subsystems Schapira, M., Buscot, M. J., Leterme, S. C., Pollet, T., Chap-
approach to genome annotation and its use in the project to peron, C., and Seuront, L.: Distribution of heterotrophic bac-
annotate 1000 genomes, Nucleic Acids Res., 33, 5691-5702, teria and virus-like particles along a salinity gradient in a hy-
doi:10.1093/Nar/Gki8662005. persaline coastal lagoon, Aquat. Microb. Ecol., 54, 171-183,
Parks, D. H. and Beiko, R. G.: Identifying biologically relevant  doi:10.3354/Ame01262009.
differences between metagenomic communities, Bioinformatics,Schapira, M., Buscot, M. J., Pollet, T., Leterme, S. C., and Seuront,

26, 715-721d0i:10.1093/bioinformatics/btq042010. L.: Distribution of picophytoplankton communities from brack-
Paerl, H. W. and Pinckney, J. L.: A mini-review of microbial con-  ish to hypersaline waters in a South Australian coastal lagoon,

sortia: Their roles in aquatic production and biogeochemical cy- Saline Systems, @0i:10.1186/1746-1448-6;2010.

cling, Microbial Ecol., 31, 225-247, 1996. Seymour, J. R., Patten, N., Bourne, D. G., and Mitchell, J. G.: Spa-
Pedbs-Alio, C., Caldebn-Paz, J. I., MacLean, M. H., Medina, G., tial dynamics of virus-like particles and heterotrophic bacteria

Marrasg, C., Gasol, J. M., and Guixa-Boixereu, N.: The micro-  within a shallow coral reef system, Mar. Ecol.-Prog. Ser., 288,
bial food web along salinity gradients, FEMS Microbiol. Ecol., 1-8, 2005.
32, 143-155¢0i:10.1111/j.1574-6941.2000.tb007082000. Soontharapirakkul, K., Promden, W., Yamada, N., Kageyama,
Pernthaler, J., Zollner, E., Warnecke, F., and Jurgens, K.: Bloom H., Incharoensakdi, A., lwamoto-Kihara, A., and Takabe, T.:
of Filamentous Bacteria in a Mesotrophic Lake: Identity and Po-  Halotolerant Cyanobacterium Aphanothece halophytica Con-
tential Controlling Mechanism, Appl. Environ. Microbiol., 70, tains an Na+-dependent F1FO-ATP Synthase with a Potential
6272—-6281d0i:10.1128/aem.70.10.6272-6281.20P@04. Role in Salt-stress Tolerance, J. Biol. Chem., 286, 10169-10176,
Pollet, T., Schapira, M., Buscot, M. J., Leterme, S. C., Mitchell,  do0i:10.1074/jbc.M110.208892011.
J. G., and Seuront, L.: Prokaryotic aminopeptidase activity Storey, J. D. and Tibshirani, R.: Statistical significance for
along a continuous salinity gradient in a hypersaline coastal genomewide studies, P. Natl. Acad. Sci. USA, 100, 9440-9445,
lagoon (the Coorong, South Australia), Saline Systems, 6, doi:10.1073/pnas.15305091,@D03.
doi:10.1186/1746-1448-6-2010. Sun, S. L., Chen, J., Li, W. Z., Altintas, I., Lin, A., Peltier, S.,
Roberts, M. F.: Organic compatible solutes of halotol- Stocks, K., Allen, E. E., Ellisman, M., Grethe, J., and Woo-
erant and halophilic microorganisms, Saline Systems, 1, ley, J.: Community cyberinfrastructure for Advanced Microbial
doi:10.1186/1746-1448-1-2005. Ecology Research and Analysis: the CAMERA resource, Nucl.
Rodriguez-Brito, B., Li, L., Wegley, L., Furlan, M., Angly, F., Bre- Acids Res., 39, D546-D55110i:10.1093/nar/gkq1102011.
itbart, M., Buchanan, J., Desnues, C., Dinsdale, E., EdwardsSwan, B. K., Ehrhardt, C. J., Reifel, K. M., Moreno, L. I., and
R., Felts, B., Haynes, M., Liu, H., Lipson, D., Mahaffy, J., Valentine, D. L.: Archaeal and Bacterial Communities Respond
Martin-Cuadrado, A. B., Mira, A., Nulton, J., Pasic, L., Ray- Differently to Environmental Gradients in Anoxic Sediments of
hawk, S., Rodriguez-Mueller, J., Rodriguez-Valera, F., Salamon, a California Hypersaline Lake, the Salton Sea, Appl. Environ.
P., Srinagesh, S., Thingstad, T. F., Tran, T., Thurber, R. V., Microb., 76, 757-768d0i:10.1128/aem.02409-02010.
Willner, D., Youle, M., and Rohwer, F.: Viral and microbial Tyson, G. W., Chapman, J., Hugenholtz, P., Allen, E. E., Ram, R.
community dynamics in four aquatic environments, ISME J., 4, J., Richardson, P. M., Solovyey, V. V., Rubin, E. M., Rokhsar,
739-751, available athttp://www.nature.com/ismej/journal/v4/ D. S., and Banfield, J. F.: Community structure and metabolism
n6/suppinfo/ismej20101s1.htp#010. through reconstruction of microbial genomes from the environ-
Rusch, D. B., Halpern, A. L., Sutton, G., Heidelberg, K. B.,  ment, Nature, 428, 37—-48pi:10.1038/Nature02342004.
Williamson, S., Yooseph, S., Wu, D., Eisen, J. A., Hoffman, J. Welsh, D. T.: Ecological significance of compatible solute accu-
M., Remington, K., Beeson, K., Tran, B., Smith, H., Baden-  mulation by micro-organisms: from single cells to global cli-
Tillson, H., Stewart, C., Thorpe, J., Freeman, J., Andrews- mate, FEMS Microbiol. Rev., 24, 263-299i:10.1111/j.1574-
Pfannkoch, C., Venter, J. E., Li, K., Kravitz, S., Heidelberg, J. = 6976.2000.tb00542,2000.
F., Utterback, T., Rogers, Y.-H., Falg, L. I., Souza, V., Bonilla-  Wooley, J. C., Godzik, A., and Friedberg, I.. A primer
Rosso, G., Eguiarte, L. E., Karl, D. M., Sathyendranath, S., Platt, on metagenomics, PLoS Comput. Biol., 6, 1000667,
T., Bermingham, E., Gallardo, V., Tamayo-Castillo, G., Ferrari,  doi:10.1371/journal.pcbi.1000662010.
M. R., Strausberg, R. L., Nealson, K., Friedman, R., Frazier, M., Yale, J. and Bohnert, H. J.: Transcript Expression in Saccharomyces
and Venter, J. C.: The Sorcerer Il Global Ocean Sampling Ex- cerevisiae at High Salinity, J. Biol. Chem., 276, 15996—-16007,
pedition: Northwest Atlantic through Eastern Tropical Pacific,  doi:10.1074/jbc.M00820920@001.
PLoS Biol., 5, 0398-0431, 2007.

www.biogeosciences.net/9/815/2012/ Biogeosciences, 9, 8152012


http://dx.doi.org/10.1093/Nar/Gki866
http://dx.doi.org/10.1093/bioinformatics/btq041
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00708.x
http://dx.doi.org/10.1128/aem.70.10.6272-6281.2004
http://dx.doi.org/10.1186/1746-1448-6-5
http://dx.doi.org/10.1186/1746-1448-1-5
http://www.nature.com/ismej/journal/v4/n6/suppinfo/ismej20101s1.html
http://www.nature.com/ismej/journal/v4/n6/suppinfo/ismej20101s1.html
http://dx.doi.org/10.1007/bf02691304
http://dx.doi.org/10.3354/meps251181
http://dx.doi.org/10.3354/Ame01262
http://dx.doi.org/10.1186/1746-1448-6-2
http://dx.doi.org/10.1074/jbc.M110.208892
http://dx.doi.org/10.1073/pnas.1530509100
http://dx.doi.org/10.1093/nar/gkq1102
http://dx.doi.org/10.1128/aem.02409-09
http://dx.doi.org/10.1038/Nature02340
http://dx.doi.org/10.1111/j.1574-6976.2000.tb00542.x
http://dx.doi.org/10.1111/j.1574-6976.2000.tb00542.x
http://dx.doi.org/10.1371/journal.pcbi.1000667
http://dx.doi.org/10.1074/jbc.M008209200

Environmental Microbiology (2012) 14(1), 240-253

for applied

microbiolog

doi:10.1111/j.1462-2920.2011.02614.x

Metagenomic comparison of microbial communities
inhabiting confined and unconfined aquifer ecosystems

Renee J. Smith,"”* Thomas C. Jeffries,'

Ben Roudnew,' Alison J. Fitch,' Justin R. Seymour,?
Marina W. Delpin,! Kelly Newton,' Melissa H. Brown'
and James G. Mitchell

'School of Biological Sciences, Flinders University,
Adelaide, SA, 5001, Australia.

2Plant Functional Biology and Climate Change Cluster,
University of Technology Sydney, Sydney, NSW 2007,
Australia.

Summary

A metagenomic analysis of two aquifer systems
located under a dairy farming region was performed to
examine to what extent the composition and function
of microbial communities varies between confined
and surface-influenced unconfined groundwater eco-
systems. A fundamental shift in taxa was seen with an
overrepresentation of Rhodospirillales, Rhodocycla-
les, Chlorobia and Circovirus in the unconfined
aquifer, while Deltaproteobacteria and Clostridiales
were overrepresented in the confined aquifer. A
relative overrepresentation of metabolic processes
including antibiotic resistance (B-lactamase genes),
lactose and glucose utilization and DNA replication
were observed in the unconfined aquifer, while flagella
production, phosphate metabolism and starch uptake
pathways were all overrepresented in the confined
aquifer. These differences were likely driven by differ-
ences in the nutrient status and extent of exposure
to contaminants of the two groundwater systems.
However, when compared with freshwater, ocean,
sediment and animal gut metagenomes, the uncon-
fined and confined aquifers were taxonomically
and metabolically more similar to each other than
to any other environment. This suggests that in-
trinsic features of groundwater ecosystems, in-
cluding low oxygen levels and a lack of sunlight,
have provided specific niches for evolution to create
unique microbial communities. Obtaining a broader
understanding of the structure and function of micro-
bial communities inhabiting different groundwater
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systems is particularly important given the increased
need for managing groundwater reserves of potable
water.

Introduction

Terrestrial subsurface environments, including groundwa-
ter, accommodate the largest reservoir of microbes in the
biosphere, with estimates of bacterial abundances reach-
ing 3.8-6.0 x 10% cells (Whitman et al., 1998). Due to the
lack of sunlight and input of nutrients and energy from
external sources, these microbial communities are largely
responsible for the turnover of energy and matter, forming
the basis of subterranean food webs (Sherr and Sherr,
1991). These communities also influence the purity of
groundwater and subsequent availability of potable drink-
ing water (Danielopol et al., 2003).

Holding more than 97% of the world's freshwater
reserves, aquifers are a largely untapped resource of
potable drinking water, but also harbour a high diversity of
microbes (Gibert and Deharveng, 2002). These reserves
are becoming increasingly important (Bond et al., 2008) in
countries such as Australia, which are susceptible to
drought events (Mpelasoka et al., 2008). However, the
nature of the microbial communities inhabiting aquifers
remains largely unexplored. To effectively understand and
maintain groundwater reserves it is important to investi-
gate the identity and biogeochemical function of the
microbes within aquifer systems.

Aquifer systems, defined by a permeable zone below
the earth’s surface through which groundwater moves
(Hamblin and Christiansen, 2004), are generally classified
into two major types; unconfined and confined aquifers.
‘Unconfined aquifers’ are connected to the surface via
open pore space and thus can receive external input from
the surrounding area. They are sensitive to precipitation
via seepage through the soil, and are directly affected by
human impact (Al-Zabet, 2002). ‘Confined aquifers’ occur
at greater depth and lie below an impermeable strata
layer. The thick confining strata layer ensures that there is
no input from the overlaying surface environment. Input to
confined aquifers occurs only from distant recharge
sources and due to slow flow rates, can be isolated for
hundreds to thousands of years (Gibert and Deharveng,
2002). Microbes inhabiting these systems must be
capable of surviving with limited resources, as external
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inputs of nutrients and oxygen are not readily available
(Pedersen, 2000; Griebler and Lueders, 2009). Survival
strategies to cope in this environment include increased
affinity to limiting nutrients and reduced metabolic rates
and growth (Teixeira de Mattos and Neijssel, 1997; Brune
et al., 2000).

Sporadic changes in limiting resources in these ground-
water systems, driven by external input, can lead to major
shifts in the taxonomy and the metabolism of microbial
communities (Hemme et al.,, 2010). The sensitivity of
microbes to environmental change allows them to be
used as bioindicators (Avidano et al., 2005; Steube et al.,
2009). A major goal in the study of groundwater microbi-
ology is to determine what the effects of these shifts in
microbial ecology have on water quality (Langworthy
et al.,, 1998; Hemme et al., 2010).

The concentration of chemical contaminants and
pathogens in groundwater systems is influenced by the
biogeochemical and ecological dynamics of subterra-
nean microbial communities (Hemme et al., 2010). Shifts
in microbial taxonomy resulting from pollution in ground-
water have been investigated (Mé&nnistd etal., 1999;
Chang et al.,, 2001) but the effects of introduced con-
taminants on the metabolic potential of groundwater
microbes are only vaguely understood. Previous ground-
water studies have shown that microbes respond to
external contaminants at both the phenotypic and geno-
typic level, with changes in microbial community struc-
ture, as well as an increase in the number of genes
responsible for the degradation of introduced contami-
nants (Langworthy efal, 1998). Furthermore, Hemme
and colleagues (2010) showed that introduced contami-
nants into groundwater systems can decrease species
and allelic diversity and eliminate some metabolic path-
ways. Evolutionary analysis of a microbial community in
groundwater contaminated with heavy metals has shown
that lateral gene transfer could play a key role in the
rapid response and adaptation to environmental con-
tamination (Hemme etal., 2010). Hence, to obtain a
complete description of the effect of external influences
on groundwater systems, both the taxonomy and the
metabolic potential of microbial communities need to be
studied.

