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Summary

Perennially ice-covered lakes in the McMurdo Dry Val-

leys, Antarctica, are chemically stratified with depth

and have distinct biological gradients. Despite long-

term research on these unique environments, data on

the structure of the microbial communities in the

water columns of these lakes are scarce. Here, we

examined bacterial diversity in five ice-covered

Antarctic lakes by 16S rRNA gene-based pyrose-

quencing. Distinct communities were present in each

lake, reflecting the unique biogeochemical character-

istics of these environments. Further, certain

bacterial lineages were confined exclusively to spe-

cific depths within each lake. For example, candidate

division WM88 occurred solely at a depth of 15 m in

Lake Fryxell, whereas unknown lineages of Chlorobi

were found only at a depth of 18 m in Lake Miers, and

two distinct classes of Firmicutes inhabited East and

West Lobe Bonney at depths of 30 m. Redundancy

analysis revealed that community variation of bacter-

ioplankton could be explained by the distinct

conditions of each lake and depth; in particular,

assemblages from layers beneath the chemocline

had biogeochemical associations that differed from

those in the upper layers. These patterns of commu-

nity composition may represent bacterial adaptations

to the extreme and unique biogeochemical gradients

of ice-covered lakes in the McMurdo Dry Valleys.

Introduction

The McMurdo Dry Valleys (MDVs), located in Southern

Victoria Land, Antarctica, form the coldest and driest

desert on Earth. The MDVs are exposed to severe environ-

mental conditions, characterised by a mean annual

temperature below 08C, high levels of ultraviolet radiation,

extremely low precipitation, extended periods of darkness,

frequent freeze–thaw cycles and attenuated photosyntheti-

cally active radiation (PAR) (Lizotte and Priscu, 1994;

Fountain et al., 1999). Despite these conditions, numerous

perennially ice-covered (3–6 m ice thickness) lakes occur

across the valleys, most of which are chemically stratified

and have no outflows. The permanent ice cover inhibits

wind-induced turbulence, which, together with strong

chemical stratification, results in extremely stable water

columns with little vertical mixing (Priscu, 1995; Spigel and

Priscu, 1998;). Bowman et al. (2016) demonstrated that

these lakes are moderately productive, and contain a

diverse group of microplanktonic prokaryotes and

eukaryotes.

The lakes of the MDVs have been isolated from one

another and from exchange with the atmosphere owing to

their perennial ice cover for perhaps thousands of years

(Lyons et al., 1998; Poreda et al., 2004). The strong che-

moclines in many of the lakes effectively isolate the deep

saline waters from the fresh surface waters (Spigel and

Priscu, 1998). The deep saline waters of these lakes are

often suboxic and contain unique geochemistries (Priscu,

1997; Lee et al., 2004; Priscu et al., 2008). These unique

lake systems are dominated by bacteria, which comprise

30–60% of the total microplankton biomass (Takacs and

Priscu, 1998). Bacterial production is highest immediately

beneath the ice cover, with a second production peak

occuring near the chemocline (Takacs and Priscu, 1998).
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The microbial diversity of the MDV lakes has been

surveyed using culture-dependent approaches (Karr

et al., 2003; Sattley and Madigan, 2006), and more

recently by culture-independent methods such as DNA

fingerprinting (e.g., DGGE, t-RFLP), cloning/sequencing

targeting functional genes (Karr et al., 2005; Kong et al.,

2012; Dolhi et al., 2015), taxonomic marker genes (e.g.,

rRNA genes) (Glatz et al., 2006; Mikucki and Priscu,

2007; Bielewicz et al., 2011; Tang et al., 2013) and 454

pyrosequencing (Vick-Majors et al., 2013; Bowman

et al., 2016). Research by Vick-Majors et al. (2013) and

Glatz et al. (2006) uncovered a portion of this diversity

but these studies focused on one or two lakes and at

limited depths. Consequently, finer-scale taxa composi-

tion remains poorly understood.

