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Abstract Perennially ice-covered, meromictic lakes in

the McMurdo Dry Valleys, Antarctica, are useful models to

study the relationship between cyanobacterial and envi-

ronmental variables. They have rich benthic cyanobacterial

mat accumulations and stable stratification of physical and

chemical conditions. Here, we evaluated cyanobacteria

from benthic mats from multiple depths in three geo-

graphically separated ice-covered lakes, Lakes Vanda,

Hoare and Joyce, using 16S rRNA gene clone libraries. We

identified 19 ribotypes, mostly Oscillatoriales and several

Chroococcales, as well as potentially novel cyanobacterial

ribotypes. The majority of ribotype diversity was shared

between lakes, and only a weak relationship between ri-

botype community structure and environmental variables

was evident. Multivariate analysis of all lake–depth com-

binations implied that photosynthetically active radiation,

dissolved reactive phosphorus and conductivity were

potentially important for shaping benthic communities in

McMurdo Dry Valley lakes. Cyanobacterial-specific pig-

ment signature analysis by high-performance liquid chro-

matography showed that the cyanobacterial communities

responded to light conditions similarly, irrespective of

community composition. The results imply a capability

within a suite of cyanobacteria to colonise, adapt and grow

across broad environmental ranges and geographic space,

and such adaptability may provide a high degree of com-

munity resistance and resilience to future climate-driven

environmental change in Antarctic terrestrial aquatic

ecosystems.
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Introduction

Habitats in the Antarctic continent are characterised by the

extreme environmental conditions that challenge pho-

totrophic organisms, including prolonged darkness and

subzero temperatures. Within this region, benthic

cyanobacteria are of particular interest because they are

often the predominant phototrophs in aquatic ecosystems,

frequently accumulating to very high biomass (Vincent

2000; Zakhia et al. 2008). These mat communities form

highly pigmented layers that coat the benthic substrata and

may accumulate to several tens of centimetres in thickness,

sometimes forming complex structures and microbialites

(Vincent 2000, Andersen et al. 2011, Hawes et al. 2011,

2013a, b). In the last decade, increased effort has been

made to better describe the cyanobacterial taxonomy

(morphological and molecular), community structure, bio-

geographical distribution and physiology in the Antarctic
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benthic mats (Taton et al. 2003, 2006; Jungblut et al. 2005;

Novis and Smissen 2006; Strunecky et al. 2013); however,

despite the ubiquitous presence and ecological importance

of cyanobacteria in the benthic habitats in Antarctica, the

factors regulating their diversity and community compo-

sition are still not well understood.

The McMurdo Dry Valleys (MDV) region, Southern

Victoria Land, Antarctica (Fig. 1), holds several closed-

basin, meromictic lakes that are perennially ice covered.

The persistent ice cover imparts specific characteristics,

including a reduction in the penetration of light to the

waters beneath the ice (McKay et al. 1994; Howard-Wil-

liams et al. 1998) and a lack of wind induced mixing

(Wharton et al. 1993). Together with the absence of mix-

ing, low but variable water influx has allowed formation of

intense stratification of solutes, including major ions and

nutrients (Quesada et al. 2008; Hawes et al. 2011). Thus,

micro-organisms may be confronted by markedly different

growth conditions in the same lake at different depths

(Vincent et al. 2008). However, there have been few at-

tempts to explore how the cyanobacterial mat community

composition at different depths varies in response. The two

extreme hypotheses governing species assembly within the

microbial mats in these lakes are that (a) taxa with per-

formance optima that best suit a given environment dom-

inate at specific locations and that environmental

stratification is mimicked by community distribution, or

that (b) in this extreme environment, opportunistic species

with broad habitat tolerances dominate, leading to simila-

rities in species assemblage across wide environmental

ranges. Understanding how important environmental con-

ditions are in determining the communities’ composition

will assist in predicting the response of cyanobacterial di-

versity to climatic-driven environmental change in

Antarctic terrestrial aquatic ecosystems.

This study tested hypothesis (a) by (1) describing the

benthic cyanobacterial genetic diversity and community

composition in MDV lakes with depth and (2) determining

whether environmental variables correlate with diversity

and community composition in samples from a range of

lakes and depths. The cyanobacterial communities were

compared using cyanobacterial 16S rRNA gene clone li-

brary analyses, and the patterns of community composition

and diversity were analysed to assess the effect of envi-

ronmental factors on the communities in MDV lakes.

Materials and methods

Study sites and sampling

The McMurdo Dry Valleys (MDV) are located in Southern

Victoria Land, west of McMurdo Sound. The region is

noted for its low humidity, with mean annual precipitation

below 50 mm/year water equivalent (Fountain et al. 2009).

Perennially ice-covered lakes are major landscape features

in the MDV, and most of the lakes are covered by 4–7 m of

ice. Below the perennial ice cover, these lakes are

meromictic, with an upper layer of dilute freshwater

overlying saline deeper waters (Green and Lyons 2009;

Fig. 1 Map showing location of Lakes Vanda, Joyce and Hoare in the central McMurdo Dry Valley area. Inset shows approximate position of

detailed map relative to Antarctica
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Suppl. Table S1 and Fig. S1). This study focused on Lakes

Joyce, Hoare and Vanda. Lake Joyce lies along the

northern side of Taylor Glacier in Pearse Valley, Lake

Hoare is located in Taylor Valley, and Lake Vanda is in

Wright Valley.

Sampling took place in November and December 2010.