The effect of agricultural modification on groundwater
is less well characterized; however, it has been shown
that introduced manure from a livestock farm caused
the microbial composition of previously uncontaminated
groundwater to taxonomically resemble livestock waste-
water (Cho and Kim, 2000). This study used 16S
rDNA technology that is limited to prokaryote taxonomy
and discounts viruses and eukaryotes. Advances in
metagenomic studies have allowed for the direct
sequencing of whole environmental microbial genomes
(Kennedy etal, 2010) and have greatly increased
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our knowledge of gene function, metabolic processes,
community structure and ecosystems response to
environmental change. Previous metagenomic studies
have revealed clear shifts in the structure of microbial
assemblages related to human impact (Dinsdale et al.,
2008a).

With this in mind, the aim of the present study is to
compare an unconfined and a confined groundwater
system using metagenomics approaches, and provide
insight into the endemic taxonomy and metabolic pro-
cesses of the resident microbial communities, and how
these may be affected by introduced contaminants.

Results

Overview of the biogeochemical environment and
microbial enumeration

The unconfined and confined aquifers were characterized
by low oxygen levels of 0.2 mg I and 0.26 mg I respec-
tively. Iron, sulfur and total organic carbon were all signifi-
cantly higher (P < 0.05) in the unconfined aquifer than the
confined aquifer. All other nutrients were not statistically
different between samples. Salinity and pH were higher in
the unconfined aquifer, while temperature was lower.
Microbial cell counts were similar in the unconfined and
confined aquifers (Table 1).

Taxonomic and metabolic profiling of
groundwater metagenomes

A total of 64 506 and 409 743 sequences with an
average read length of 386 and 387 bases were
obtained from the unconfined and confined aquifer
samples respectively. Both metagenomic libraries were
dominated by bacteria (82% of hits to SEED) (http:/
metagenomics.theseed.org/) (Overbeek et al., 2005) with
sequences also matching viruses (9%), archaea (6%)
and eukaryota (2%). Proteobacteria represented the
highest percentage of matches to the SEED database for
both the unconfined and confined aquifers with 18% and
13% of all sequences respectively (Fig. 1A). Within this,
the delta/epsilon subdivision contributed to 5% and 7%
of the total sequences in the unconfined and confined
aquifer respectively. Viruses (ssDNA) were also major
contributors with 3-4% of sequences matching the
SEED database (Table S1). A total of 278 organisms and
3683 novel sequences could not be assigned to known
sequences in the database.

When aquifers were compared using the Statistical
Analysis of Metagenomic Profiles (STAMP) software
package (Parks and Beiko, 2010), there was an overrep-
resentation of crenarchaeota, proteobacteria, actinobac-
teria, chloroflexi, ssDNA viruses, bacteroidetes/chlorobi
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Table 1. Geophysical and microbial enumeration data.

Parameter Unconfined aquifer (mean = SD)? Confined aquifer (mean = SD)? P-value
Iron (mg I") 3.041 £ 0.184 1.232 = 0.003 0.000°
Sulfur (mg I") 76.3 £ 4.747 57.5 + 0.173 0.002°
Ammonia (mg I") 0.025 = 0.001 0.023 = 0.004 0.330
Nitrate (mg I") 0.012 = 0.001 0.012 = 0.011 0.959
Nitrite (mg I") o° 0° -
Phosphorus (mg I') 0.015 = 0.001 0.02 = 0.019 0.718
TOC (mg I") 2.033 = 0.208 0.9 +0.173 0.002°
Sulfide (mg I) o° 0° -

pH 7.56 7.16 -
Temperature (°C) 16.5 17.54 -
Salinity (ppm) 1.65 1.27 -
Oxygen (mg I") 0.2 0.26 -
Total bacterial and viral cell count (cell ml™") 0.15E + 05 = 1.43E + 04 1.12E + 05 = 1.08E + 04 0.775

a. Variance is denoted by Standard Deviation.

b. A value of zero indicates the nutrient is below the detectable limit of the machine. In the case of Nitrite and sulfide this is 0.003 and 0.1 mg I

respectively.
c. Denotes statistically significant values.

group and cyanobacteria in the unconfined aquifer
(g-value < 1.06e75). Conversely, there was an overrepre-
sentation of firmicutes, the fungi/metazoa group and
euryarchaeota in the confined aquifer (g-value < 1e7'%)
(Fig. 1B). SlIMilarity PERcentage (SIMPER) analysis
(Clarke, 1993) revealed the main contributors to the
dissimilarity between the unconfined and the confined
aquifer at phyla level were crenarchaeota and firmicutes,
which contributed to 13% and 11% of the dissimilarity
respectively (Table S2). At finer levels of taxonomic reso-
lution (order level), Deltaproteobacteria represented the
highest percentage of matches to the SEED database for
both unconfined and confined aquifers with 5% and 7% of
all sequences respectively (Fig. 2A). STAMP compari-
sons revealed an overrepresentation of Rhodospirillales,
Rhodocyclales, Chlorobia and Circovirus occurred in the
unconfined aquifer, whereas an overrepresentation of
Deltaproteobacteria and Clostridiales occurred in the con-
fined aquifer (Fig. 2B).

In both aquifer samples the core metabolic functions
comprising DNA and protein metabolism were most
prevalent, while a high level of phosphorous metabolism
occurred in the confined aquifer (Table S3). Comparisons
of the metabolic profiles of the unconfined and confined
aquifer using STAMP, revealed an overrepresentation of
DNA metabolism in the unconfined aquifer and an over-
representation of motility and chemotaxis in the confined
aquifer (Fig. 3A). SIMPER analysis revealed that overall
DNA metabolism contributed to 15% of the dissimilarity

between the unconfined and confined aquifers, while
stress response and motility and chemotaxis contributed
approximately 7.5% of the dissimilarity (Table S4). Finer
levels (subsystem level) of resolution indicated that
the unconfined aquifer had an overrepresentation of
lactose and galactose uptake and utilization, beta-
lactamase resistance and DNA replication. The confined
aquifer had an overrepresentation of sequences matching
sigmaB stress response regulation, flagellum, cobalt-zinc-
cadmium resistance, phosphate metabolism and cellulo-
some degradation (i.e. starch uptake) (Fig. 3B).

Comparison of metabolic and taxonomic profiles from
other habitats

In order to determine the overall effect the groundwater
environment has on the inhabitant microbial assemblages,
we compared our groundwater metagenomes with 37 pub-
licly available metagenomes on the MetaGenomics Rapid
Annotation using Subsystem Technology (MG-RAST)
pipeline version 2.0 (Meyer et al., 2008), covering a wide
variety of habitats including other freshwater and low
oxygen environments (Table S5). The highest metabolism
(subsystem) and taxonomy (organism) resolution available
was used to create cluster profiles that revealed the uncon-
fined and the confined aquifers were more similar to each
other than to any other metagenome (85% and 90% simi-
larity, respectively). When the microbial taxonomy of these
samples was compared with metagenomes from other

Fig. 1. Comparison of aquifer taxonomic profiles at phyla level.

A. Frequency distribution (relative % of bacterial SEED matches) of bacterial phyla in the unconfined and the confined aquifer.

B. STAMP analysis of taxonomy enriched or depleted between the confined and unconfined aquifers, using approach describes in Parks and
Beiko (2010). Groups overrepresented in the unconfined aquifer (black) correspond to positive differences between proportions and groups
overrepresented in the confined aquifer (grey) correspond to negative differences between proportions. Corrected P-values (g-values) were

calculated using Storey’s FDR approach.
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Fig. 2. Comparison of aquifer taxonomic profiles at order level taxonomy.
A. Frequency distribution (relative % of bacterial SEED matches) of taxonomy in the unconfined and the confined aquifer.

B. STAMP analysis of taxonomy enriched or depleted between the confined and unconfined aquifers. Groups overrepresented in the
unconfined aquifer (black) correspond to positive differences between proportions and groups overrepresented in the confined aquifer (grey)
correspond to negative differences between proportions. Corrected P-values (g-values) were calculated using Storey’s FDR approach.
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environments, the groundwater samples were most similar
to termite gut and cow rumen metagenomes with a cluster
node at 75% similarity (Fig. 4). When the metabolic poten-
tial of these samples was compared with metagenomes
from other environments, groundwater samples were most
similar to whale fall, phosphorous removing sludge, marine
sediment samples and farm soil with a cluster node at 85%
similarity (Fig. 5).

Discussion
Aquifer systems

Aquifer systems are considered to be extreme environ-
ments due to a lack of easily accessible organic carbon
and low levels of inorganic nutrient input, low oxygen
levels and a lack of sunlight (Danielopol et al., 2000).
Consequently, microbial communities inhabiting these
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Fig. 3. Comparison of aquifer metabolism profiles.

A. STAMP analysis of hierarchy 1 enriched or depleted between the confined and unconfined aquifers. Groups overrepresented in the
unconfined aquifer (black) correspond to positive differences between proportions and groups overrepresented in the confined aquifer (grey)
correspond to negative differences between proportions. Corrected P-values (g-values) were calculated using Storey’s FDR approach.
B. STAMP analysis of subsystems enriched or depleted between the confined and unconfined aquifers. Groups overrepresented in the
unconfined aquifer (black) correspond to positive differences between proportions and groups overrepresented in the confined aquifer (grey)

correspond to negative differences between proportions.
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environments consist of microbes adapted to surviving in 2009). To determine the effects of anthropogenic influ-
nutrient poor groundwater environments (Pedersen, ences on groundwater microbes, the microbial ecology of
2000). In addition, strong environmental changes driven pristine aquifer systems needs to be compared with
by anthropogenic influences present a consistent chal- unconfined aquifers to determine how external factors
lenge for these communities (Griebler and Lueders, influence microbial taxonomy and metabolism.
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We assessed the chemical properties and the microbial
communities within an unconfined aquifer, which has
been exposed to external input from a dairy farm, and an
adjacent confined aquifer, which has had no external input
for approximately 1500 years (Banks etal., 2006), to
determine the effect of anthropogenic inputs on ground-
water ecosystems. Nutrient analysis comparing these two
systems showed that the confined aquifer had signifi-
cantly lower sulfur, iron and total organic carbon (TOC)
concentrations than the unconfined aquifer. In groundwa-
ter, the amount of suspended microbes is largely depen-
dent on the availability of dissolved organic carbon (DOC)
and nutrients (Griebler and Lueders, 2009). Typically
phosphorous and iron are limiting factors in groundwater
systems (Bennett et al,, 2001). Those microbes able to
increase the bioavailability of such critical nutrients can
increase the viability of the native population (Rogers and
Bennett, 2004). Flow cytometry counts showed that total
bacterial and viral abundances were relatively similar
between the unconfined and confined aquifer with
mean values of 1.15x 10° + 1.43 x 10*and 1.12 x 10% +
1.08 x 10* cells mI~' respectively (Table 1). This is consis-
tent with commonly reported microbial cell counts
of 10%-10% cells ml™" in groundwater regardless of
contamination (Pedersen, 1993; 2000; Griebler and
Lueders, 2009).

Taxonomic profiling of groundwater

A shift in dominant taxa was observed between the
unconfined and the confined aquifer, with fundamentally
different communities inhabiting each environment. In the
unconfined aquifer there was an overrepresentation of
Rhodospirillales, Rhodocyclales, Chlorobia and Circovi-
rus (Fig. 2). The dominance of these taxa in the uncon-
fined aquifer differs from a recent metagenomic study
in which uranium contaminated aquifers where domi-
nated by Rhodanobacter-like gammaproteobacterial and
Burkholderia-like betaproteobacterial species (Hemme
etal., 2010). However, Rhodocyclales are commonly
found in wastewater treatment systems (Hesselsoe et al.,
2009) and are noted for their ability to degrade and trans-
form pollutants such as nitrogen, phosphorous and aro-
matic compounds (Loy et al., 2005). This suggests that
the microbial communities in the unconfined aquifer are
responding to the influx of nutrients similar to those seen
in wastewater. Furthermore, Chlorobia are green sulfur
bacteria that are typically found in deep anoxic aquatic
environments where low light intensity and sulfide con-
centrations favour their growth (Guerrero etal., 2002;
Madigan et al., 2003). This suggests the increased sulfur
concentration in the unconfined aquifer could be respon-
sible for the overrepresented Chlorobia. Taken together,
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these patterns indicate that different types of contamina-
tion can drive markedly different community profiles within
aquifer systems.

The overrepresentation of circovirus in the unconfined
aquifer is also notable, due to its known vertebrate patho-
genicity (Rosario et al., 2009a). Circoviridae has been
linked to a number to livestock related diseases including
infections of dairy cattle (Nayar etal, 1999) and has
previously been found in reclaimed water, suggesting it is
resistant to wastewater treatment (Rosario et al., 2009b).
The occurrence of circoviridae in the unconfined aquifer
could indicate contamination from nearby farmland and is
consistent with a study by Dinsdale and colleagues
(2008a) who found increased numbers of pathogens in a
human impacted versus non-human impacted marine
environments.

In the confined aquifer there was an overrepresenta-
tion of Deltaproteobacteria and Clostridiales (Fig. 2).
Clostridiales are obligate anaerobes and have the
ability to form endospores when growing cells are
subjected to nutritional deficiencies (Paredes-Sabja
et al., 2011). Clostridiales have not been widely reported
in aquifer systems; however, their survival strategies
make them well adapted to survive in low nutrient con-
ditions, such as subsurface environments like those
observed in the confined aquifer (Leclerc and Moreau,
2002).