Four of the ice-covered lakes included in our survey are

linearly arranged in Taylor Valley (TV), with the two lobes

of Lake Bonney connected by sill at their southwest ends

and Lake Fryxell located in the northeastern end of TV

(Green and Lyons, 2009). Canada Glacier is directly con-

nected and feeds melt water to both Lake Hoare and Lake

Fryxell (Clocksin et al., 2007). Although all of the lakes are

located within the same valley, they differ in their biogeo-

chemical characteristics and evaporitic histories (Green

and Lyons, 2009). On the other hand, freshwater Lake

Miers, located in Miers Valley, exhibits numerous biogeo-

chemical similarities with the lakes in TV (Bell, 1967).

Nutrients and microbes are dispersed primarily via aeolian

transport or glacial melt water from lake to lake across the

MDVs (Sabacka et al., 2012), and thus it is possible that

biogeographically dispersed ‘generalists’ are shared

across lakes, whereas each lake also harbors unique

microbial populations owing to confined niches under

strong selection pressure.

The aim of this study was to compare the diversity and

structure of bacterial communities among these ice-

covered MDV lakes to test the hypothesis that many

uncharted branches in the bacterial tree of life may yet be

found under the unique environmental conditions within

the lakes of the Antarctic. Specific questions addressed in

our study include: how do bacterial communities differ by

lake, depth and size-fractions? Are any taxa limited to cer-

tain lakes or regions of the lakes? How do bacterial

communities vary over the summer growth season, that is,

over 2 months of continuous sunlight marked by increased

biomass and productivity? Is the distribution of bacteria

related to contemporary geochemistry within and between

lakes?

To address these questions, we investigated the vertical

bacterial community structure of five ice-covered lakes in

the MDVs by 16S rRNA gene-based pyrosequencing,

along with patterns of community composition and distribu-

tion relating to in situ conditions.

Experimental procedures

Site description and sample collection

The five lakes included in our study lie in the Taylor (Fryxell,

FRX; Hoare, HOR; East Lobe Bonney, ELB; and West Lobe

Bonney, WLB) and Miers (Miers, MIE) valleys, and have been

the focus of more than 20 years of research by an NSF-funded

McMurdo Long-Term Ecological Research (MCM LTER) pro-

ject (http://mcmlter.org; Fig. 1). The FRX, HOR, ELB and WLB

lakes are hydraulically terminal (i.e., lacking outflows), whereas

MIE has a seasonal outflow to the sea during periods of high

water levels. The lakes receive continuous sunlight during the

summer but no sunlight between mid-April and late September

(Bowman et al., 2016; Morgan-Kiss et al., 2016). The geoche-

mistries differ among these lakes; for one, they can be divided

into three categories of salinity, with FRX being brackish, ELB

and WLB hypersaline and MIE and HOR freshwater (Green

and Lyons, 2009). The deeper waters of FRX are strongly

anaerobic and this is the only lake to feature high levels of sul-

fide, whereas dissolved organic carbon (DOC) concentrations

generally increase with depth in all five lakes. Lakes ELB and

WLB are strongly phosphorous (P)-deficient, whereas the oth-

er three lakes are both nitrogen (N) and P deficient (Priscu,

1995; Dore and Priscu, 2001). Detailed profiles of inorganic

nutrients and dissolved organic carbon can be found in Priscu

(1995, 1997). In regard to N chemistry, NO2
3 is depleted in the

surface layers, whereas concentrations of NH1
4 are high in the

anoxic deeper layers of lakes FRX and WLB.

A total of 40 samples were collected from depths represent-

ing the geochemically distinct water layers in each lake for

pyrosequencing. Biogeochemical measurements were con-

ducted in November and December 2012, with the exception

of HOR, for which November measurements were unavailable

owing to logistical constraints. Previous research has shown

that most bacteria can be divided into particle-associated bac-

teria (> 3.0 mm), and small (0.2–1.0 mm) and large (1.0–3.0

mm) free-living bacteria (Simon, 1985). To differentiate

between particle-associated (> 3.0 mm) and free-living (0.2 to

3.0 mm) bacterial assemblages, we size-fractionated freshly

collected water samples into > 3.0 mm and 3.0–0.2 mm size

classes by sequential filtration through 3.0 mm (ADVANTEC,

Japan) and 0.2 mm (Millipore, Germany) membrane filters. We

set the > 3.0 mm sized filter as the upper limit of pore size, giv-

en that microbial cells in these lakes are known to be

dominated by picoplankton (Kong et al., 2014). The filtered

samples were stored at 2208C during shipment to Korea,

where they were stored at 2808C until used in the analyses.