Mat material was sampled from four depths at Lake Joyce

(LJ 6, 11, 14 and 21 m) and Lake Hoare (LH 8, 12, 16 and

21 m), and two samples were obtained from Lake Vanda

(LV 18 and 27 m), for a total of ten samples. Sample

depths in the lakes were selected to provide, as much as

possible, a matrix of environmental variables that allowed

comparisons to be made with some or all of these variables

within similar ranges, across lakes. Samples are hereafter

referenced by a lake–depth combination, as LJ11, LH16

etc. Mat samples were collected from each depth by

SCUBA divers, using a 38-mm-diameter coring device,

and in all cases, only the cohesive upper component of the

mat was taken, avoiding underlying, organic-rich sediment.

Mat samples were frozen at -20 �C after collection and

stored at -80 �C after return to the laboratory until further

analysis.

Environmental variables

Photosynthetically active radiation (PAR) was measured

using a LI-Cor LI-192 underwater quantum sensor con-

nected to a LiCor LI-1400m (Li-Cor, Lincoln, NB, USA),

located in a waterproof housing. Readings were taken at

1-m vertical depth intervals by a diver swimming along the

lake bottom. A Li-Cor Li-190 terrestrial quantum sensor

was used to obtain simultaneous measures of incident ir-

radiance to allow underwater readings to be recalculated as

percentage of surface irradiance. Conductivity, pH and

temperature of Lake Vanda and Joyce water were mea-

sured in situ using a freshly calibrated YSI 6600V2 multi-

parameter data sonde (YSI, Inc., Yellow Springs, OH,

USA) lowered through the water column. Similar data for

Lake Hoare were obtained from the McMurdo Dry Valley

Long-Term Ecological Research Programme (http://www.

mcmlter.org/data_home.htm). Water column samples were

taken and analysed for dissolved inorganic carbon (DIC),

dissolved reactive phosphorus (DRP), NH4–N and NO3–N.

For DIC, 2-mL samples were injected into gas-tight serum

tubes containing nitrogen at 1-atm pressure and 0.2 mL

concentrated phosphoric acid. Acidification converted the

DIC dissolved in the water to CO2, which then partitioned

between the water and the headspace. After equilibration,

CO2 in the headspace was measured by injecting a known

volume into a stream of nitrogen passing through the

measuring cell of a LiCor LI-820 CO2 Analyzer based

upon a single-path, dual-wavelength infrared detection

system. Calibration was made with freshly prepared

solutions of NaHCO3. DRP, NH4–N and NO3–N were

measured using an Astoria autoanalyzer.

Biomass

For the analysis of biomass components from Lake Vanda

and Lake Hoare, known area core samples were transported

frozen (-20 �C) to New Zealand and freeze-dried. Data for

Lake Joyce were obtained from Hawes et al. (2011).

Weighed aliquots of four mat samples from each lake–

depth combination were analysed for the loss of mass on

acidification (LoAc—inferred to approximate calcite con-

tent), loss of mass on ignition (LoI) and chlorophyll-a. A

single composite subsample from each location, made from

equal parts of each of the four replicates, was also analysed

for organic carbon and nitrogen content and determination

of other acetone-soluble pigments by high-performance

liquid chromatography (HPLC). Methods are fully de-

scribed in Hawes et al. (2011), but briefly, LoAc was de-

termined as % weight change before and after addition of

10 % HCl and subsequent rinsing to oven-dried samples

(60 �C), and % ash was determined after subsequent

combustion at 450 �C for 3 h and LoI calculated as oven-

dry mass less LoAc and ash. Organic C and N contents

were measured on weighed aliquots (after acidification)

using a Carlo Erba Automated CHN analyser and again

expressed as % oven-dry weight.

For chlorophyll-a and HPLC analysis, aliquots were

extracted by ultrasonication (15–20 W for 30 s) in ice-cold

95 % acetone and left in the dark for 24 h to complete

extraction. After clarification by centrifugation, chloro-

phyll-a concentration was determined by spectropho-

tometry, without acidification, and normalised to core area.

HPLC analysis used a Dionex system, with PDA-100 diode

array detector (300–800 nm), and separated pigments ac-

cording to the chromatographic method of Zapata et al.

(2000). Pigments were quantified by absorption at 436 nm,

with calibration by reference to commercially available

standards. Statistical treatment of the HPLC data used

multidimensional scaling (MDS) based on Bray–Curtis

similarities of pigment concentrations after normalisation

to HPLC-derived chlorophyll-a and used the PRIMER 6

software package (PRIMER-E, Ltd., UK). Non-metric

MDS was undertaken with 100 random restarts, and results

were plotted in two dimensions.

DNA extraction and cyanobacterial-specific

polymerase chain reaction (PCR)

DNA was extracted from about 200 mg of mat from ten

sites (Table 1) with three replicates each, using a MoBio

PowerBiofilm DNA Isolation kit (Carlsbad, CA) according

to the manufacture’s protocol. Triplicate DNA extracts
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were pooled after quantification of DNA using NanoDrop

ND8000 (Labtech International, UK). Three different DNA

concentrations of the pooled DNA were used for PCR

amplification. PCR amplification of cyanobacterial 16S

rRNA gene was performed using 1 unit of DNA Taq

polymerase (Bioline, Taunton, MA) in a 20-lL reaction

mix containing 1 lL Bioline PCR buffer, 2.5 mM MgCl2,

0.4 lg BSA, 0.2 mM dNTPs and 0.5 lM of each

cyanobacteria-specific primer 27F1 (50-AGAGTTTGATC
CTGGCTCAG-30) and 809R (50-GCTTCGGCACGGCTC
GGGTCGATA-30). As described by Jungblut et al. (2005),

these primers provide broad coverage of cyanobacterial

taxa. Thermal cycling conditions were 94 �C for 2 min

followed by 30 cycles of 94 �C for 20 s, 55 �C for 30 s,

72 �C for 1 min, repeated for 30 cycles with a final ex-

tension of 72 �C for 7 min.