Metabolic profiling of groundwater

Generally, the rate of metabolism in subsurface commu-
nities is slower in comparison with other aquatic or
sediment environments (Swindoll etal, 1988). Within
groundwater systems, previous studies have shown
metabolic rates were higher in a shallow sandy aquifer
compared with a confined clayey aquifer (Chapelle and
Lovley, 1990). The authors suggested this lower metabo-
lism could be due to the reduced interconnectivity, and
thus, a reduction in microbial and nutrient mobility. The
core metabolic function in each of our aquifer systems
was DNA metabolism; however, an overrepresentation of
DNA replication was seen in the unconfined aquifer com-
pared with the confined (Fig. 3). This indicates that the
reduced nutrient levels in the confined aquifer may have
led to reduced reproduction.

When nutrient levels are low, it is advantageous for
microbes to attach themselves to sediment particles,
detritus, rock surfaces and biofilms (Griebler and
Lueders, 2009). This attachment mode is successful as
nutrient availability is higher at surfaces (Hall-Stoodley
etal, 2004). Thus, microbes dominating groundwater
systems are more commonly found attached to surfaces
than in suspension (Griebler and Lueders, 2009). Repul-
sive forces of the substratum require microbial cells to
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produce flagella for the early stages of attachment
(Donlan, 2002). Overrepresentation of flagella in the
confined aquifer community (Fig. 3) could be indicative
of a greater need to attach to surfaces in the low nutrient
confined aquifer.

Our data also indicate that B-lactamase genes were
overrepresented in the unconfined aquifer (Fig. 3).
This antibiotic resistance gene is widely seen in Gram-
negative bacteria and has been shown to be a product
of the extensive use of B-lactams in dairy farms to
prevent bacterial infections (Berghash et al., 1983; Gian-
neechini et al., 2002; Sawant et al., 2005; Liebana et al.,
2006). Within livestock, the majority of antibiotics are
excreted unchanged by the animal, where they subse-
quently enter water sources via leaching and run-off
(Zhang et al., 2009). This has caused concern about the
potential impacts that antibacterial resistance in water-
ways can have on humans and animal health (Kemper,
2008). The overrepresentation of B-lactamase in the
unconfined aquifer suggests that external input, poten-
tially in the form of farm affected input, may introduce
new cellular processes that would not normally be
required by endemic groundwater microbes. This is con-
sistent with a study that investigated the use of antibi-
otics in farm animals and illustrated that antibiotic
resistance can be spread into the surrounding environ-
ment through the use of antimicrobial drugs (Ghosh and
LaPara, 2007). Further, microbes able to utilize lactose
have previously been linked to dairy farms (Klijn et al.,
1995) and thus, the overrepresentation of lactose and
glucose utilization found in the unconfined aquifer
(Fig. 3) could be linked to external input from the over-
laying dairy farms.

Comparison with other microbial communities

To determine how the unique features of the groundwa-
ter environment influence the structure of microbial
communities, we compared the metagenomes from our
aquifer systems with metagenomes from different envi-
ronments (Table S5). The unconfined and confined
aquifer metagenomes were more similar to each other
than to any other community, both in terms of taxonomy
and metabolism (Figs 4 and 5). This suggests the fea-
tures of subterranean aquatic environments, including
low oxygen concentrations, coupled with a lack of sun-
light and low external inputs of nutrients have led to a
unique niche for microbial communities to evolve. In a
recent study, four sediment metagenomes from a natu-
rally occurring salinity gradient were compared and it
was found that despite differences in salinity and nutrient
levels, these four samples clustered more closely to
each other and other sediment samples, than to other
similar hypersaline environments (Jeffries et al., 2011). It

was found that the substrate type, i.e. sediment or water,
rather than salinity drove the similarity. Willner and col-
leagues (2009) also found that microbiomes and viromes
have distinct sequence-based signatures, which are
driven by environmental selection. This is further sup-
ported by Dinsdale and colleagues (2008b), who com-
pared metagenomic sequences from 45 distinct
microbiomes and 42 distinct viromes to show there was
a strong discrimatory profile across different environ-
ments. Our data similarity suggest that the unique fea-
tures of the subterranean aquatic environment act to
structure microbial assemblages that retain a high level
of similarity between different aquifers.

The taxonomy of the aquifer metagenomes was most
similar to cow rumen and termite gut metagenomes
(Fig. 4). A common feature among these environments is
the incidence of anaerobic fungi that is overrepresented
in the confined aquifer (Fry et al., 1997; RamSak et al.,
2000; Ekendahl et al., 2003; Warnecke et al., 2007). A
primary role of anaerobic fungi in gut systems is the
large-scale breakdown of plant material, including cellu-
lose (RamSak et al., 2000; Warnecke et al., 2007). The
breakdown of cellulose in groundwater is also known to
occur in shallow aquifers (Vreeland et al.,, 1998), which,
along with the overrepresentation in cellulosome genes in
the confined aquifer (Fig. 3), suggests that cellulose is
present and possibly an important food source for the
overrepresented fungi/metazoa group (Fig. 1). Further-
more, the cellulosome gene is similarly represented in the
groundwater, termite gut and cow rumen, suggesting cel-
lulose is a major factor linking the three environmental
metagenomes.

The metabolism of the aquifer metagenomes was
most similar to other sediment metagenomes (85%
similar) rather than freshwater environments (80%
similar) (Fig. 5). Common features to groundwater and
sediment environments are low oxygen concentrations,
a lack of sunlight and large surfaces for biofilm formation
(Griebler and Lueders, 2009). As previously discussed,
due to low nutrient levels in groundwater environments,
a common survival strategy is for the microbes to
attach to sediment particles or form biofiims (Hall-
Stoodley et al., 2004; Griebler and Lueders, 2009). This
suggests, the attachment mode of life coupled with the
low oxygen concentrations and a lack of sunlight, are
the main factors driving the similarity between these
metagenomes.

Caveats

Due to the low microbial biomass in groundwater systems,
we used multiple displacement amplification (MDA)
before 454 pyrosequencing. This method has been used
widely to amplify DNA before sequencing (Binga et al.,
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2008; Dinsdale et al., 2008a; Neufeld et al., 2008; Palenik
etal, 2009), but its suitability for use in quantitative
metagenomic analysis has been debated (Yilmaz et al.,
2010) because of the GC bias introduced. However, in our
study, as GenomiPhi was used on both aquifer samples
compared here, any bias in the process is applied to both
aquifers. Furthermore, we are concerned with differences
between aquifer groups rather than absolute changes in
particular genes. Edwards and colleagues (2006) used
GenomiPhi to amplify microbial DNA from a Soudan Mine
and found that the whole genome amplification bias was
minimal and was found preferentially towards the ends of
linear DNA. The authors concluded that as these biases
were applied equally to both libraries, this bias would have
been negated during the comparative study when assess-
ing differences in the community structure (Edwards
et al., 2006).

There is a possibility that the clustering of our samples
may be due to the way in which the samples were
collected, sequenced and analysed, which may be dif-
ferent to the metagenomes from other environments.
However, there is no evidence of clustering based
on collection, DNA extraction, MDA or sequencing pro-
tocols (Figs 4 and 5), and thus a technical bias is not
evident.

Conclusion

Our data indicate that aquifer ecosystems host unique
microbial assemblages that have different phylogenetic
and metabolic properties to other environments. We
suggest this pattern is driven by the unique physio-
chemical properties of subterranean aquatic environ-
ments, and that groundwater ecosystems represent
a specific microbial niche. Our data also revealed
that the unconfined aquifer examined in this study
has significantly different features to the more pristine
confined aquifer, which in some cases appear to have
been influenced by external input from a surrounding
dairy farm. Increased nutrient concentrations, the
overrepresentation of DNA replication as well as lactose
and galactose utilization and fB-lactamase genes are
all consistent with inputs of nutrients and contaminants
from dairy farm practises. Preservation of groundwater
is of increasing importance due to its use as potable
water sources and as water sources for global industrial
and agricultural production. This study provides impor-
tant insights and suggests further investigation into
the differences between unconfined and confined
aquifers. Further to this, the subterranean dispersal of
agricultural contaminants is needed in order to fully
determine the effects of anthropogenic processes on
groundwater.
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Experimental procedures
Site selection

Samples were collected from two depths in the Ashbourne
aquifer system, situated within the Finniss River Catchment,
South Australia (35°18’S 138°46’E) in June 2010. The Ash-
bourne aquifer system is two aquifer ecosystems with sepa-
rate recharge processes that have distinct water sources.
The confined aquifer has been isolated from external input for
approximately 1500 years (Banks et al., 2006), and thus pro-
vides a baseline for which the unconfined aquifer can be
compared.

Sampling groundwater

Unconfined and confined aquifer samples were collected
from a nested set of piezometers. Each piezometer consisted
of a 10 mm diameter PVC casing, with slotted PVC screens
that provide discrete sampling points at specific depths. The
unconfined aquifer was sampled from a piezometer at
13—19 m and the confined aquifer at 79—-84 m. To ensure that
only aquifer water was sampled, bores were purged by
pumping out 3 bore volumes using a 12 V, 36 m monsoon
pump (EnviroEquip) before sampling. Based on microbial
abundances at each depth determined previously using flow
cytometry, 20| and 200 | of water was collected from the
unconfined and confined aquifers respectively, to ensure suf-
ficient biomass for microbial DNA recovery.

From each sampling location, triplicate 600 ml water
samples for inorganic and organic chemistry analysis were
collected and stored on ice. Nutrient analysis for ammonia,
nitrite, nitrate and filterable reactive phosphorous were con-
ducted using a flow injection analyser. TOC was analysed
using Ol analytical 1010 & 1030 low level TOC analysers, iron
and sulfur were determined by the ICP-006 and ICP-004
elemental analysis using an ICP-mass spectrometer, and
sulfide (S*) concentrations were determined using the colo-
rimetric method (APHA 1995). All analysis was conducted at
the Australian Water Quality Centre (Adelaide). For enumera-
tion of microbes at each site, triplicate 1 ml samples were
fixed with gluteraldehyde (2% final concentration), quick
frozen in liquid nitrogen and stored at —80°C prior to flow
cytometric analysis (Brussaard, 2004). Physical parameters,
including temperature, salinity, pH and oxygen concentration,
were recorded at each sampling point with the use of a MS5
water quality sonde (Hach Hydrolab).

Microbial enumeration

Bacteria and viruses were enumerated using a FACSCanto
flow cytometer (Becton-Dickson). Before analysis, triplicate
samples were quick thawed and diluted 1:10 with 0.2 um
filtered TE buffer (10 mM Tris, 1 mM EDTA pH 7.5). Samples
were then stained with SYBR-I Green solution (1:20000 dilu-
tion; Molecular Probes, Eugene, OR) and incubated in the
dark for 10 min at 80°C (Brussaard, 2004). As an internal size
standard fluorescent 1 um diameter beads (Molecular
Probes, Eugene, OR) were added to each sample at a final
concentration of approximately 10° beads ml~' (Gasol and Del
Giorgio, 2000). Forward scatter (FSC), side scatter (SSC)
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and green (SYBRGreen-l) fluorescence were acquired for
each sample. WinMDI 2.9 (Joseph Trotter) software was
used to identify and enumerate microbes according to varia-
tions in green fluorescence and side scatter (Marie et al.,
1997; 1999; Brussaard, 2004).

Sample filtration, microbial community DNA extraction
and sequencing

Following collection, samples for metagenomic analysis were
filtered through 5 um membranes to remove sediment par-
ticles before being concentrated by 2000-fold using a
100 kDa tangential flow filtration (TFF) filter (MilliporeTM).
Microbial community DNA was extracted using a bead
beating and chemical lysis extraction protocol (PowerWater
DNA Isolation Kit; MoBio laboratories). Due to the low micro-
bial biomass in the aquifer samples, DNA was then amplified
using the multiple strand displacement Phi29 DNA poly-
merase (GenomiPhi V2 Kit; GE Healthcare Life Sciences)
and cleaned up using a PCR clean-up kit (UltraClean PCR
Clean-Up Kit; MoBio laboratories). DNA quality and concen-
tration were determined by 1.5% TBE agarose gel electro-
phoresis (Bioline) and a Qubit fluorometer (Quant-iT dsDNA
HS Assay Kit; Invitrogen). Approximately 500 ng of high
molecular weight DNA was then sequenced by the Rama-
ciotti Centre for Gene Function Analysis, Sydney, Australia.
Sequencing was conducted on the GS-FLX pyrosequencing
platform using Titanium series reagents (Roche).

Data analysis

To determine if the nutrient data were statistically different
between the unconfined and the confined aquifer, P-values
were determined by an Independent t-test. All analysis was
performed using PASW version 18 statistical software.

Unassembled DNA sequences were annotated with the
MetaGenomics Rapid Annotation using Subsystem Technol-
ogy (MG-RAST) pipeline version 2.0 (Meyer et al., 2008).
BLASTX was used with a minimum alignment length of 50 bp
and an E-value cut-off of E < 1 x 10°® as described by Dins-
dale and colleagues (2008b). Taxonomic profiles were
generated using the normalized abundance of sequence
matches to the SEED database (Overbeek etal., 2005),
while the normalized abundance of sequence matches to a
given subsystem were used to generate metabolic profiles.