Chemical analyses and primary production

measurements

Samples were analyzed according to the procedures outlined

in the MCM LTER manual (http://www.mcmlter.org/data/mcm-

lter-data-file-format-protocols-database-submission), briefly

summarised below. Temperature and conductivity were mea-

sured with an SBE 25 Sealogger CTD. Dissolved oxygen

(DO) was measured using the azide modification of the mini-

Winkler titration, and underwater photosynthetically active radi-

ation (UwPAR) was measured using a LI-COR LI-193SA

spherical quantum sensor (LI-COR Biosciences) at local noon.
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Macronutrients (NH1
4 , NO2

3 , NO2
2 ) were analysed as described

by Priscu (1995). Dissolved organic carbon (DOC) was deter-

mined using a Shimadzu TOC-V series total organic carbon (C)

analyzer. All DOC samples were filtered through precombusted

and acid-leached 25 mm GF/F filters and acidified to a pH of 2

with 6N HCl to eliminate inorganic C. Phytoplankton primary

production (PPR) was measured by incubating duplicate

light and a single dark sample in situ for 24 h with 14C-labeled

bicarbonate. Heterotrophic bacterial productivity (BP) was mea-

sured using [3H]methyl-thymidine incorporation into DNA.

Pyrosequencing and data analyses

Genomic DNA was extracted from half of each filter mem-

brane (after �1 l had passed through) using a FastDNAVR

SPIN kit (MP Biomedicals, Illkirch, France) following the

manufacturer’s instructions. Extracted DNA from 80 filter sam-

ples were amplified, with the V1–V3 region of the 16S rRNA

gene targeted using barcoded fusion primers (27F: 50-X-AC-

AGAGTTTGATCMTGGCTCAG-30 and 519R: 50-X-AC-

GWATTACCGCGGCKGCTG-30, where ‘X’ denotes 8 bp error-

corrected barcodes and ‘AC’ is a 2 bp linker sequence) (Lane,

1991). A total volume of 50 ml was used in PCR, consisting of

2 ml of DNA, 0.5 ml of each primer (10 pmol), 1 ml of Taq poly-

merase (2.5 U/ml; GeneAll, Korea), 4 ml of dNTP mix (2.5 mM

each) and 5 ml of 10X buffer containing the enzyme, under the

following conditions: an initial denaturation step at 948C for 5

min followed by 25 cycles of 948C for 1 min, 508C for 1 min

and 728C for 1.5 min. PCR products could not be recovered

from two 0.2 mm-filtered samples of 30 m (November) and

30 m (December) in samples from ELB. The 454 adapter

sequence was incorporated into the purified PCR product.

Fig. 1. Map of sampling locations in (A) McMurdo Dry Valleys of Antarctica. (B) FRX, HOR, ELB and WLB are located in Taylor Valley, and
(C) MIE in Miers Valley. [Color figure can be viewed at wileyonlinelibrary.com]
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Pyrosequencing was performed by Macrogen (Seoul, Korea)

using a 454 GS FLX1 Sequencing System (Roche, CT,

USA). Barcode, linker and primer sequences were trimmed,

with low-quality sequences removed from the dataset using

PyroTrimmer (Oh et al., 2012). The quality-filtered sequences

were further processed following the 454 SOP using mothur

(Schloss et al., 2009). The resultant partial 16S rRNA gene

sequences were clustered into operational taxonomic units

(OTUs) based on a cutoff of 97% sequence similarity. Single-

ton OTUs were excluded from subsequent analyses to reduce

artifacts of PCR or sequencing errors. Taxonomic classifica-

tion was performed using the Na€ıve Bayesian Classifier

implemented in mothur against the EzTaxon-e database

(http://eztaxon-e.ezbiocloud.net) (Kim et al., 2012). All 16S

rRNA gene sequences that originated from archaea, chloro-

plast and mitochondria were removed. Raw reads were

submitted to the NCBI SRA database (accession number

PRJNA276598).