Cloning, restriction fragment length polymorphism

(RFLP) analysis and sequencing

The amplified PCR products were verified by gel elec-

trophoresis. Prior to cloning, PCR products amplified from

different concentrations of DNA were pooled for each

sample and purified with the QIAquick PCR Purification

kit (Qiagen, Hilden, Germany). PCR products were cloned

using the Stratagene cloning kit (Agilent Technologies,

Cedar Creek, TX). Ligation and transformation were per-

formed according to the manufacture’s instructions. Posi-

tive (insert containing) clones were transferred to 96-well

plates containing Luria-Bertani medium with 7.5 % glyc-

erol. The inserted 16S rRNA sequences were amplified

using vector-specific primers M13F and M13R, and the

correct-sized amplicons were subjected to RFLP screening

as described in Jungblut et al. (2012). Two clones for each

unique RFLP pattern were sequenced (or one clone se-

quenced with a unique RFLP pattern) using the vector-

specific T7 universal primer (single read) at the Natural

History Museum sequencing facility using Applied

Biosystems 3730xl DNA Analyzer (Applied Biosystems,

Foster city, CA, USA). The 16S rRNA gene sequences are

available under GenBank accession numbers KM112100–

KM112167.

Sequence processing and diversity calculations

Sequences were checked for chimeras using Bellerophon

(Huber et al. 2004), and chimeras were excluded from

further analysis. Sequences were edited using 4Peaks

(version 1.7.2) and aligned using ClustalX (version 2.0.9).

Manual editing was performed with MacClade (version

4.08). For each sequence, a closest cultured and uncultured

match based on a BLASTn search (Altschul et al. 1990) to

GenBank was determined. Individual ribotypes or op-

erational taxonomic units (OTUs) were defined as groups

of sequences with at least 97 % similarity using MOTHUR

(version 1.25.1, Schloss et al. 2009). Library coverage,

Chao1 and ACE nonparametric richness estimates, Shan-

non–Wiener diversity index and rarefaction curves were

calculated using MOTHUR (Schloss et al. 2009).

Phylogenetic analysis

Phylogenetic trees were constructed using maximum-like-

lihood method implemented in RaxML-HPC2 (version

7.3.2; Stamatakis et al. 2008) through the CIPRES portal

(version 3.0). The GTRCAT substitution model was used

for the bootstrapping phase and the GTRGAMMA for the

final tree inference. A best-scoring ML tree was obtained

Table 1 Physical and chemical properties of the sampling sites at different depths of Lake Joyce (LJ), Lake Hoare (LH) and Lake Vanda (LV) in

the McMurdo Dry Valley (MDV) regions, Antarctica

Sample Depth (m) PAR (%) pH Conductivity

(lS/cm)

Temperature (�C) DIC (mg/L) DRP (mg/L) NH4–N (mg/L) NO3–N (mg/L)

LJ6 6 0.38 10.05 337 0.42 4.7 1.0 1.0 1090

LJ11 11 0.21 10.05 392 0.24 5.1 1.0 1.0 1090

LJ14 14 0.11 9.71 590 0.26 6.1 1.0 1.0 1130

LJ21 21 0.09 8.22 4221 0.25 31.4 1.0 1.0 1070

LH8 8 0.41 8.70 524 0.49 33.9 2.5 2.4 1.1

LH12 12 0.32 8.40 570 0.40 48.3 3.4 2.4 1.3

LH16 16 0.15 7.60 723 0.14 68.2 3.7 5.6 39.3

LH21 21 0.08 7.40 724 0.16 74.5 4.3 14.7 62.4

LV18 20 7.30 8.52 603 4.25 8.6 1.8 4.2 29.3

LV27 30 4.40 8.62 970 6.36 9.9 2.2 1.3 34.6

PAR photosynthetically active radiation, DIC dissolved inorganic carbon, DRP dissolved reactive phosphorus

1100 Polar Biol (2015) 38:1097–1110
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based on 1000 bootstraps. One representative for each ri-

botype from each sample was included in the phylogenetic

analysis. For each sequence included, the closest cultured

and uncultured match based on a BLASTn search (Altschul

et al. 1990) to GenBank was selected as reference se-

quences. 16S rRNA gene sequences from isolates of the

identified morphotypes and environmental 16S rRNA gene

sequences from Antarctic and Arctic sites obtained in some

published studies were also included in the phylogenetic

tree for comparison. The 16S rRNA gene sequence of

Gloeobacter violaceus PCC 7421 (BA000045) was used as

an outgroup. The 11-bp insertion (50 AGTTGTGAAAG-30,
Nadeau et al. 2001) was removed form the alignment for

the phylogenetic analysis.

Statistical analysis

Correlation analyses were carried out in R using nonpara-

metric Spearman’s correlations. UniFrac (Lozupone et al.

2006) was used to compare the microbial communities

based on the established cyanobacterial-specific 16S rRNA

clone libraries using the UniFrac distance metric (Lozu-

pone and Knight 2005). Samples were considered sig-

nificantly different if the UniFrac distance for the real tree

was greater than would be expected if the sequences were

randomly distributed between the compared samples.

Based on 1000 permutations, the significance of difference

between each pair of samples was estimated. A principal

coordinate analysis (PCoA) was performed on the estab-

lished clone libraries using the UniFrac distance matrix.

Canonical correspondence analyses (CCAs) were car-

ried out in Canoco 4.5 for windows (after Braak and

Smilauer 2002) to test the influences of environmental

variables (Table 2) on the cyanobacterial community

structure. The OTU relative abundance matrix was treated

as ‘‘species’’ data. The default log transformation (i.e. log

(y ? 1)) was applied to the relative abundance data (on

0–100 scale), PAR, conductivity, temperature, DIC, DRP,

NH4–N and NO3–N (Table 2). Environmental variables to

be included in the model were chosen by forward selection

at a 0.10 baseline. Using only the chosen variables, the

significance of the whole canonical model was estimated

with 999 permutations.