To determine statistically significant differences between
the two aquifer samples, the Statistical Analysis of Metage-
nomic Profiles (STAMP) software package was used (Parks
and Beiko, 2010). First, a table of the frequency of hits to
each individual taxa or subsystem for each metagenome was
generated, which had been normalized by dividing by the
total number of hits to remove bias in difference in read
lengths and sequencing effort. An E-value cut-off of
E<1x10° was used to identify hits. The highest level of
resolution available on MG-RAST was used for metabolism
(subsystem) and taxonomy (genome). P-values were calcu-
lated in STAMP using the two sided Fisher's Exact test
(Fisher, 1958), while the confidence intervals were calculated
using the Newcombe-Wilson method (Newcombe, 1998).
False discovery rate was corrected for using the Storey’s
FDR method (Storey and Tibshirani, 2003).

We next compared the metagenomes of our groundwater
samples with 37 publicly available metagenomes from a
variety of environments on MG-RAST (Table S5), to statisti-
cally investigate the similarities between the two groundwater
samples as well as other environments. Heatmaps were
generated and normalized, as described above; however, as
groundwater samples were compared with datasets with a
variety of different read lengths, a lower E-value cut-off of
E < 0.001 was used. Statistical analyses were conducted on
square root transformed data using the statistical package
Primer 6 for Windows (Version 6.1.6, Primer-E, Plymouth)
(Clarke and Gorley, 2006). Metagenomes were then analy-
sed using hierarchial agglomerative clustering (CLUSTER)
(Clarke, 1993) analyses of the Bray-Curtis similarities. The
main taxa or subsystems contributing to the differences were
identified using similarity percentage (SIMPER) analysis
(Clarke, 1993).
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Abstract

Environmental parameters drive phenotypic and genotypic frequency variations in microbial communities and thus control
the extent and structure of microbial diversity. We tested the extent to which microbial community composition changes
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metagenomes from the Coorong, South Australia from samples which varied in salinity by 99 Practical Salinity Units
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profiles to those derived from a wide variety of publically available datasets demonstrated that the Coorong sediment
metagenomes were similar to other sediment, soil, biofilm and microbial mat samples regardless of salinity (>85%
similarity). Overall, clustering of solid substrate and water metagenomes into discrete similarity groups based on functional
potential indicated that the dichotomy between water and solid matrices is a fundamental determinant of community
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Introduction

Microbes numerically dominate the biosphere and play crucial roles
In maintaining ecosystem function by driving chemical cycles and
primary productivity [1,2]. They represent the largest reservoir of
genetic diversity on Earth, with the number of microbial species
inhabiting terrestrial and aquatic environments estimated to be at least
in the millions [3]. However, the factors determining the spatiotem-
poral distributions of microbial species and genes in the environment
are only vaguely understood, but are likely to include micro-scale to
global-scale phenomena with different controlling elements.

Microbial community structure is determined on varying scales
by a complex combination of historical factors (e.g. dispersal
limitation and past environmental conditions) [4], the overall
habitat characteristics [5], the physical structure of the habitat (e.g.
fluid or sediment) and by changes in current environmental
parameters (e.g. salinity and pH) [6-9]. Understanding the relative
importance of these different effectors is central to understanding
the role of microbes in ecosystem function, and therefore to
predicting how resident microbial communities will adapt to, for
example, increasing salinity levels due to localized climate driven
evaporation and reduced rainfall [10].

Physicochemical gradients provide natural model systems for
investigating the influence of environmental variables on microbial

@ PLoS ONE | www.plosone.org

community structure. In aquatic systems, salinity is a core factor
influencing microbial distribution [6,11] and has been identified as
the primary factor influencing the global spatial distribution of
microbial taxa [6]. Salinity gradients occur in estuaries, solar
salterns and ocean depth profiles. Evidence exists for increases in
abundance and decreases in the diversity of microbial communi-
ties spanning salinity gradients [9,11-14]. This change is wrought
by variance in the halo-tolerance of different taxa and the
influence of salinity on nutrient concentrations [15].

We examined the resident microbial communities inhabiting
sediment at four points along a continuous natural salinity
gradient in the Coorong, a temperate coastal lagoon located at
the mouth of the Murray River, South Australia. To determine
the relative importance of salinity, nutrient status and
microbial abundance in structuring microbial community
composition and function, we used shotgun metagenomics to
compare the taxonomic and metabolic profiles of our samples
to representative metagenomes in public databases. Our results
demonstrate that the taxonomic composition and metabolic
potential of our metagenomes show a conserved signature,
despite the microbes existing in disparate chemical environ-
ments. Comparison to other metagenomes indicates that this
signature is determined by the substrate type (i.e. sediment) of
the samples.

September 2011 | Volume 6 | Issue 9 | 25173



Results

Biogeochemical environment

Dramatic shifts in physiochemical conditions occurred across the
Cloorong lagoon, with salinity notably varying from 37 to 136 practical
salinity units (PSU) and inorganic nutrient levels changing by over an
order of magnitude between sampling locations (Table 1). Practical
Salinity Units (PSU) are the standard measurement of salinity in
oceanography and represent a ratio of the conductivity of a solution
relative to a standard, and is approximately convertible to parts per
thousand of salt. For context seawater has an average salinity of 35
PSU [16]. Additionally, the abundance of heterotrophic bacteria and
viruses, as determined by flow cytometry [17,18], increased along the
salinity gradient by 31 fold and 28 fold respectively. The microbial
community inhabiting this environmental gradient was explored using
metagenomics, where microbial DNA was extracted and sequenced
from each sampling site using a 454 GS-FLX platform (Roche). The
sampling yielded between 16 Mbp and 27 Mbp of sequence
information per library (Table 1). Approximately 30% of the sequences
from each library had significant (BLASTX E-value<<10~) matches to
the SEED non-redundant database [19] as determined using the
MetaGenomics Rapid Annotation using Subsystem Technology (MG-
RAST) pipeline [20].

Taxonomic and metabolic profiling of metagenomes
along an environmental gradient

All metagenomic libraries were dominated by bacteria (94% of hits
to the SEED database) with sequences also matching the archaea
(4%), eukarya (1.5%) and viruses (0.2%). The bacterial phylum,
Proteobacteria, dominated all four metagenomic libraries, representing
over 50% of taxonomic matches for SEED taxonomy (Fig. 1) and
over 40% of ribosomal DNA matches (Table S1). Other prominent
phyla included the Bacteroidetes/ Chlorobi group (approx. 8-14%),
Firmicutes (approx. 6-8%), and Planctomycetes (approx. 4-7%). In the
metagenome from the 136 PSU environment, Cyanobacteria were the
second most represented phylum, representing approximately 12% of
the community, in the metagenomic datasets (Fig. 1) but were less
prominent in the other samples, representing approximately 4%. In
the ribosomal DNA profiles generated from BLAST matches of
metagenome sequences against the Ribosomal Database Project [21]

Substrate Type Determines Metagenomic Profiles

(Table S1), Cyanobacteria were the second most abundant classified
phylum in both the 132 PSU and 136 PSU metagenomes. At the
phylum level, profiles were highly conserved between the four
samples (Fig. 1). At level 3 within the MG-RAST hierarchical
classification scheme, which includes orders and classes [20], the most
abundant taxa in all four metagenomes were the classes y-proteobacteria
and o-proteobacteria which represented approximately 20% of sequence
matches. Cyanobacteria in the 136 PSU metagenome were predom-
inantly represented by the orders Nostocales (order) and Chroococcales,
which each comprised approximately 40% of cyanobacterial hits
(Table S2).

All Coorong metagenomes were dominated by the core
metabolic functions of carbohydrate, amino acid and protein
metabolism. Metabolisms indicative of a functionally diverse
community were represented with heterotrophic nutrition, photo-
synthesis, nitrogen metabolism and sulfur metabolism contributing
to the profile (Fig. 2). Paralleling the pattern observed for the
taxonomic profiles, metabolic profiles were conserved between the
four samples in terms of broadly defined metabolic processes,
classified at the coarsest level of functional hierarchy within the
MG-RAST database (Fig. 2). Metagenomic profiles remained
highly conserved at the genome level, which we used to compare
the Coorong metagenomes to each other and to other metagen-
omes from diverse habitats (Fig. 3), and at the level of individual
cellular processes, termed subsystems, which is the finest level of

metabolic hierarchy within the MG-RAST database [20] (Fig. 4).

Comparison to metagenomic profiles from other habitats

We compared the taxonomic and metabolic structures of our
metagenomes to those from a wide variety of habitats, including
other hypersaline and marine sediment environments (Table 2,
Table S3), using high resolution profiles derived at the genome
and metabolic subsystem [19] level. For both taxonomic and
metabolic profiles (Figs. 3 & 4), Coorong metagenomes showed a
high degree of statistical similarity (Bray-Curtis) to each other,
despite the strong habitat gradients from which they were derived.
Taxonomically, our metagenomes were all >89% similar with the
136 PSU sample diverging at 92% similarity from the 109 PSU
and 132 PSU profiles which were 94% similar. In terms of
metabolic potential, they were >89.5% similar with the 136 PSU

Table 1. Sequencing data and environmental metadata for metagenomic sampling sites.

Porewater bacteria concentration (per mL)
Porewater virus concentration (per mL)
Turbidity of water column (NTU)

Dissolved Oxygen in water column (%)

4.8x10° (£6.3x10%)
1.5x107 (+5.8x10°)
7
93

7.4x107 (£8.4x10°
2.3x10% (£3.1x107)
16

140

7.2x107 (£4.2x10°)
1.8x10% (+1.5%10%)
16
134

Sampling Site 37 PSU 109 PSU 132 PSU 136 PSU
Number of reads 68888 101003 114335 108257
Average read length (bp) 232 234 232 232

% Sequences matching SEED subsystems 27 30 26 29

Salinity (PSU) 37 109 132 136

pH 8.25 7.85 7.79 8.05
Temperature (°C) 21 25 27 24
Ammonia concentration (mgN/L) 0.23 (*£0.15) 0.21 (*+0.09) 0.96 (*+0.31) 3.10 (+0.84)
Phosphate concentration (mgP/L) 0.05 (*0.01) 0.11 (+0.02) 0.12 (*=0.03) 0.27 (*£0.09)

1.5%10® (£1.4x107)
42x108 (£3.1x107)
10
89

doi:10.1371/journal.pone.0025173.t001
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Percentage of sequences matching SEED subsystems were determined with an E-value cutoff of E<1x107°. All metadata was measured in sediment interstitial
porewater with the exception of turbidity and dissolved oxygen which were measured in the overlying water column. * indicates Standard error of the mean (n=3 for
nutrient measures, n=5 for microbial abundances). N =nitrogen, P = phosphate, PSU = practical salinity units, NTU = Nephelometric Turbidity Units.
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sample diverging at 93% similarity from the 109 PSU and 132
PSU profiles which were 93.5% similar.

The metagenomes which exhibited the greatest taxonomic
similarity to the Coorong samples were from a hypersaline
microbial mat, farm soil, hypersaline sediment and a freshwater
stromatolite. These samples formed a discrete cluster of >82%
similarity in our hierarchical tree (Fig. 3). Those with the greatest
metabolic similarity to the Coorong samples were from marine
sediment, farm soil, phosphorous removing sludge and a whalefall
microbial mat. These samples formed a discrete cluster of >85%
similarity in our hierarchical tree (Fig. 4). Notably, these
metagenomes were all derived from sediment, soil, biofilm or
mat samples (termed ‘solid substrate’ in this study) and particle
rich bioreactor sludge, but varied in salinity from non-saline to
hypersaline. Hypersaline water samples from the Coorong lagoon
(Newton et al, in prep), with similar salinities to our data, did not
cluster with the Coorong sediment metagenomes in terms of
taxonomy or metabolism, but rather clustered with water samples
from a variety of other habitats. Marine sediment samples
however, clustered with the Coorong sediment metagenomes for
metabolic but not taxonomic profiles. Overall, solid substrate and
water metagenomes clustered into discrete metabolic similarity
groups with nodes of 85% similarity.

Discussion

Despite the strong environmental heterogeneity along the
gradient studied here (Table 1), taxonomic and metabolic profiles
were conserved at the phyla and SEED hierarchy 1 level (Figs. 1 &
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2). This similarity was even more striking at finer levels of
resolution. Coorong metagenome profiles were >89% and 89.5%
similar in taxonomic and metabolic composition at the genome
and subsystem level respectively (Figs. 3 & 4). This indicates that
the four microbial communities had similar structure, despite the
intense environmental variability that occurred along the gradient.
While the strong similarity between these samples, relative to other
samples of comparable salinity, may to some extent be attributable
to identical DNA extraction and sequencing procedures, bioge-
ography and a shared environmental history between the samples,
the clustering of our metagenomes with other solid substrate
metagenomes for both taxonomic and metabolic profiles at >82%
and >85% respectively, indicates that the signature of our profiles
is largely determined by the substrate type of the samples (i.e.
sediment). The metagenomes which show a high degree of
similarity to our profiles are derived from a wide range of salinities,
indicating that salinity is not the major structuring factor.
Particularly evident is the close metabolic clustering of the four
Coorong sediment metagenomes with other examples of marine
sediment (Fig. 4) despite these samples coming from a lower
salinity than the Coorong sediment samples. This principle is
highlighted by the observation that Cioorong water samples of a
similar salinity and identical geographic location (Table S3) do not
cluster with Coorong sediment samples in terms of taxonomy or
metabolic potential, but rather cluster with other water samples.
We interpret this as an indication that the substrate type (e.g. water
vs solid substrate) is an important determinant of microbial
functional composition that supersedes bulk environmental
parameters (e.g. salinity) as the dominant structuring factor. This
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is further supported by the observation that the majority of
metagenomes analyzed for metabolic potential cluster into two
groups: a water group and a solid substrate group (IFig. 4),
regardless of salinity or geographic location. Whilst it has been
shown that metagenomic profiles cluster into defined biome
groups [5,22], this is the first observation of such a clear dichotomy
between water and solid substrate habitats which is not masked by
salinity.