Quantitative PCR

To estimate bacterial rRNA gene abundance, we performed

quantitative PCR using a CFX96 qPCR System (Bio-Rad,

Hercules, CA, USA) with SYBR Green as the fluorescent

reporter (Bio-Rad, USA) by quantifying bacterial 16S rRNA

gene copies. Partial 16S rRNA genes were amplified using

the bacteria-specific primer set, 341f (50-CCTACGGGAGG

CAGCAG-30) and 797r (50-GGACTACCAGGGTCTAATCCTG

TT-30) (Lane, 1991; Nadkarni et al., 2002). Amplification fol-

lowed a three-step PCR consisting of 44 cycles with

denaturation at 948C for 25 s, primer annealing at 64.58C for

25 s and extension at 728C for 25 s. Two independent

real-time PCR assays were performed on each sample. The

standard curves were created using a tenfold dilution series of

plasmids containing the bacterial 16S rRNA gene from envi-

ronmental samples; the R2 for standard curves was 0.99.

Tenfold dilution series ranging from 1025 to 1029 were run in

triplicate for each sample, as were negative controls contain-

ing no DNA template. It should be noted that quantification of

the 16S rRNA gene copy number does not provide accurate

estimates for bacterial abundance because the rRNA gene

copy number varies between bacterial taxa and primers used

for qPCR do not cover the entire bacterial population. Howev-

er, qPCR assays have frequently been used in microbial

ecology studies due to their reproducibility (Fierer et al., 2005;

Takahashi et al., 2014).

16S rRNA gene cloning, sequencing and

phylogenetic analysis

To retrieve more complete phylogenetic information about

unknown WM88 lineages found in FRX, DNA extracted from a

3.0 mm-filtered FRX sample collected at a depth of 15 m was

used for clone library construction targeting the full-length bac-

terial 16S rRNA gene sequence. PCR was performed using

the primer set 27f and 1492r with the same reaction condition

as described above (Lane, 1991). The PCR product was

cloned into the vector, using a TOPO TA cloning kit (Invitro-

gen, CA, USA), with 50 randomly selected clones sequenced

using M13F/M13R primers with ABI 3700 capillary sequencer

(Applied Biosystems, CA, USA). Putative chimeric sequences
were deleted using chimera.uchime implemented in mothur

based on the chimera-free SILVA gold database (v.123).

Representative 16S rRNA gene sequences for each bacte-
rial phyla were downloaded from EzTaxon-e database (42
phyla and 911 sequences) and aligned against a high-quality

reference alignment obtained from EzTaxon-e using SINA
v1.2.11 (Pruesse et al., 2012). The alignment quality was
manually checked based on the secondary structure of 16S

rRNA using jPhydit (Jeon et al., 2005). A phylogenetic tree
was constructed by maximum likelihood (ML) analysis with the
GTR 1 C model of nucleotide substitution in RAxML v8.2.9

(Stamatakis, 2014). The reliability of the tree topology was
assessed by generating 100 bootstrap replicates using the -f a
option, which enables a rapid bootstrap analysis and search

for the best-scoring ML tree in RAxML. Bootstrap conver-
gence was tested using the -I autoMRE option, with
convergence achieved at 300 replicates. We then performed a

new rapid bootstrap analysis with 1000 replicates to obtain
stable support values. The 16S rRNA gene sequences
obtained in this study were deposited in GenBank (accession

numbers KP862888 to KP862894).

Statistical analyses

We compared the richness and diversity of the bacterial com-
munities among samples by minimising the effects of different
library size and sequencing depth; thus, diversity comparisons

between samples were conducted after library size or sample
coverage were equalised among samples. To equalise library
size among the samples, the resultant high-quality reads were

standardized to the smallest library size (n 5 562) by randomly
subsampling reads 100 times per sample. The level of diversi-
ty among samples was also compared at equal sample
coverage (0.943) using the ‘estimateD’ function in the iNEXT

R package (Hsieh et al., 2016). Diversity indices were generat-
ed based on OTUs of at least 97% sequence similarity of the
16S rRNA gene, using mothur. Bray–Curtis dissimilarities

were calculated using a Hellinger-transformed OTU matrix
and non-metric multidimensional scaling (NMDS) analysis
was performed based on the dissimilarity matrix using PRIM-

ER 61 (Clarke and Gorley, 2006). To test if bacterial
community compositions significantly differed by lakes and
depths, a permutational multivariate analysis of variance

(PERMANOVA) (Anderson, 2001) was performed with 999
permutations, using the ‘adonis’ function in the vegan R pack-
age (Oksanen et al., 2015).