Results

Environmental properties

The ten sampling sites showed considerable variations in

physical and chemical properties (Table 1). Lake Vanda

had the most transparent lake ice cover that enabled

roughly 15 % of PAR to pass through (Vincent et al. 1998)

and thus led to an underwater light regime much brighter

than the other two lakes (Table 1). PAR was 7.3 % of the

incident irradiance at LV18 and 4.4 % at LV27, whereas

Lake Joyce and Lake Hoare samples were exposed to PAR

ranging from 0.09 % (LJ21) to 0.38 % (LJ6), and 0.08 %

(LH21) to 0.41 % (LH8), respectively. The two Lake

Vanda samples with C4.25 �C water temperatures were

warmer than Lakes Joyce and Hoare, which had tem-

peratures of B0.5 �C. Lake Joyce samples had the highest

pH values ranging from 8.22 (LJ21) to 10.05 (LJ6 and

LJ11) (Table 1). DIC at LJ21, though lower than Lake

Hoare samples, was higher than those at the other depths of

Lake Joyce. LJ21 was also high in conductivity (4221 lS/cm),

contrasting all the other samples ranging from 337 lS/cm
(LJ6) to 970 lS/cm (LV27). The water in Lake Joyce was

rich in inorganic nitrogen (NO3–N C 1070 mg/L), whereas

Lake Hoare samples had very low inorganic nitrogen but

Table 2 Chlorophyll-

a concentration, loss on

acidification, carbon and

nitrogen content of the

microbial mats from the ten

lake–depth combinations

Sample Chlorophyll-a (lg/cm2) Loss on acid (%) %C %N C:N

Mean SD Mean SD

Hoare 8 m 11.3 3.2 45.8 5.2 12.0 1.18 10.2

Hoare 12 m 8.5 2.0 40.7 2.8 12.0 1.24 9.7

Hoare 16 m 7.8 2.6 26.2 15.9 16.8 2.25 7.5

Hoare 21 m 6.7 3.9 24.1 9.9 9.5 1.34 7.1

Joyce 6 m 4.7* 2.3 2.3 1.1 0.93 0.09 10.3

Joyce 11 m 3.1* 1.5 30.9 13.1 1.63 0.14 11.6

Joyce 14 m 1.7* 0.5 14.8 3.9 1.49 0.15 9.9

Joyce 21 m 1.8* 0.7 17.8 9.3 1.13 0.13 8.7

Vanda 18 m 10.7 6.8 21.9 6.1 6.1 0.55 11.1

Vanda 27 m 5.5 1.8 60.0 20.0 14.0 1.33 10.5

Means are calculated for four samples, and where no mean is calculated, these are blended samples

* Data for Lake Joyce were obtained from Hawes et al. (2011)
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higher dissolved inorganic carbon (C33.9 mg/L) and

phosphorus concentrations (C2.5 mg/L, Table 1) than

Lake Joyce. Largely driven by nitrate concentration, the

ratios of inorganic N:P in the lakes were very different,

with Lake Joyce consistently exceeding 1000:1, Lake

Hoare (shallow) approaching 1:1, whereas Lake Vanda and

the deeper Hoare samples were between 10:1 and 20:1.

Biomass and cyanobacterial-specific pigments

Using chlorophyll-a as an indicator of biomass, within each

lake the biomass declined with depth, and Lakes Vanda

and Hoare tended to have higher biomass than Joyce

(Table 2). However, ANOVA showed that within-depth

variance was such that there were no significant depth-

specific differences in biomass in any of the three lakes, but

that the two deepest Lake Joyce samples were significantly

lower than any biomass values in Lakes Vanda or Hoare.

Loss on acidification is taken as a metric of calcite content,

and this was high, at 15–45 % dry weight, in most samples.

ANOVA identified Joyce at 6 m as unusually low, and

Vanda at 27 m as unusually high. Organic carbon and ni-

trogen contents of the Lake Joyce mats were lower than in

Lakes Vanda and Hoare, reflecting the large amount of

inorganic material that was incorporated into Lake Joyce

mats. Organic C:N ratios were rather constant across the

samples, at close to 10 (by mass).

As shown in Suppl. Fig. S2, multidimensional scaling

plot of the cyanobacterial-specific pigments data clustered

all of the samples but LH21 within a 60 % similarity en-

velope. Within this, samples tended to cluster at a high

degree of similarity (75 %), with one outlier, the deepest

sample from Lake Joyce. The pigments that most drove

these outliers were different: a high concentration of a

myxoxanthophyll-like pigment and low concentration of

caloxanthin in the Lake Hoare 21-m sample, and a high

concentration of caloxanthin in the Lake Joyce 21-m

sample. Separation of the samples along the two axes in

Suppl. Fig. S2 was mostly attributable to these two pig-

ments, and Lake Hoare samples separated in depth order

along axis 1 and Lake Vanda samples were near identical,

and Lake Joyce samples separated in depth order along

both axes.

16S rRNA gene cyanobacterial diversity
and phylogenetic analysis

A total of 559 clones with the correct insert size were

obtained from the ten microbial mat samples (Table 3).

Nineteen OTUs were identified, defined at a 0.03 distance

cut-off (97 % 16S rRNA gene similarity). Rarefaction

curves of LJ11, LJ14 and LV18 appeared to reach an

asymptote (Suppl. Fig. S3) with an estimated library cov-

erage of 100 % (Table 3). In contrast, rarefaction curves of

LJ6, LH8, LH12, LH16, LH21 and LV27 did not reach

asymptote, which suggested that the cyanobacterial diver-

sity may be underestimated for these samples to different

degrees. Correspondingly, coverage ranged from 89.3 %

(LV27) to 97.4 % (LH8) in these six samples and non-

parametric richness estimations were higher than the ob-

served diversity (Table 3). Only seven clones with the

correct insert size were obtained for LJ21, which accounted

for 71.4 % of the total cyanobacterial diversity (Table 3)

based on Good’s coverage index.