Salinity has previously been identified as the primary factor
governing the global distribution of prokaryotic 16S rRNA
sequences [6,23,24,25]. Whilst Lozupone & Knight [6] identified
substrate type (water vs sediment) as the second most important
factor structuring microbial diversity after salinity, Tamames et al
[24] concluded that salinity is more relevant than substrate type as
sediment/soil and water from similar salinities clustered together
in their analysis. These findings contradict the patterns apparent in
our metabolic profile clustering (Fig. 4) and indicate that the
phylogenetic and metabolic aspects of microbial community
diversity may be driven by different dominant factors. This also
implies that accessing genetic information from the entire length of
the genome as opposed to a specific taxonomic marker gene can
yield different interpretations. This is potentially due to the
influence of lateral gene transfer and a wider representation of
taxa in 16S rDNA databases as opposed to genomic databases
[26,27]. Whilst Coorong metagenomes clustered taxonomically
with other solid substrate metagenomes (Fig. 3), there was not a
clear dichotomy between samples from water and solid substrate
types as was observed for the metabolic profiles. This indicates that
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the substrate type may not be as important a controlling factor for
taxonomy as it is for metabolism. That substrate type is a more
important determinant of metabolic composition indicates that
some genes, important for living in different substrate types, are
shared by varying taxa adapted to different salinities.

The samples that did not metabolically cluster within the two
larger branches of ‘solid substrate’ and water (Fig. 4) were typically
derived from more extreme hypersaline environments, such as
solar salterns [28] and a hypersaline mat [29]. This indicates that
In some cases, salinity can be the major factor driving the
metabolic profile grouping, probably in instances where salinity
reaches a critical level, whereby it selects for less diversity and
more dominant taxa. This is consistent with the salinity driven
clustering of the saltern metagenomes when ordinated using di-
nucleotide signatures [22].

The characteristics of particular substrate types that can select
the metabolic content of the microbial community could be
related to the differing degree of chemical heterogeneity in fluid
and solid substrate habitats. Water is mixed to a higher degree
than soil/sediment thus resulting in less physiochemical heteroge-
neity. Soil, sediment and biofilms are extremely heterogeneous
resulting in the high degree of diversity commonly observed in
these habitats compared to water substrates [3,6]. This differing
division of resources and niches likely explains the dichotomous
clustering of water and solid substrate metagenomes observed in
our data. Additionally, in aquatic systems, sediment and benthic
habitats are generally more anoxic than the overlying water
suggesting that reduction and oxidation (REDOX) status is also a
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potentially important factor driving this split. Indeed, initial
investigations indicate that a prevalence of virulence, motility and
anaerobic respiration genes in solid substrate habitats drive the
water versus solid substrate split (Jeffries et a/, in prep).

Our interpretation that the matrix from which the sample is
derived is more important in determining the functional
community structure than bulk physicochemical conditions has
important implications for how we predict changes in microbial
community function in the context of climate change driven
increases in salinity levels or eutrophication associated with
anthropogenic inputs. For example, the Coorong is currently
undergoing a period of increasing salinity levels and eutrophica-
tion [30], reflected in the gradient examined here. Our results
suggest that, whilst small scale changes in gene abundance occur
across this salinity gradient (for example regulation/signaling and
metabolism of aromatic compounds; Fig. 2), the overall functional
potential of the microbial community remains similar between
salinities and demonstrates a high degree of similarity to lower
salinity marine sediment at the subsystem level (Fig. 4). This
indicates that while shifts in the composition of the microbial
community may occur following further shifts in salinity, the
overall biogeochemical potential of the community may remain
relatively unchanged. Of course, extreme increases in salinity will
potentially result in the emergence of dominant specialist species,
decreasing diversity and potentially influencing function.

There is the potential that the discrete clustering of our
samples may be related to technical bias, because of the
different strategies for sample collection, sequencing and
analysis of metagenomes from other locations. However, when
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we compared our data with metagenomes generated using
different DNA extraction techniques and sequencing platforms,
no discernible pattern emerged that can link the relatedness of
metagenomes to elements of methodology (Figs. 3 & 4). DNA
extraction and sequencing techniques have also been shown not
to significantly influence metagenomic profile discrimination by
habitat [31]. Additionally, marine sediment samples extracted in
the same lab using identical techniques did not cluster
taxonomically with the Coorong samples (Fig. 3) and Coorong
water samples extracted using the same lab and techniques did
not cluster with the Coorong sediment samples (Figs. 3 & 4),
indicating methodology is not obscuring environmental cluster-
ing. One caveat that should be considered when interpreting
our data is the use of annotated data to compare metagenomes.
Our data is reflective of the genomes and metabolic subsystems
present in the MG-RAST database [20] and should be
interpreted as patterns observed in the context of this diversity.
Metagenomic databases are composed of taxa for which whole
genome sequences exist, which represent a biased subsection of
microbial diversity heavily skewed towards cultured organisms
chosen because of ease of growth or interesting phenotypes
[26,27]. Thus the databases tend to be skewed towards the
phyla Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes [26].
Whilst genome based databases represent a valid reference point
for relative comparison of the taxonomic affiliation of subsys-
tems observed in the data, which has been routinely applied for
metagenomes [20] a much broader view of the taxonomic
variability can be provided by the 16S rDNA gene [26]. Further
analysis using clustering algorithms [32] and di-nucleotide
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frequencies [22] will shed light on how our un-annotated data is
similar to other metagenomes.

This study focused on the balance between taxonomic and
metabolic identifiers to determine the dominant controlling
environmental factor. We found substrate type is the dominant
controller of gene abundance. To date, the majority of community
scale microbial biogeography studies have considered the presence
or absence of particular taxonomic units. In many cases however,
microbial biogeography is not binary, with most taxa being
present but at a low abundance in the so called ‘rare biosphere’
[33]. Additionally, functional genes may be passed between
different taxa via lateral gene transfer [34,35] indicating that
taxonomy alone is not a determinant of community function.
More sophisticated approaches which consider complex patterns
in the metagenomic structure of communities and the complex
interactions between different drivers acting on different scales are
necessary to understand the spatial distribution of microbial
diversity. High throughput sequencing allows profiling of both
taxonomic and metabolic diversity and when coupled to statistical
techniques [5,36-39] and standardized records of metadata [40]
patterns in the composition of microbial metagenomes begin to
emerge. One such pattern in our data is the high degree of
taxonomic and functional similarity between metagenomes
derived across a strong salinity, nutrient and abundance gradient
and between metagenomes derived from sediment/soil/mat
metagenomes regardless of salinity. Another pattern is the
dichotomous clustering of solid substrate metagenomes and water
metagenomes into discrete similarity groups which are not masked
by differences in salinity. Overall our results suggest that substrate
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type (water or solid substrate) plays a fundamental role in
determining the composition of the metagenome and that, in
addition to extant physiochemical parameters, needs to be
considered when interpreting patterns in microbial community

diversity.

Materials and Methods

Site selection and sediment sampling

Sampling was conducted along the 100 km long, shallow
temperate coastal lagoon comprising the Coorong, in South
Australia (35°33'3.05"S, 138°52'58.80"E), which is characterized
by a strong continuous gradient from estuarine to hypersaline
salinities. Samples were collected from four sites along the salinity
gradient. The sites were characterized by differing salinities and
nutrient status (Table 1). Sediment for DNA extraction was
sampled using a new 1.5 cm diameter sterile corer at each site, and
included the upper 10 cm of sediment. Sample cores were
transferred to a sterile 50 mL centrifuge tube, stored and
transported on ice in the dark following collection, and DNA
extraction was undertaken within six hours of sampling.

For each site, nutrient levels in porewater and overlying water
were determined using a Lachat QuikChem 8500 nutrient
analyzer and pH, dissolved oxygen and salinity were measured
using a 90FL-T (TPS) multi-parameter probe. Abundance of
heterotrophic bacteria and viruses in sediment porewater was
assessed using a Becton Dickinson FACScanto flow cytometer and
previously described protocols [17,18]. In line with previous
studies (e.g. [41]), porewater microbial abundance was used to
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compare sediment samples using flow cytometry, potentially
representing a lower estimate of the entire sediment abundance
[42], which includes particle-attached bacteria and viruses.
Sampling was conducted under a Government of South Australia
Department of Environment and Heritage Permit to Undertake
Scientific Research.

Metagenomic sequencing

Microbial community DNA was extracted from c.a.10 g of
homogenized sediment, using the entire volume of the sediment
core, using a bead beating and chemical lysis extraction kit
(MoBio, Solano Beach, CA.) and further concentrated using
ethanol precipitation. DNA quality and concentration was
determined by agarose gel electrophoresis and spectrophotometry
and >5 pg of high molecular weight DNA was sequenced at the
Australian Genome Research Facility. Sequencing was conducted
on a GS-FLX pyrosequencing platform (Roche) using a multiplex
barcoding approach to distinguish between the four libraries on a
single plate. Sequencing yielded between 16 Mbp and 27 Mbp of
sequence information per library, with an average read length of

232.5 bp (Table 1),

Bioinformatics and statistical analysis

Unassembled sequences (environmental gene tags) were anno-
tated using the MetaGenomics Rapid Annotation using Subsystem
Technology (MG-RAST) pipeline version 2.0 (http://metage
nomics.nmpdr.org/) [20], with a BLASTX E-value cut-off of
E<1x107° and a minimum alignment length of 50 bp. The
abundance of individual sequences matching a particular SEED
subsystem (groups of genes involved in a particular metabolic
function) [19] were normalized by sequencing effort and used to
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Table 2. Summary of metagenomes used in this study.

MG-RAST ID Description/Reference MG-RAST ID Description/Reference
4440984.3 Coorong sediment (37 PSU) 4440971.3 Hypersaline mat (22-34 mm) [29]
4441020.3 Coorong sediment (109 PSU) 4441584.3 GS012 (Estuary) [45]
44410213 Coorong sediment (132 PSU) 4441590.3 GS020 (freshwater) [45]
4441022.3 Coorong sediment (136 PSU) 4441595.3 GS027 (Marine) [45]
4446406.3 Coorong water 1 4441598.3 GS032 (mangrove) [45]
4446412.3 Coorong water 2 4441599.3 GS033 (hypersaline) [45]
4446411.3 Coorong water 3 4441606.3 GS108a (marine) [45]
4446341.3 Marine sediment 1 44416103 GS113 (marine) [45]
4446342.3 Marine sediment 2 4441613.3 GS117a (marine) [45]
4440329.3 Hypersaline sediment 4443688.3 Botany Bay (marine)
4440324.3 Saltern 1 (low) [5,28] 4443689.3 Botany Bay 2 (marine)
4440435.3 Saltern 2 (medium) [5,28] 4440041.3 Line Islands (marine) [46]
4440438.3 Saltern 3 (high) [5,28] 4440212.3 Arctic (marine) [47]
4440437.3 Saltern 4 (low) [5,28] 4440440.3 Aquaculture pond [5]
4440426.3 Saltern 5 (low) [5,28] 4440281.3 Soudan mine [48]
4440429.3 Saltern 6 (high) [5,28] 4441656.4 Whalefall mat [49]
4440067.3 Stromatolite 1 [50] 44410933 EBPR (USA) [51]
4440060.4 Stromatolite 2 [50] 4441092.3 EBPR (Australia) [51]
4440061.3 Stromatolite 3 [5] 4441091.3 Farm soil [49]

4440964.3 Hypersaline mat (0-1 mm) [29]

All metagenomes are publicly available on the MG-RAST server (http://metagenomics.nmpdr.org/) [20]. Number of database hits (BLASTX) are determined using an E-
value cut-off of 0.001. A more detailed table is provided in supporting information Table S3. Bold =this study.
doi:10.1371/journal.pone.0025173.t002

generate a metabolic profile of the metagenome. Taxonomic
profiles were generated within MG-RAST using the normalized
abundance of the phylogenetic identity of sequence matches to the
SEED database [19] and Ribosomal Database Project (Table S1)
both with a BLAST E-value cut-off of E<1x10~> and a minimum
alignment length of 50 bp [21]. The MG-RAST pipeline [20]
implements the automated BLASTX annotation of metagenomic
sequencing reads against the SEED non-redundant database [19],
a manually curated collection of genome project derived genes
grouped into specific metabolic processes termed ‘subsystems’.
The SEED matches of Protein Encoding Genes (PEGs) derived
from the sampled metagenome may be reconstructed either in
terms of metabolic function or taxonomic identity at varying
hierarchical levels of organization. For taxonomy, there are five
levels from domain to genome level and for metabolism there are
three sequential nested groupings termed level 1, level 2 and
subsystem. In our data, metabolic information was derived at the
coarsest level of organization, the generalized cellular functions,
termed level 1 (Fig. 2), and the finest, individual subsystems (Fig. 4).
Taxonomy was profiled at the phylum (Fig. 1) and genome (Fig. 3)
level. In order to statistically investigate the similarity of the four
Coorong metagenomes, as well as the metagenomic profiles
publicly available on the MG-RAST server and in our own
database (Table 2, Table S3), we generated a heatmap of the
frequency of MG-RAST hits to each individual taxa (genome
level) or subsystem for each metagenome, which had been
normalized by dividing by the total number of hits to remove
bias in sequencing effort or differences in read length. These hits
were identified using an E-value cut-oftf of E<0.001. Statistical
analyses were conducted on square root transformed frequency
data using Primer 6 for Windows (Version 6.1.6, Primer-E Ltd.
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Plymouth) [43]. Hierarchical agglomerative clustering (CLUS-
TER) [44] was used to display the Bray-Curtis similarity
relationships between our profiles and those of the publicly
available metagenomes with the results displayed as a group
average dendogram. Specific Bray-Curtis similarities for individual
clusters were taken from the Primer 6 CLUSTER output, which
displays the stepwise construction of the dendogram.