Distance-based linear models (DISTLM) were used to
examine the relationships between environmental variables
and bacterial community structure by partitioning variation in
community structure according to a multiple regression model

(Legendre and Anderson, 1999). Prior to DISTLM, the distri-
bution of each environmental variable was plotted, with
normalising transformations performed on skewed variables

according to the ‘Draftsman plot’ result in PRIMER 61. Month
(November and December) was transformed into a dummy
variable; depth, UwPAR, AmbPAR, Chl-a and PPR were

square-root transformed; and NH1
4 , NO2

3 , NO2
2 , DOC, DIC,

BP, SO22
4 , conductivity, Na, K, Mg, Ca and Cl were log-

transformed. The remaining variables were left untransformed.

Highly correlated variables (Pearson’s jr j>0.90) in each lake
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were excluded by testing multicollinearity between predictor

variables. Forward selection of transformed environmental

variables was performed to determine how much of the varia-

tion in community structure was explained by an individual

variable alone or in combination with other variables, and the

best model was selected based on adjusted R2 values of each

model. The combination of environmental variables that

best explained community variation was selected and graphi-

cally represented as distance-based redundancy analysis

(db-RDA). Basic statistical analyses and plotting were per-

formed in R version 3.0.2 (R Core Team, 2013).

Results

Biogeochemical characteristics of the MDV lakes

Biogeophysical characteristics of the lakes determined dur-

ing the austral summer are presented in Supporting

Information Tables S1 and S2. These data show the strong

vertical gradients in ionic strength within each lake and the

differences among lakes. Oxygen levels above the chemo-

cline are all above air saturation, whereas deeper waters

are typically suboxic. Only the deep waters of FRX were

highly anoxic and contained high levels of hydrogen sulfide

(�1.8 mM). All of the lakes had deep Chl-a layers, and

corresponding high levels of primary production were

detected just above the chemoclines. Bacterial productivity

often peaked with Chl-a and phytoplankton productivity

maxima, and DOC and inorganic N and P were always

higher in the deep saline waters, reaching mM levels in

several of the lakes.

Distribution and relative abundance of bacterial biomass

Bacterial 16S rRNA gene abundance (which can be used

to represent biomass when the assumption that all organ-

isms have the same number of copies of the gene is

adopted) during November and December was estimated

by qPCR in the two size fractions (3.0 mm and 0.2 mm)

(Fig. 2). Overall, vertical trends in bacterial biomass dif-

fered by lake, size-fraction and month. In FRX, bacterial

biomass increased with depth in all samples except for the

0.2 mm-November samples, which peaked at 7 m followed

by a decline in biomass, to 15 m. In MIE, bacterial abun-

dance was relatively uniform throughout the water column,

with the exception of peaks in the 0.2 mm-December and

3.0 mm-November fractions at a depth of 18 m that were

more than five times above the average abundance. In

ELB, the greatest bacterial abundance was found immedi-

ately below the ice cover (5 m); abundance declined with

increasing depth, to 20 m, but remained relatively constant

between 20 and 30 m depths. In WLB, bacterial

Fig. 2. Depth profiles of bacterial 16S rRNA gene copy numbers in (A) FRX, (B) MIE, (C) ELB, (D) WLB and (E) HOR. Regions shaded with
diagonal lines represent the permanent ice cover of each lake. Grey-shaded area indicate metalimnion (or chemocline) that isolate the deep
saline waters from the fresh surface waters.
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abundance generally decreased with depth, although an

increase associated with the chemocline (10 m) was

observed in all size fractions. In HOR, bacterial abundance

increased from the surface to depths of 8 m in the 0.2 mm

fraction and 15 m in the 3 mm fraction, then declined below

these depths. The depth of maximal abundance differed

between the two size fractions in HOR, with abundance

peaking at depths of 7 m in the 0.2 mm-December samples

and 15 m in the 3.0 mm-December samples.