Seven cyanobacteria 16S rRNA gene ribotypes were

present in all three MDV lakes, one (MDVcy09) in two of

the lakes, and the remainder were identified from only one

lake. Five OTUs were restricted to Lake Vanda, four to

Lake Hoare and two to Lake Joyce. The largest number of

OTUs (12) occurred in LV27, which also had the highest

Shannon–Wiener diversity index (H0 = 2.04; Table 3).

The lowest diversity index (H0 = 0.11) was found in LJ11,

which contained only two OTUs. MDVcy14 was the most

widespread, detected in nine of ten mat samples across the

three lakes, whereas MDVcy02, MDVcy03 and MDVcy18

were identified in eight mat samples, and the other ribo-

types were found in six or fewer mat samples (Fig. 2).

Fifteen of the nineteen OTUs, comprising 95.9 % of all

of the clones, had highest similarity to other Antarctic and

Arctic sequences within the genera Leptolyngbya, Phor-

midium, Oscillatoria, Limnothrix, Pseudanabaena and

Tychonema of the order Oscillatoriales (Suppl. Table S2).

Four OTUs were related to the genera Chamaesiphon,

Synechococcus and an uncharacterised genus (isolate

cyanobacterium cCLB-9, HQ230230) confirmed to belong

to the order Chroococcales via the phylogenetic analysis

(Fig. 3a, b).

Two ribotypes MDVcy04 (92 % Leptolyngbya sp. FYG

(FJ933259)) and MDVcy13 (92/93 % Phormidium unci-

natum SAG 81.79 (EF654086)) from Lake Vanda and ri-

botype MDVcy16 (93 % Phormidium mucicola IAM

M-221 (AB003165) and 92 % Pseudanabaena sp. 1a-03

(FR798944)) that were present in all lakes had low 16S

rRNA gene similarity to sequences of cultured cyanobac-

teria in the public database, suggesting the presence of

potentially uncultured, novel cyanobacterial taxa (Suppl.

Table S2). Of these, both MDVcy04 and MDVcy16 formed

clusters with other uncultured cyanobacterial sequences in

the phylogenetic tree (Fig. 3a, b). MDVcy16 clustered

within Oscillatoriales, while MDVcy04, which grouped

between Leptolyngbya and Chamaesiphon clade, could not

be assigned with confidence at the order level.

Oscillatorian diversity was likely under-represented by

the OTU definition of C97 % similarity as sequences
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clustered within the OTU MDVcy14 grouped with the

Phormidium and Tychonema clusters separately in the

phylogenetic tree. Similarly, MDVcy17 formed clades with

Limnothrix and Pseudanabaena (Fig. 3a, b).

Cyanobacterial community comparisons

and the influence of environmental factors

Based on the relative abundance of OTUs in samples from

the three lakes (Fig. 2), Lake Hoare mat samples showed

similar cyanobacterial community composition, with the

relative abundances of MDVcy02 (97–99 % Phormidium

sp. PMC301.07 (GQ859651)) and MDVcy03 (98/99 %

Leptolyngbya antarctica ANT.L18.1 (AY493607)) gener-

ally increasing, and MDVcy14 decreasing, with increasing

depth, although correlations between abundance and depth

were not statistically significant (r = 0.4, P = 0.75;

r = 0.4, P = 0.75; r = -1, P = 0.08, respectively, N = 4

for all). Also, a similar number of OTUs were found in

Lake Hoare samples, with LH8, LH12, LH16 each having

eight OTUs and LH21 having six OTUs. In Lake Joyce, the

OTU richness was highest in LJ6 (nine OTUs) with sam-

ples from the other depths having two (LJ11) to five (LJ14)

OTUs. LJ6 had a similar OTU composition to the Lake

Hoare samples (Fig. 2). In Lake Vanda samples, up to 12

OTUs (LV27) were determined, and LV18 and LV27

Fig. 2 Relative distribution of

OTUs based on 16S rRNA gene

clone libraries from benthic

cyanobacterial communities at

different depths of Lake Joyce

(LJ), Lake Hoare (LH) and Lake

Vanda (LV), MDV, Antarctica

Table 3 Measures of a-diversity for the ten cyanobacterial-specific 16S rRNA gene clone libraries from Lake Joyce (LJ), Lake Hoare (LH) and

Lake Vanda (LV), MDV, Antarctica

Sample Number of clones Number of OTUs Coverage (%) Chao1 richness ACE richness Shannon–Wiener diversity (H0)

LJ6 51 9 94.1 10.5 12.1 1.75

LJ11 88 2 100 2.0 2 0.11

LJ14 46 5 100 5.0 5 1.21

LJ21 7 3 71.4 4.0 10.7 0.8

LH8 76 8 97.4 8.3 9.5 1.41

LH12 81 8 96.3 11.0 12.5 1.53

LH16 74 8 97.3 8.3 9.7 1.4

LH21 31 6 90.3 9.0 13.7 1.34

LV18 49 7 100 7 7 1.59

LV27 56 12 89.3 19.5 44.2 2.04

An OTU was defined at 97 % 16S rRNA gene similarity using average neighbour algorithm. Coverage is the Good’s coverage index calculated

as C = [1–(n/N)] 9 100, where n is the number of OTUs with a single clone and N is the total number of clones in the library

Polar Biol (2015) 38:1097–1110 1103

123



shared the majority of OTUs including MDVcy07 (98 %

Leptolyngbya frigida ANT.L53B.2 (AY493576)), MDV-

cy13 (92/93 % Phormidium uncinatum SAG 81.79

(EF654086)) and MDVcy15 (97–99 % Synechococcus sp.