Supporting Information

Table S1 Percentage of Ribosomal DNA matches to
bacterial phyla. Relative representation in the metagenome was
calculated by dividing the number of hits to each category by the
total number of hits to all categories. Hits were generated by
BLASTing sequences to the Ribosomal Database Project [21], via
MG-RAST [20], with an E-value cut-off of 1x107> and a
minimum alignment of 50 bp. Due to inconsistencies in 16S
rDNA copy number, these relative abundances represent estimates
of overall ribosomal DNA composition at phyla level only.
DOC)

Table $2 Relative proportion of matches to the SEED
taxonomic hierarchy. Relative representation in the metagen-
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Abstract A two-dimensional microscale (5 cm
resolution) sampler was used over the course of a
phytoplankton spring bloom dominated by Phaeo-
cystis globosa to investigate the structural properties
of chlorophyll a and seawater excess viscosity
distributions. The microscale distribution patterns
of chlorophyll a and excess viscosity were never
uniform nor random. Instead they exhibited different
types and levels of aggregated spatial patterns that
were related to the dynamics of the bloom. The
chlorophyll a and seawater viscosity correlation
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patterns were also controlled by the dynamics of the
bloom with positive and negative correlations before
and after the formation of foam in the turbulent surf
zone. The ecological relevance and implications of
the observed patchiness and biologically induced
increase in seawater viscosity are discussed and the
combination of the enlarged colonial form and
mucus secretion is suggested as a competitive
advantage of P. globosa in highly turbulent
environments where this species flourishes.

Keywords Eastern English Channel - Patchiness -
Phaeocystic globosa - Plankton rheology -
Turbulence

Introduction

Plankton patchiness is widely acknowledged as a
ubiquitous and key feature of marine ecosystems
(Martin 2003). Many organisms have been shown to
exploit patches of food (e.g., Tiselius 1992), and
patch formation may be important in the foraging
success of many marine invertebrates (Seuront et al.
2001) and vertebrates (Cartamil and Lowe 2004), as
well as for the sexual encounters among individuals
of relatively rare species (Buskey 1998). While the
quantification of the spatial and temporal structure of
phytoplankton distributions has for the most part
focussed on empirical observations at scales greater
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than 10 m to several kilometres (Martin 2003), there
is a growing evidence for the existence of both
vertical and horizontal phytoplankton patchiness at
scales smaller than one metre (e.g., Dekshenieks et al.
2001). Because the analysis of large-scale patterns
must integrate processes occurring at much smaller
scales (Levin 1992), investigating the physical and
biological dynamics controlling microscale plankton
patchiness may be an absolute prerequisite to
improve our understanding of the scales, intensities,
durations and ecological relevance of these patterns.

The cosmopolitan genus Phaeocystis is a key
organism in driving global geochemical cycles,
climate regulation and fisheries yield (Schoemann
et al. 2005), and has recently been suggested as a
potential source of microscale phytoplankton patch-
iness (Seuront 2005). Of particular importance is the
formation of large, gel-like colonies (from several
mm to several cm; Verity and Medlin 2003) which
form thick brown jelly layers (Al-Hasan et al. 1990)
that modify the rheological properties of seawater,
produce foam that resembles whipped egg white
(Dreyfuss 1962), and clog plankton and fish nets
(Peperzak 2002). Large quantities of foam are
generated in the turbulent surf zone of beaches along
the North Sea and the Eastern English Channel
(Lancelot et al. 1987; Seuront et al. 2006). Quanti-
tative descriptions of the bulk-phase properties of
seawater during phytoplankton blooms have esti-
mated the changes in the viscous properties of
seawater that are induced by phytoplankton mucus
secretion (Jenkinson 1986, 1993; Jenkinson and
Biddanda 1995; Seuront et al. 2006), and found a
positive correlation between seawater viscosity and
chlorophyll a concentration during Phaeocystis sp.
blooms in the German Bight and the North Sea
(Jenkinson 1993; Jenkinson and Biddanda 1995).
More recent work (Seuront et al. 2006) showed a
significant increase in seawater viscosity with the
development of a Phaeocystis globosa bloom in the
Eastern English Channel, and a positive correlation
between chlorophyll concentration and seawater
viscosity before foam formation as well as a negative
correlation after foam formation. These results sug-
gest that seawater viscosity is influenced by extra-
cellular materials associated with colony formation
and colony maintenance rather than by cell compo-
sition and standing stock.
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In this context, the aim of this study is to use a
microscale (5 cm resolution) two-dimensional sam-
pler to investigate: (i) the heterogeneity of the
microscale distributions of phytoplankton biomass
and bulk-phase seawater viscosity, (ii) the potential
changes in these distributions over the course of a P.
globosa spring bloom and (iii) the nature of the
correlation between seawater viscosity and phyto-
plankton before, during and after the formation of
foam in the turbulent surf zone.

Materials and methods
Study site

Samples were taken from the end of a coastal pier
situated in the intertidal waters of the French coast of
the Eastern English Channel, approximately 20 m
from the shoreline (50°45'896” N, 1°36’364" E), near
Boulogne-sur-Mer (France). The Eastern English
Channel is characterised by 3 to 9 m tides. These
tides are characterised by a residual translation
parallel to the coast, with nearshore coastal waters
drifting from the English Channel into the North Sea.
Coastal waters are influenced by freshwater run-off
from the Seine estuary to the Straits of Dover. This
coastal flow (Brylinski et al. 1991) is separated from
offshore waters by a tidally maintained frontal area.
The coastal flow water mass is characterised by its
low salinity, high turbidity, high phytoplankton
richness and high productivity compared to the
oceanic offshore waters (Seuront 2005). This sam-
pling site was chosen because the physical and
hydrological properties are representative of the
inshore water masses of the Eastern English Channel
(Seuront 2005). Sampling was conducted at high tide,
before, during and after the Phaeocystis globosa
bloom in the Eastern English Channel on 26
September 2003, 5 March 2004, 18 March 2004, 1
April 2004, 20 April 2004, 10 May 2004, 25 May
2004 and 20 June 2004.

Microscale sampling device
A purpose-designed two-dimensional (2D) sampling

device was developed to investigate the microscale
distributions of chlorophyll a and seawater viscosity.
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The design of the device was based on sampling
systems previously employed to measure the micro-
scale spatial distributions of bacteria and phytoplank-
ton (Seymour et al. 2000; Waters et al. 2003) and
consisted of a 10 x 10 array of 50 ml syringes,
separated by 5 cm and with a 3 mm wide opening.
The pneumatically operated device was attached to a
series of electric pumps allowing for the simultaneous
collection of 100 samples across an area of 0.2 m>.
On retrieval, a polyvinyl chloride (PVC) rack holding
60 ml vials was inserted below the syringe array on
stainless-steel rails, and the samples were transferred
into the vials, which were immediately brought back
to the laboratory in a cooler, stored in the dark in a
room at the in situ temperature; all subsequent
analysis were conducted within 2 h to avoid potential
biases related to exudation during temperature
changes and in high light. Samples were taken from
a depth of 1 m, and the temperature and salinity of
each water sample was measured using a Hydrolab
probe at each of the sampling dates. The presence and
the size of P. globosa colonies were investigated
from bulk seawater samples taken simultaneously to
the microscale samples.

Chlorophyll a analysis

Chlorophyll concentrations were estimated from
40 ml subsamples following Suzuki and Ishimaru
(1990). Samples were filtered on Whatman GF/F
glass-fibre filters (pore size 0.45 pm). Chlorophyllous
pigments were extracted by direct immersion of the
filters in 5 ml of N,N-dimethylformamide, and actual
extractions were made in the dark at —20°C. Con-
centrations of chlorophyll a in the extracts were
determined following Strickland and Parsons (1972)
using a Turner 450 fluorometer previously calibrated
with chlorophyll a extracted from Anacystis nidulans
(Sigma Chemicals, St Louis).

Bulk-phase seawater viscosity measurements

Viscosity measurements were conducted using a
portable ViscoLab400 viscometer (Cambridge Ap-
plied Systems Inc., Boston) from 10 ml subsamples
following Seuront et al. (2006). Viscosity was
measured in triplicate from 3 ml water subsamples
poured into a small chamber, where a low-mass
stainless-steel piston is magnetically forced back and

forth, with a 230 pum piston-cylinder gap size. The
force driving the piston is constant, and the time
required for the piston to move back and forth into
the measurement chamber is proportional to the
viscosity of the fluid. The more viscous the fluid the
longer it takes the piston to move through the
chamber, and vice versa. As viscosity is influenced
by temperature and salinity (Miyake and Koizumi
1948), the measured viscosity #,, (cP) can be thought
of as the sum of a physically controlled viscosity
component #rs (cP) and a biologically controlled
viscosity component #g;, (cP) (Jenkinson 1986):

Nm = 1,5 T NBio (1)

The physically controlled component #17s was
estimated from viscosity measurements conducted on
subsamples after passing through 0.20 pm pore size
filters. The biologically induced excess viscosity #gi,
(cP) was subsequently defined from each water
sample as:

MBio = Mm — Nrs (2)

The relative excess viscosity n (%) is finally given
as (Seuront et al. 2006):

n= (’7m - ”IT,S) /WT‘S (3)

Before each viscosity measurement, temperature
and salinity of the water sample were simultaneously
measured using a Hydrolab probe, and did not exhibit
any significant difference with the theoretical viscos-
ity estimated from temperature and salinity (Wilco-
xon—-Mann—Whitney U-test, P > 0.05). This ensures
the relevance of our #5rg estimates. Between each
viscosity measurement, the viscometer chamber was
carefully rinsed first with deionised water and then
with bulk-phase seawater filtered through 0.2 pm
pore size filters to avoid any potential dilution of the
next sample.

Potential biases and limitations

Due to the difficulty in handling Phaeocystis sp.
colonies without disrupting them, our viscosity
measurements could have been biased through the
disruption of colonies: (i) during the sampling
process and/or (ii) the viscosity measurement in the
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chamber of the viscometer. This would result in
creating additional mucus particles and releasing
additional macromolecules into solution, and thus a
biased increase in seawater viscosity. These two
potential issues have been carefully addressed to
ensure the relevance of our viscosity measurements.

Any P. globosa colony larger than the opening of
the syringes (i.e. 3 mm) would be destroyed during
the sampling. This is unlikely to have occurred during
our sampling for two reasons. First, the size of P.
globosa colonies in bulk samples taken simulta-
neously to our 2D sampling, observed by inverted
microscopy and measured using an ocular microme-
ter, ranged in size from 0.1 to 1.3 mm at concentra-
tions ranging from 500 to 5,000 per litre (Table 1).
Control measurements were carried out at each of our
sampling dates, during which we compared the
viscosity measured from water samples taken by the
syringes of the 2D sampler and from bulk seawater
samples. As no significant differences were found
between the two estimates (Wilcoxon—Mann—Whit-
ney U-test, P > 0.05, N = 100), the syringe sampler
has not been considered as a potential source of bias
in subsequent viscosity measurements.

Fragile colonies, and more specifically the col-
onies larger than 230 pm (as the piston-cylinder gap
is only 230 pum; see above) would still be destroyed
in the measurement chamber, and would result in a
biased increase in seawater viscosity. Therefore all
visible P. globosa colonies were systematically
removed from the 3 ml samples with a Pasteur
pipette under a dissecting microscope (magnifica-
tion X 100), under temperature controlled conditions
before viscosity measurements were conducted.
Considering the relatively large colonies at rela-
tively low concentrations (500 to 5000 per litre;
Table 1) we can assume that most though maybe
not all colonies were removed. It could also be
argued here that this could have been achieved
through a careful screening of the water samples
through a 200 pm mesh before doing the measure-
ments. However, a 200 pm screening would still
not remove the colonies smaller than 200 pum that
are still likely to be destroyed by the high shear
occurring in the measurement chamber and to
create additional mucus particles and release addi-
tional macromolecules into solution. The two
methods are then both potentially biased, but in
similar ways, as preliminary testing conducted

@ Springer

Table 1 Mean abundance (colonies 17') and size (um) of
P. globosa colonies observed at each sampling date

Date Phaeocystis globosa colonies

Size (um) N, Abundance (col I™') N,
26/09/03 - - 0 -
05/03/04 - - 0
10/03/04 - - 0 -

01/04/04 180 (100-220) 100 1400(1200-1600)
20/04/04  270(230-660) 100 1200(990-1350)
10/05/04 500 (300-1300) 100 5000(4820-5250)
25/05/04 390 (300-645) 100 500(290-560)
20/06/04 - - 0 -

IO N O

The values given in parenthesis are the minimum and maximal
values. N; is the number of colonies considered for size
measurements and N, is the number of bulk samples used to
estimate colony abundance

during the 2002 and 2003 spring blooms did not
exhibit any significant difference (Fig. 1). Finally,
we have already shown a distinct increase in excess
seawater viscosity following the mechanical disrup-
tion of P. globosa colonies (Seuront et al. 2006).
This would not have been possible if just the act of
making a measurement increased viscosity.

Data analyses

Quantifying microscale spatial variability. A simple
quantification of the degree of microscale variability
observed for a given 2D microscale distribution was
expressed as the ratio between maximum and min-
imum values of the distributions, considered as an
estimate of the maximum variability (Seuront and
Spilmont 2002), and the coefficient of variation CV
(CV = SD/x, wherex and SD are the mean and the
standard deviation, respectively) estimated for that
range.