PCC 7502 (AF448080)), which were exclusive to the two

Lake Vanda samples (Fig. 2).

The UniFrac significance test, based on 1000 permuta-

tions, compared each pair of samples (Suppl. Table S3),

and a principal coordinate analysis (PCoA) was performed

using a distance matrix derived from the UniFrac metric

(Fig. 4). LJ21 was excluded from the UniFrac analyses due

to the very small number of clones obtained for this sam-

ple. The pairwise comparisons between samples incorpo-

rating phylogenetic information and the ordination diagram

largely agreed with the community composition patterns

observed at the OTU level. LJ11 had a distinct phyloge-

netic community structure and was separated from the re-

maining samples along the first and second PCoA, which

Fig. 3 Phylogenetic analysis of the identified cyanobacterial 16S

rRNA gene ribotypes from benthic microbial mats in Lake Joyce (LJ),

Lake Hoare (LH) and Lake Vanda (LV), MDV, Antarctica. The 16S

rRNA gene sequence of Gloeobacter violaceus PCC 7421

(BA000045) was used as an outgroup. Bootstrap support (based on

1000 bootstrap replicates) for nodes is shown for values greater than

500. Sequences obtained in the present study are highlighted in bold

and with a star at the end. The triangle indicates where a joins b
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together explain 60.96 % of the total cyanobacterial com-

munity variability among all the samples (Fig. 4). LH16

also appeared to be separated from the other samples

(Fig. 4) which could be ascribed to the presence of

MDVcy19 (99 % cyanobacterium cCLB-2 (HQ230229);

99 % cyanobacterium cCLB-9 (HQ230230)). LJ6 again

appeared to have an affinity with the Lake Hoare samples

(Fig. 4). No significant difference was detected between

the two Lake Vanda samples, and they were separated from

the other samples along the second PCoA (Fig. 4).

Canonical correspondence analyses (CCAs), based on

relative abundance of OTUs as taxa data and all environ-

mental data, were used to examine which environmental

variables most closely corresponded with cyanobacterial

community composition (Fig. 4).Of the variables measured,

PAR (photosynthetically active radiation; P = 0.0060),

DRP (dissolved reactive phosphorus; P = 0.0300) and

conductivity (P = 0.0890) were found to be most strongly

corresponding, using a forward stepwise approach (Fig. 5;

test of significance of all canonical axes: P = 0.0010).

Fig. 3 continued
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Discussion

Cyanobacterial diversity in benthic mats

of McMurdo Dry Valley lakes

A total of 19 cyanobacterial OTUs (97 %) were identified

in Lakes Joyce, Hoare and Vanda from microbial mats at

depths ranging from 6 to 27 m. All of the cyanobacterial

mat communities were dominated by members of the

filamentous order Oscillatoriales, well known as funda-

mental components of polar mat communities (Quesada

and Vincent 2012). The most common taxa were Phormi-

dium and Leptolyngbya, in agreement with previous mor-

phological studies of cyanobacteria in these three lakes

(Wharton et al. 1983; Hawes and Schwarz 1999; Hawes

et al. 2011), and other terrestrial inland freshwater

ecosystems across the Antarctic continent (Broady and

Kibblewhite 1991; Taton et al. 2003, 2006; Jungblut et al.

2005, 2012). Pseudanabaena was present in all lakes,

though less abundant than Phormidium and Leptolynbgbya,

and was also previously identified in mats from lakes in the

MDV lakes (Hawes et al. 2013a, b) and East Antarctica

(Taton et al. 2006). The genus Oscillatoria, detected in

Lake Joyce and Lake Hoare in this study, was also de-

scribed previously in benthic mats in these two lakes

(Hawes and Schwarz 1999; Hawes et al. 2011). Four ri-

botypes belonging to the unicellular order Chroococcales

were also detected. Wharton et al. (1983) reported the

presence of Chroococcales, specifically Cyanothece in

Lake Hoare. However, in the current study, the sequences

are most phylogenetically related to the genus Syne-

chococcus, which is a picocyanobacterium. It is typically

present as phytoplankton in the water column of Antarctic

lakes (Vincent 2000) and may have settled out of the water

column via sedimentation into benthic communities rather

than have grown in situ.

In general, the communities in the three lakes were not

diverse, with an average of seven OTUs in each sample and

a maximum of ten in LV27. We note that LJ11 was un-

expectedly OTU poor and this may have been due to in-

complete sampling. Only seven of the recognised OTUs

were present in all three lakes, while Lake Hoare had five

OTUs not found in the other lakes, Vanda four and Joyce

one. Rarefaction curves (Fig S3) suggested that

cyanobacterial OTU diversity was slightly underestimated

in several samples, but overall was low compared to other

Antarctic mats. Taton et al. (2003) described 15 OTUs

(97.5 %) from mat samples from a single depth in the

shallow margin of Lake Fryxell, also a perennially ice-

covered MDV lake. The overall number of OTUs recov-

ered from the three MDV lakes was also lower than that

described previously from the Pyramid Trough in the MDV
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Fig. 4 Principal coordinate analysis (PCoA) of the nine clone

libraries from benthic microbial mats of Lake Joyce (LJ), Lake

Hoare (LH) and Lake Vanda (LV), MDV, Antarctica, as revealed by

cyanobacteria-specific 16S rRNA gene sequences, based on UniFrac

metric. Circles symbolise samples from Lake Joyce, squares for Lake

Hoare and triangles for Lake Vanda
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thetically active radiation, Cond conductivity, DRP dissolved reactive

phosphorus
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where 21 ribotypes were detected (Jungblut et al. 2012),

albeit across a much larger conductivity range

(65–32,700 lS/cm) and in shallow freshwater ecosystem

types with less stringent light conditions.