Identifying spatial structure

Spatial autocorrelation analysis was used to quan-
tify patterns in two-dimensional microscale distri-
bution of chlorophyll a concentrations (ugChl-
a 17') and relative seawater excess viscosity 7
(%). The objective is to link these parameters to a
common patch size to quantify their spatial linkage.
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Fig. 1 Comparisons of the excess viscosity measurements 7
(%) obtained from bulk phase seawater samples after removing
all the visible colonies from the water samples with a Pasteur
pipette under a dissecting microscope (magnification x 100),
Npasteur> and after carefully screening the water samples through
a 200 um mesh (17599,,,) before doing the measurements. A
modified r-test (Zar 1996) did not exhibit a significant
difference between our measurements and the theoretical
expectation Npygieqr = H200um (P > 0.05, N =100)

Generally speaking, positive spatial autocorrelation
indicates that abundances in adjacent localities are
similar (aggregation) while negative-autocorrelation
signifies that adjacent localities alternate between
high and low values, i.e. peaks and valleys, and hot
spots and cold spots. The theory and use of spatial
autocorrelation procedures to analyse spatial asso-
ciations has been extensively discussed (Sokal and
Oden 1978a, b), and the reader is referred to these
papers for more-detailed descriptions.

Moran’s I and Geary’s ¢ spatial autocorrelation
statistics (Moran 1950; Geary 1954) are defined as:
n

wij(yi = ¥) (3 = ¥)

—_

I(d) = m for i #j 4)
%; oy =)
and
2 i i wi (i — ¥))°
o(d) =——— —for i #] (5)

. )

J=1

where y; and y; are the values of the observed variable
at sites i and j, y is their mean and W is defined as

W =371 37 w; where w;; = d;;* when sites i and j
are at a distance d and w; = 0 otherwise. Only the
pairs of site (i, j) within the stated distance class (d)
are taken into account.

Moran’s I Eq. 4 and Geary’s ¢ Eq. 5 are two
related, but conceptually different, autocorrelation
coefficients. Moran’s I, which ranges from +1 to —1,
is sensitive to extreme abundances in nearby local-
ities while Geary’s ¢, bounded between 0 and an
unspecified value larger than 1, indicates whether
nearby localities exhibit similar abundances. A
positive autocorrelation (i.e. positive values of 1)
indicates dependence between samples that are
spatially close. In contrast, a negative autocorrelation
(i.e. negative values of I) indicates dependence
between distant samples. The no-correlation values
is thus 7 = 0. A Geary’s ¢ correlogram varies as the
reverse of a Moran’s I correlogram: strong autocor-
relation produces high values of 7 and low values of c.
Positive autocorrelation translates into values of ¢
between 0 and 1 whereas negative autocorrelation
produces values larger than 1. Hence, the reference
no-correlation value is ¢ = 1.

Under the hypothesis of a random spatial distri-
bution, the expected values of the Moran’s / and
Geary’scare [ = —(n — 1)71 and ¢ = 1, respectively.
When combined with the Fisher’s dispersion index
(Sz/)? or variance-to-mean ratio), Moran’s I and
Geary’s ¢ were used to characterise and classify in an
objective way the spatial pattern of a particular
descriptor (see Table 2). In addition, patch sizes were
determined from spatial correlograms, i.e. Moran’s /
plotted against the separation distance d. As a
minimum number of 30 pairs are necessary to
estimate autocorrelation statistics with confidence
(Legendre and Legendre 1998), nine distance classes
were used, with distances ranging from 5 to 45 cm.
The significance of spatial correlograms was tested
using the Bonferroni-corrected significance proce-
dure (Legendre and Legendre 1998). For each 2D
data set, the distance at which I changes sign was
used as an estimate of the average patch radius (Sokal
and Oden 1978a).

Statistical analyses
For each date, the chlorophyll a distribution and

seawater viscosity data were significantly non-
normally distributed (Kolmogorov—Smirnov test,
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Table 2 Types of distribution patterns based on values of Moran’s I, Geary’s ¢ and variance-to-mean ratio. S indicates that the value
is significantly different from the expected value, while NS denotes no significant difference

Type I c S2/x Distribution

A S S - Transition from high to low abundance occurs within the
sampling area, i.e. gradient in abundance

B S— S— S— Uniform

C S NS - Aggregative, based on a few extreme peaks in abundance

D NS S - Aggregative, based on several similar peaks in abundance

E NS NS S+ Aggregative, due to high abundance in a single, isolated
location

F NS NS NS Random

The + and — signs indicate whether the value is higher or lower than the expected value, respectively. Conclusions are based on
discussions contained in Sokal and Oden (1978a), and Decho and Fleeger (1988)

P < 0.01), so nonparametric statistics were used
throughout this work. Simple comparisons between
two parameters were conducted using the Wilco-
xon—-Mann—Whitney (WMW) test. Correlation be-
tween variables was investigated using Kendall’s
coefficient of rank correlation, 7. Kendall’s coeffi-
cient of correlation was used in preference to
Spearman’s coefficient of correlation p because
Spearman’s p gives greater weight to pairs of ranks
that are further apart, while Kendall’s t weights
each disagreement in rank equally (Sokal and Rohlf
1995).

Results
Environmental conditions

Salinity did not exhibit any characteristic pattern and
fluctuated between 35.1 and 35.3 PSU (35.20 = 0.02
PSU; x £ SD). Temperature exhibited a clear sea-
sonal cycle, ranging from 6.1°C on March 5 to
17.2°C on September 26.

Microscale spatial variability

The temporal patterns of chlorophyll a concentration
and seawater excess viscosity are summarised in
Table 3. Chlorophyll concentration and seawater
excess viscosity were below 3.0 ug Chl-a 17! on
September 26 and March 5 (Table 3). Chlorophyll
concentration then exhibited a sharp increase, corre-
sponding to the initiation and the development of the
spring bloom, to reach a maximum value of
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574 + 6.5 pg Chl-a 17" (¥+SD) on May 10,
followed by a 3.5-fold decrease between May 10 and
May 25 that coincided with the formation of foam in
the turbulent surf zone. In contrast, seawater excess
viscosity reached its peak (28 + 25%;x + SD) on May
25 after the beginning of foam formation, and finally
sharply decreased down to 5 + 3% on June 20.
The values of the coefficient of variation (CV) and
the ratios between maximum and minimum values
(max./min.) demonstrate the high variability of
microscale 2D distributions of chlorophyll a biomass
and seawater excess viscosity (Table 3). The vari-
ability of chlorophyll and excess viscosity 2D
distributions were minimum during the formation of
foam in the turbulent surf zone. As further illustration
of this variability, the 5 cm resolution, two-dimen-
sional distributions of chlorophyll a concentration
and seawater excess viscosity are shown for the pre-
bloom condition (Fig. 2a), during the spring bloom,
before (Fig. 2b) and after (Fig. 2¢) the formation of
foam in the turbulent surf zone, and after the bloom
(Fig. 2d). Chlorophyll concentration and excess
viscosity show alternating high- and low-density
areas separated by sharp gradients and characterised
by localised hot spots and cold spots (Fig. 2). The
differential effect of foam formation on the two-
dimensional distributions of chlorophyll a and excess
viscosity is also clear from the transition observed
between the pre- and post-foam distributions (Fig. 2b,
c). Before the formation of foam, chlorophyll a and
excess viscosity distributions are dominated by a
high-density background and a few cold spots
(Fig. 2b), while after the formation of foam, the
chlorophyll a distributions were dominated by a
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Fig. 2 Two-dimensional distributions of chlorophyll a con-
centrations (Lg 171) and seawater excess viscosity (%) before
the spring phytoplankton bloom (A) and during the spring
bloom before foam formation in the turbulent surf zone (B).

low-density background and a few hot spots (Fig. 2c).
Finally, the chlorophyll biomass and excess viscosity
do not show any clear correlation pattern in pre- and
post-bloom conditions (Fig. 2a, d). In contrast, they
exhibit positive and negative correlation before and
after the formation of foam, respectively (Fig. 2b, c).

Microscale spatial correlation

To identify any possible correlation between chloro-
phyll concentration and excess viscosity, excess
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Two-dimensional distributions of chlorophyll a concentrations
(ug 17" and seawater excess viscosity (%) during the spring
phytoplankton bloom after foam formation in the turbulent surf
zone (C), and after the bloom (D)

viscosity was plotted against chlorophyll a concen-
tration (Fig. 3). In pre-bloom conditions (September
26), no relationship is visible between chlorophyll
concentration and excess viscosity. The development
of the spring bloom is subsequently clearly visible,
with simultaneous increases in chlorophyll a concen-
tration and excess viscosity from March 5 to April 20.
After the formation of foam, a progressive decou-
pling between chlorophyll concentration and excess
viscosity occurred. It was initiated on May 10, when
positive and negative correlations were observed
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Fig. 2 continued

between chlorophyll concentration and excess vis-
cosity for chlorophyll concentrations higher and
lower than 55 pg Chl-a 17, respectively. On May
25, accompanying a sharp decrease in Chl-a concen-
tration, excess viscosity was negatively related to
chlorophyll concentration. Finally, in post-bloom
conditions (June 20), chlorophyll concentration and
excess viscosity appeared independently distributed.
These observations are specified by the values of
Kendall rank correlation coefficients (Fig. 4) esti-
mated at each date between the two distributions. No
significant correlation was observed in pre- and post-
bloom conditions, while significant positive and
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negative correlations were observed during the spring
bloom before and after the formation of foam,
respectively (Fig. 4).

Microscale spatial structure

The results of spatial autocorrelation analysis
showed that none of the investigated patterns were
uniform nor random (Table 4), indicating the
existence of structural complexity in 2D microscale
patterns of chlorophyll a concentration and seawater
viscosity. Except on June 20, consistent spatial
patterns were found for chlorophyll and excess
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Fig. 3 Scatterplots of seawater excess viscosity n (%) as a
function of chlorophyll a concentration (ug 17"), showing the
two different regimes observed over the course of our survey.
The sampling conducted on 26 September has been used as a

viscosity. More specifically, pre- and post-bloom
conditions were mainly characterised by three types
of aggregative distributions (Table 4). In contrast,
the spatial patterns observed during the bloom were
either aggregative (i.e. dominated by the presence
of a few extreme peaks) or characterised by a
variety of transitions from high to low values, the
latter being only observed during the formation of
foam. Patch sizes were finally estimated from
correlograms constructed for each parameter at
each date to determine spatial autocorrelation as a
function of increasing distance between samples.
Because the distance intervals were based on the
distance intervals between the centre points of
samples, patch sizes were expressed in terms of the
distance interval in which the autocorrelation value
changed sign (positive to negative autocorrelation

Chlorophyll a (ng 1! )

separate reference sample, characteristic of non-bloom condi-
tions. Scatterplots of seawater excess viscosity 1 (%) as a
function of chlorophyll a concentration (ug 1"), showing the
two different regimes observed over the course of our survey

or vice versa). Patch sizes for chlorophyll concen-
tration and excess viscosity were between 5 and
10 cm in pre- and post-bloom conditions (Table 4).
Larger patch sizes were found for chlorophyll
concentration and excess seawater viscosity in
bloom conditions. During the formation of foam
viscous patches were larger than chlorophyll
patches (Table 4).

Discussion

Microscale spatial patterns and Phaeocystis
globosa bloom dynamics

Chlorophyll, viscosity and foam formation. The shift
from significant positive correlations to significant
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Fig. 3 continued

negative correlations before and after the foam
formation is congruent with a recent mechanistic
explanation (Seuront et al. 2006), suggesting that the
disruption of the mucilaginous colonial matrix by
turbulent mixing in the surf zone leads: (i) to the
formation of foam and to the transformation of
colonial cells into flagellated ones (Peperzak 2002),
(i) to a decrease in chlorophyll a concentration
(Fig. 5) as a significant proportion of cells are
entrained within the foam during the emulsion process
(Seuront et al. 2006), and finally (iii) to the decoupling
between the viscous (i.e. colonial polymeric materi-
als) and nonviscous (flagellated cells) contribution of
P. globosa to bulk-phase seawater properties in
intertidal (Fig. 5a, b) and inshore (Fig. 5c, d) water
masses, located respectively 20 m and 2 nautical miles
from the shoreline. However, the relationship ob-
served between chlorophyll concentration and excess
viscosity on May 10 through our microscale sampling
strategy (Fig. 3) indicates that the aforementioned
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Chlorophyll a (ug17!)

decoupling process could be more complex than
initially thought. As the negative correlation occurs
for the chlorophyll a concentrations higher than 55 pg
17!, the high-density chlorophyll patches, likely to be
the largest and/or the oldest ones, may be more fragile
and thus the first ones to be destroyed by turbulent
mixing. This hypothesis is consistent with the strong
decrease in variability and the changes in the distri-
bution patterns observed in both chlorophyll and
excess viscosity spatial patterns between April 20 and
May 10 (see Tables 3 and 4, Fig. 5a, b).