A significant reason for the lack of diversity in the un-

der-ice lake mats may be the absence of Nostocales, unlike

in shallow meltwater ponds or shallow moat zones of larger

lakes (Taton et al. 2003; Jungblut et al. 2005; Taton et al.

2006; Sutherland and Hawes 2009), that no Nostocales

were observed in the MDV benthic mats. This discrepancy

between above and below ice mats in terms of Nostocales

is consistent with microscopic observations from Lake

Vanda (Hawes et al. 2013a, b), Lake Hoare (Wharton et al.

1983) and Lake Fryxell (Wharton et al. 1983; Taton et al.

2006). Whether the absence of nitrogen-fixing Nostocales

beneath the thick perennial ice cover of these lakes is due

to their dependence on high light, particularly to provide

sufficient energy for the nitrogenase system (Allnutt et al.

1981; Wharton et al. 1983), or due to a competitive ex-

clusion under dim light, cannot be determined from our

data. Allnutt et al. (1981) also suggested that relatively

high concentration of NH4–N and NO3–N could preclude

heterocystous forms, which was the case for all but the two

shallowest samples from Lake Hoare. The C:N ratios for

the mats were all close to ten and would not appear to

indicate any nitrogen limitation that could make the ability

to fix nitrogen advantageous. An alternative possibility

could be that the heterocystous taxa of Nostocales were

present at very low abundance in the benthic mat com-

munities we investigated, but clone library methods failed

to detect them. The molecular approach used here can in-

troduce bias into the observed diversity patterns (Jungblut

et al. 2005), which may be overcome by better coverage

through high-throughput sequencing of cyanobacterial di-

versity and PCR-free metagenomic analysis (Sogin et al.

2006; Varin et al. 2010).

Our findings suggest that the diversity of cyanobacterial

mats under perennial ice cover tends to be lower than in

well-lit, seasonally frozen ponds and lake margins. Nos-

tocales are particularly rare under ice. In addition, we find

that while many OTUs are shared among lakes, some lake-

to-lake differences did occur. In particular, samples from

Lake Vanda tended to be clearly distinguishable from those

from Lakes Hoare and Joyce, whereas the Lake Joyce

communities tended to show some degree of convergence

with Lake Hoare, particularly in shallow samples. In terms

of our hypothesis under test, the sharing of 50 % of the

OTUs among all three lakes, including all of the abundant

ones, does imply the existence of a wide dispersal of rather

broadly tolerant, dominant cyanobacteria within the region,

that are particularly effective in dominating under-ice

communities. However, the between-lake differences in

quantitative community composition do imply a degree of

local selection, and differences between rare taxa suggest

some degree of population divergence between lakes. The

low OTU richness and dominance by a few common taxa

may also reflect the methods used, and it is likely that

future studies using high-throughput techniques will allow

a more robust analysis of the importance of rare taxa in

defining inter-lake differences in community composition.

Cyanobacterial diversity and environmental factors

Canonical correspondence analyses implied that irradiance,

DRP and conductivity correlated with the benthic

cyanobacterial community structure in the three investi-

gated perennially ice-covered Antarctic lakes. These in-

ferences are to some extent confounded by the fact that

relatively few samples are available and that systematic

differences exist between lakes (such as Lake Vanda hav-

ing a much higher irradiance than the other two at all

depths and only Lake Joyce having very low DRP), such

that correlations with environmental variables may in part

reflect between lake differences (and vice versa). Light

regime is, however, likely to play a significant role in se-

lecting microbiota. PAR has been previously suggested to

influence benthic cyanobacterial communities, and benthic

mats under the perennial ice cover have a conspicuous pink

appearance because of their high content of phycoerythrin,

a light-harvesting pigment facilitating photosynthesis under

the dim, blue-green light regime beneath ice (Hawes and

Schwarz 1999, 2001). However, the four ribotypes that

were associated with high irradiance in PCoA (MDVcy04,

07, 13 and 15) were all found only in Lake Vanda and it is

uncertain whether their correlation with PAR is genuinely a

function of irradiance or one of biogeography. Only ana-

lysis of samples from deeper in Lake Vanda, with reduced

irradiance, could discriminate between these two

interpretations.

Conductivity has been shown to play a role in the

cyanobacterial community composition in benthic mats in

Antarctica (Broady and Kibblewhite 1991; Simmons et al.

1993; Jungblut et al. 2005; Taton et al. 2006; Verleyen

et al. 2010; Jungblut et al. 2012), and evidence was pro-

vided that some cyanobacterial taxa were restricted to a

specific range of conductivity (Broady and Kibblewhite

1991; Jungblut et al. 2005; Taton et al. 2006). Mechanisms

involved in response to salinity in cyanobacteria include

the usage of some organic osmolytes such as glycine be-

taine to balance extracellular ions (Jungblut and Neilan

2010). This also agrees with the finding that sequences with

highest match to Leptolyngbya frigida were not identified

in LJ21 (4221 lS/cm), which would agree with Wharton

et al. (1983) who suggested salinity, in combination with

other environmental variables, could preclude the presence

of this cyanobacterial taxa.
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Cyanobacterial diversity also showed an apparent rela-

tionship with DRP in the water column, though the range of

DRP in our data set was narrow. Nutrient limitation is a

feature of most Antarctic lakes (Lyons and Finlay 2008),

and it was demonstrated previously that Lake Vanda is

phosphorus deficient (Vincent and Vincent 1982), whereas

Lake Hoare is nitrogen deficient (Priscu 1995). This is

consistent with the differences in inorganic N:P ratio in

lake water reported here, which in turn implies that Lake

Joyce is also more likely to be P than N limited. However,

other authors argue that the growth of cyanobacteria in

benthic mats may not be nutrient limited, as benthic

communities are regarded as accumulators of carbon, ni-

trogen and phosphorus over time and nutrient concentra-

tions within mat interstitial waters are typically much

higher than those in the overlaying water Quesada et al.

(2008). At present, our data suggest that DRP may play a

role in cyanobacterial selection, but a more comprehensive

data set is required to properly address this question.

Implications for cyanobacterial diversity

in terrestrial aquatic ecosystems and future climatic-

driven environmental change

Environmental change has been documented for terrestrial

aquatic ecosystems in the MDV (Bomblies et al. 2001).

This has included increased water levels for the MDV lakes

over many decades (Hawes et al. 2011, 2013a, b). In-

creased water levels may lead to the upward movement of

photic zones in the MDV lakes as documented for Lake

Joyce, where microbialite structures that grow over decade

and are fixed to specific location in the lakes have already

reduce their rates of phototrophic biomass accumulation

and photosynthetic activity (Hawes et al. 2011). However,

our data suggest that such chemical and physical charac-

teristics of MDV lakes may have limited impact on the

overall cyanobacterial diversity in the MDV. Although

relationships between environmental variables and the

cyanobacterial assemblages were identified statistically, the

cyanobacterial 16S rRNA gene diversity based on relative

abundance and phylogenetic distance showed that nearly

50 % of the taxa were shared across MDV lakes, despite

differences in environmental conditions. Two factors

therefore appear to underpin resilience in MDV lake mat

communities.

Firstly, the similarity in the lake cyanobacterial ribotype

diversity across broad geographic distances implies that

most of the OTUs in the lakes are drawn from the same

metapopulation. This may in part be a legacy of previous

low lake levels, when dried cyanobacterial mats from lit-

toral zones could have been eroded by strong winds, dis-

tributed across the landscape and entered lakes coupled with

sedimentation through the thick ice cover (Squyres et al.

1991; Priscu et al. 1998; Jepsen et al. 2010). This

mechanism also implies some degree of genetic exchange

among lakes. Cyanobacterial assemblages in MDV lakes

may also overlap with mats from terrestrial shallow inland

meltwater ponds and ice shelf meltwater ponds (Jungblut

et al. 2005, 2012) through aerial transport of dried microbial

mats (Parker et al. 1982; Michaud et al. 2012). Dispersal of

the cyanobacterial communities across the MDV may

therefore assist in maintaining cyanobacterial diversity in

the McMurdo Dry Valley lakes even as habitats change

(Howard-Williams et al. 1989; Michaud et al. 2012). While

there is growing evidence of endemism and population

structure in Antarctic microbial communities (De Wever

et al. 2009; Vyverman et al 2010; Peeters et al. 2011), and

the identification of possibly unique sequences in our data

supports this growing evidence, dispersal appears to be an

effective blending mechanism for cyanobacterial ribotype

diversity at least at the scale of the MDV region.

Secondly, our 16S rRNA gene data provide further

support that many cyanobacteria have broad environmental

tolerance, which agrees with previous reports from Pyra-

mid Trough region, Southern Victoria Land, where

cyanobacterial ribotype diversity varied little from con-

ductivities from 65 to 5900 lS (Jungblut et al. 2012).

Various physiological traits have been identified in polar

cyanobacteria to overcome environmental stress, which

potentially might even act as a selection pressure in favour

of multitolerant taxa in Antarctic cyanobacteria (Vincent

2000). This, coupled to dispersal, further supports the

conclusion that Antarctic cyanobacteria have a high degree

of resistance to climate change (Allison and Martiny 2008).

Only extreme conditions as seen for very high conduc-

tivities ([30,000 lS/cm) have been shown to reduce rich-

ness and induce change in taxonomic diversity towards

more rare and niche-specific cyanobacterial groups (Jung-

blut et al. 2005, 2012).

Convergent cyanobacterial community composition in

these three lakes thus supports a mix of the two hypotheses

that common species are widely distributed within the

MDV area and have broad habitat tolerance, in particular,

the dominance of most mat communities in geographically

separated lakes by a small number of Leptolyngbya and

Phormidium ribotypes. However, it also appears that some

rare cyanobacterial taxa show a degree of habitat speci-

ficity, including the absence of Nostocales from under-ice

habitats and the apparent relationship of community com-

position with conductivity and DRP.

In summary, the current study evaluated the cyanobac-

terial diversity in benthic habitats of three McMurdo Dry

Valley lakes in Antarctica. We showed that geographically

isolated lakes share the majority of their most abundant

cyanobacteria, suggesting that dominant lake cyanobacteria

are well dispersed within the MDV, and have broad habitat
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tolerance. However, rare species can show a degree of

localisation and these may have more specific habitat re-

quirements, and we identified underwater PAR, dissolved

reactive phosphorus and salinity as environmental factors

explaining a large amount of the variations in community

composition across lakes. Overall, we conclude that the

hypothesis that ‘‘taxa with performance optima that best

suit a given environment dominate at specific locations and

that environmental stratification is mimicked by commu-

nity distribution’’ is not supported. Rather, we suggest that

our data support the alternate that ‘‘taxa with broad habitat

tolerances dominate, leading to similarities in taxa assem-

blage across wide environmental ranges’’. The present

findings help understand how further climates could in-

fluence the cyanobacteria in Antarctica. They provide

preliminary basis for a testable hypothesis that the broad

tolerance and wide distribution of cyanobacteria may

confer a degree of resistance and resilience to future cli-

mate-driven environmental changes in Antarctic terrestrial

aquatic ecosystems.
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