The mechanistic explanation proposed above for
the dynamics of chlorophyll a concentration and
seawater excess viscosity is also consistent with
recent work conducted on the dynamics of transpar-
ent exopolymeric particles (TEP) produced by Phae-
ocystis globosa (Mari et al. 2005). Two phases for the
dynamics of TEP were then identified: (i) a produc-
tion phase during the growth phase of P. globosa
where TEP and chlorophyll a concentration were
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7, estimated between the 100 simultaneous measurements of
chlorophyll concentrations and seawater viscosity at each
sampling date. The open and black diamonds represent
significant (P < 0.05) and nonsignificant Kendall’s 7, and the

positively correlated, and (ii) a release of large TEP
from the mucilaginous matrix of P. globosa colonies
subsequent to colony disruption (caused by nutrient
depletion) where TEP and chlorophyll a concentra-
tion were negatively correlated. The causes of colony

Date

open dots the two correlation patterns observed on May 10 (see
Fig. 2). The grey bar indicates the period of foam formation
(May 3 to June 10). The sampling conducted on 26 September
has been used as a separate reference sample, characteristic of
non-bloom conditions

disruption observed by Mari et al. (2005) and the area
described in the present work might diverge. The
similarity between the dynamics of chlorophyll a
concentration-excess viscosity shown in the present
work and chlorophyll a concentration-TEP concen-
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Fig. 5 Time course of chlorophyll a concentration (ug 17'; A,
C) and seawater excess viscosity 1 (%; B, D), in the intertidal
(A, B; present work) and coastal (C, D; modified from Seuront
et al. 2006) waters of the Eastern English Channel. The grey
bar indicates the period of foam formation (May 3 to June 10),

and the dashed vertical lines the appearance and disappearance
of P. globosa in the phytoplankton assemblage. The sampling
conducted on 26 September (black dot; A, B) has been used as
a separate reference sample, characteristic of non-bloom
conditions
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Table 3 Descriptive statistics of the two-dimensional micro-
scale distributions of chlorophyll a concentration (pg ' and
seawater excess viscosity (%) for each sampling date

Table 4 Results of spatial autocorrelation analyses of chlo-
rophyll a and seawater excess viscosity two-dimensional
microscale distributions

Date Mean SD (0\% Max./min.
Chlorophyll concentration

26/09/2003 0.9 0.3 314 5.0
05/03/2004 2.7 1.2 44.8 11.9
18/03/2004 11.5 3.6 31.2 114
01/04/2004 16.7 9.3 55.8 7.4
20/04/2004 46.6 10.6 22.8 8.1
10/05/2004 574 6.5 11.3 22
25/05/2004 16.6 4.0 24.0 4.0
20/06/2004 7.7 2.6 339 9.7
Excess viscosity

26/09/2003 1.8 0.7 39.1 16.1
05/03/2004 7.5 3.6 47.6 18.5
18/03/2004 40.1 15.5 38.6 12.1
01/04/2004 113.7 70.9 62.4 15.6
20/04/2004 203.5 53.4 26.3 124
10/05/2004 206.8 154 7.5 1.7
25/05/2004 228.4 24.9 10.9 2.0
20/06/2004 4.9 3.1 63.6 47.5

SD—standard deviation; CV—coefficient of variation; and
max./min.—ratio between the maximum and minimum values
of a distribution

tration recently investigated, strongly suggests, how-
ever, that TEP could play a critical role in the
increase in seawater viscosity. The variety of dis-
solved particulate carbohydrates that are differen-
tially produced during a Phaeocystis globosa bloom
(see Alderkamp et al. 2005), contribute (for some of
them) to the formation of microscopic polymer gels
in seawater (Chin et al. 1998) and large sedimenting
particles (e.g. TEP; Logan et al. 1995). They may
also form an intermediate in the formation of the
foam observed after P. globosa blooms. The issue of
relating quantitative seawater viscosity measurements
to the quality and the quantity of dissolved and
particulate carbohydrates and transparent exopoly-
meric particles should then be carefully addressed in
the future.

Type of spatial patterns and patch sizes
Spatial autocorrelation and correlograms were used to

describe the microscale spatial patterns of
chlorophyll a concentration and seawater excess
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Date Moran’s Geary’s $% Distribution Patch
1 c Mean size
(cm)
Chlorophyll concentration
26/09/2003 NS S+ NS D 5-10
05/03/2004 NS NS S+ E 5-10
18/03/2004 S+ NS S+ C 5-10
01/04/2004 S+ NS S+ C 5-10
20/04/2004 S+ S— S+ A 10-15
10/05/2004 S+ S— S+ A 10-15
25/05/2004 S+ S— S+ A 10-15
20/06/2004 NS S+ S+ D 5-10
Escess viscosity
26/09/2003 NS S+ NS D 5-10
05/03/2004 NS NS S+ E 5-10
18/03/2004 S+ NS S+ C 5-10
01/04/2004 S+ NS S+ C 5-10
20/04/2004 S+ S— S+ A 15-20
10/05/2004 S+ S— S+ A 15-20
25/05/2004 S+ S— S+ A 15-20
20/06/2004 NS S+ S+ D 5-10

viscosity. Identical distribution patterns may or may
not produce identical correlograms, while different
spatial patterns result in different correlograms (Sokal
& Oden 1978b). Both distributions exhibited positive
spatial autocorrelation at all the sampling dates. This
type of spatial pattern is characterised by an associ-
ation between extreme and similar per sample values
and a transition from high to low values within the
sampling area (0.2 m?). Before and after the spring P.
globosa bloom the observed spatial patterns (Fig. 2a,
d) exclusively exhibited aggregative distributions
characterised by the alternation of hot spots and cold
spots. The similar increases in patch sizes suggest
that the aggregative character of the spatial patterns
observed before and after the bloom were mainly due
to localised hot spots that may be related to local
phytoplankton aggregates (e.g. Koike et al. 1990). In
contrast, during the P. globosa bloom, and mainly
after the formation of foam, these distributions were
characterised by a variety of smooth transitions from
high to low values. The smoother, more continuous
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and structured distributions observed during the
bloom and characterised by larger patch sizes may
be thought of as: (i) the result of the strong
biomodification of the fluid properties mainly by P.
globosa-related polymeric materials and (ii) a two-
dimensional description of the organic matter con-
tinuum (Chin et al. 1998; Azam 1998). This is also
consistent with the similar patch sizes observed for
chlorophyll concentration and excess viscosity before
and after the bloom, and the larger excess-viscosity
patch sizes observed after the foam formation, when
phytoplankton biomass and seawater viscosity appear
to be uncoupled.

More generally, microscale hot spots of phyto-
plankton abundance and/or organic matter concen-
tration may well represent the basis of microhabitats
for the development of microbial foodwebs (Things-
tad and Billen 1994). Microscale patchiness of
organisms attached to aggregates and in the sur-
rounding water column will also fundamentally alter
predator-prey and virus-host dynamics, and may
subsequently modify the flow of matter through the
microbial loop (Azam et al. 1983). The intensity and
frequency of these hotspots will also influence the
sedimentation processes characterising most Phaeo-
cystis sp. blooms (e.g. Andreassen and Wassman
1998) and ultimately determine the proportion of
carbon that is sequestered to the sediments or retained
in the pelagic food web.

Small-scale versus microscale variability

The temporal patterns observed in the present work
for chlorophyll a concentration and seawater excess
viscosity (Fig. 5a, b) are very similar to those
obtained in the coastal waters of the Eastern English
Channel, roughly 2 nautical miles offshore, from a
standard sampling strategy based on 5 replicate
samples taken at three different depth (subsurface,
intermediate and bottom waters) using Niskin bottles
(Fig. 5c, d; Seuront et al. 2006). This ensures the
relevance of the previously proposed mechanisms
and generalises them from the scale of the water
column down to the microscale. The main difference
is the significantly higher chlorophyll concentrations
and excess viscosity observed at each sampling date
from our intertidal station than from the coastal
station (WMW test, P < 0.05), which is consistent
with the previously observed differences in hydro-

logical properties between intertidal and coastal
waters of the Eastern English Channel (Seuront and
Spilmont 2002).

The variability observed in chlorophyll a concen-
tration and seawater excess viscosity from our micro-
scale (5 cm resolution) two-dimensional sampling is
significantly higher than the variability previously
estimated at the scale of the water column with a
resolution of a few meters (Seuront et al. 20006; see
Fig. 5). The coefficient of variation and the ratios
between maximum and minimum values are, thus
significantly higher at the microscale than at the small-
scale (WMW test, P < 0.01). More specifically, the
ratios between the coefficients of variation (CV)
obtained at the microscale and the small-scale range
from 2.6 to 42.3 for chlorophyll concentration and
from 4.5 to 243.2 for seawater excess viscosity. The
ratios between maximum and minimum values are 2.1
to 7.4-fold larger at the microscale than at the small-
scale for chlorophyll concentration and 3.1- to 14.3-
fold larger at the microscale than at the small scale for
excess viscosity. These results are in accordance with
previous work showing increased variability and
structural complexity with decreasing scale (Seuront
and Spilmont 2002; Waters et al. 2003), and indicate
that extent of microscale variability amongst marine
phytoplankton communities can be greater than the
variability observed at larger scales.

These findings are particularly pertinent within the
Eastern English Channel as the intense tidal mixing,
characterised by turbulent kinetic energy dissipation
rates ranging from 107'® to 107* m? s~ (Seuront
2005), is expected to homogenise phytoplankton
distributions for scales typically smaller than the
depth of the vertically well-mixed water column.
Both the extent and the non-random spatial structure
of the microscale variability observed here in terms
of chlorophyll biomass and seawater excess viscosity
imply that phytoplankton organisms, and more spe-
cifically Phaeocystis globosa, can be independent of
the surrounding turbulent flows and induce high
levels of spatial heterogeneity, even below the 5 cm
scale resolution achieved here.

On the potential role of biologically increased
seawater viscosity in P. globosa ecology

The impact of turbulence on microorganisms is
dependent on its relative size to the smallest
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Kolmogorov turbulent eddies defined as
L = (v} /8)0‘25, where v is the kinematic viscosity
(m2 sfl) related to the measured viscosity #,, (see Eq.
1) by v=u,/p (where 1, and p are the fluid
viscosity and density, respectively) and ¢ is the
turbulent energy dissipation rate (m* s—>). Above this
scale the flow is turbulent, while below it, viscosity
dominates resulting in a laminar shear. The coastal
waters of the Eastern English Channel and the
Southern North Sea where P. globosa typically
flourishes are characterised by elevated turbulent
dissipation rates (typically bounded between 107’
and 10~* m? s°; Seuront 2005). These high turbu-
lence intensities and the related sub-millimetre Kol-
mogorov eddies, ranging from 3.2 x 10~ to 1.8 mm,
are not compatible with the size nor the breakability
of P. globosa colonies (Peperzak 2002). Mucous
secretion, and any subsequent increase in seawater
viscosity and Kolmogorov eddy size, may be an
environmental engineering strategy that P. globosa
uses to dampen turbulence, create a favourable,
turbulent-free physical habitat to protect colony
integrity.

At then end of the bloom, the release of nano-
planktonic solitary cells under nutrient limitation
would lead to dramatic losses to small protozoan
grazers, viruses and zooplankton that would easily
offset population growth (Turner et al. 2002). How-
ever, excess viscosity remains high, or even increases
(Seuront et al. 2006; present work), after colony
destruction. This is consistent with the excretion of
mucus and dissolved organic carbon observed under
nutrient limitation observed in a single cell culture of
P. globosa (Janse et al. 1999), in colonial cultures of
P. globosa (van Rijssel et al. 2000) and at the end of
P. pouchetii blooms in mesocosms (Alderkamp et al.
2005) as well as in many phytoplankton species
(Myklestad 1974, 1988). The released flagellated
cells may still avoid grazing and viral infection via an
alteration of motility and diffusion processes, and a
decrease in encounter probabilities and/or in grazing
rates attributed, although never demonstrated, to a
mechanical hindrance due to increased viscosity
(Schoemann et al. 2005). The high-shear environment
related to suspensions of aggregates may also be used
by P. globosa flagellates released from colonies to
minimise predation as high shear will decrease their
conspicuousness to predators, and not all the per-
ceived preys will be accessible (Seuront et al. 2006).
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In addition to colony formation, the exudates released
by P. globosa and the subsequent increase in
viscosity might then also be considered as a potential
antipredator adaptive strategy that ultimately ensures
the completion of its life cycle in highly turbulent
environments.

In the sea, the viscous properties of most polymers
and suspensions of aggregates are generally depen-
dent on deformation rate. The biologically induced
excess Viscosity #g;, (see Eq. 3) is then related to the
shear vy (s~ ') as (Jenkinson 1986) Ngio = ky ¥, where
k is a constant, y = (&/v)*” with v=10"°m s~ ', and
P has so far been found to lie between 0 and 1.6 (e.g.
Jenkinson and Biddanda 1995), or even as low as
—0.2 (Jenkinson et al. 1998). A single value of P
(P =1.11) has been derived from 15 samples taken in
the German Bight when Phaeocystis sp. was bloom-
ing (Jenkinson 1993). Considering the lack of infor-
mation related to the value of P for Phaeocystis
globosa, the intrinsic plurispecific and dynamic
nature of the phytoplankton assemblages, the range
of P values proposed in the literature and the range of
turbulence intensities found in P. globosa natural
environment (i.e. & = 10"to 10™* m? s—3, Seuront
2005), any attempt to quantify the nontrivial effect of
excess viscosity on the Kolmogorov scale and related
microscale processes is still unreasonable at this time.
Future investigations should, however, focus on the
potential differential contribution of the different
carbohydrates that are differentially produced during
a Phaeocystis globosa bloom (see Alderkamp et al.,
2007) to the observed increase in seawater viscosity.

Conclusions

The present work suggests that Phaeocystis globosa
has developed specific adaptive strategies to favour-
ably modify its immediate microenvironment. The
consequences of this strategy are far-reaching as they
have been shown to modify the microscale variability
of chlorophyll concentration and seawater excess
viscosity for scales ranging from 5 to 45 cm. In
particular, the modification of the extent and the non-
random spatial structure of the microscale variability
observed here in terms of chlorophyll biomass and
seawater excess viscosity over the course of a
Phaeocystis globosa spring bloom imply that phyto-
plankton in general, and more specifically P. globosa,
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can induce high levels of spatial heterogeneity. The
microscale adaptive processes discussed here are thus
likely to cascade from the cell and/or colony scales
up to larger scale and to influence critical processes
such as biogeochemical fluxes through their impact
on, e.g. sedimentation and remineralisation processes,
and predator-prey and virus-host dynamics. It is
finally stressed that our journey to elucidate the
relationship between seawater viscous properties and
the plankton components is only beginning, and that
the future of plankton rheology should rely on
interdisciplinary efforts focusing on seawater rheo-
logical properties (including viscosity and elasticity)
as well as on phytoplankton taxonomy and standing
stock, P. globosa colony size, turbulence intensity and
the quality and quantity of exopolymeric materials.
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