Distribution of bacterial phyla among lakes and depths

A total of 185 755 (average of 2468 reads per sample, with

a range of 562 to 6775) high-quality sequences were

obtained from 78 samples. Good’s coverage averaged 0.95

among the samples (range of 0.87–0.99). Sequences were

clustered into 2085 OTUs affiliated with 42 bacterial phyla.

Variations were observed in bacterial diversity among lakes

and depths. When the level of diversity was compared

across samples at the equal library size and sample cover-

age, bacterial diversity was overall higher in the 3.0 mm-

filtered samples than in the 0.2 mm-filtered samples (paired-

sample Wilcoxon signed-rank test, P< 0.01), a pattern that

was also observed in the rarefaction and extrapolation

curves (Supporting Information Fig. S1). In contrast, bacteri-

al diversity was much higher in the 0.2 mm size fractions

than in the 3.0 mm size fractions in the deepest layer of FRX

(15 m; P< 0.01) (Supporting Information Table S3 and Fig.

S1). Among the 0.2 mm-filtered samples, the highest levels

of bacterial diversity occurred in the deepest layers of lakes

FRX (15 m) and WLB (30 m) compared to diversity in the

upper layers, with no apparent trends detected in the other

lakes (Supporting Information Table S3).

The distribution of major phyla differed by lake, depth

and size fraction (Fig. 3 and Supporting Information Table

S4). Bacteroidetes and Actinobacteria were abundant

across all depths and lakes, with Proteobacteria the next

most abundant phylum, most of which consisted of Beta-

proteobacteria. The two hypersaline lakes, ELB and WLB,

had relatively similar phyla compositions, whereas the

brackish and freshwater lakes (FRX, MIE and HOR) had

more bacterial phyla in common. Phyla distribution also

varied considerably with size fraction: Actinobacteria were

generally more abundant in the 0.2 mm fractions than in

the 3.0 mm fractions at equivalent depths, whereas Planc-

tomycetes, Verrucomicrobia and Cyanobacteria were more

abundant in the 3.0 mm fractions. Below the chemocline in

FRX, candidate division WM88 (also classified as Hyd24-

12 (Kirkegaard et al., 2016) in SILVA taxonomy) was more

abundant in the 3.0 mm fractions. Candidate division JS1

(also known as OP9 or ‘Atribacteria’) was more common in

the 0.2 mm fractions than in the 3.0 mm fractions in the bot-

tom layer of FRX, and relatively higher numbers of

Deltaproteobacteria were observed in the 0.2 mm fractions

in the lower layers of MIE.

Each lake had distinctive patterns of phyla by depth,

especially at the lowest depths. In FRX, Betaproteobacte-

ria, Planctomycetes and candidate division WS5

decreased with depth, whereas Bacteroidetes became

more abundant from the surface of the lake to 9 m. The

Fig. 3. Bacterial phyla distribution differing by lake, depth and size
fraction: (A) FRX, (B) MIE, (C) ELB, (D) WLB and (E) HOR. Other
bacteria denote the group of relatively rare phyla with a relative
abundance< 0.7% in total reads among five lakes (See Supporting
Information for detail in Table S4). Upper and lower bars denote the
> 3.0 mm and the 0.2 to 3.0 mm fractions, respectively. The 0.2 mm
fraction collected cells that passed through the 3.0 mm membrane
filters.
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0.2 mm fraction of the deepest layer (15 m) was dominated

by various bacterial phyla, including Proteobacteria (mostly

Deltaproteobacteria, 14.9% in November and 9.3% in

December), Tenericutes (12.9% in November and 13.1%

in December) and Actinobacteria (5.5% in November and

3.0% in December); moreover, candidate divisions such as

JS1 (23.5% in November and 22.1% in December), WM88

(12.1% in November and 7.9% in December), SAR406

(5.4% in November and 11.4% in December), OD1 (5.0%

in November and 8.5% in December) and Candidatus Clo-

acamonas (4.3% in November and 3.1% in December)

were also highly abundant at this depth. Notably, candidate

division WM88 constituted more than half (76.4% in

November and 54.6% in December) of the 3.0 mm fraction

sequences at 15 m depth. In MIE, there was no apparent

shift in phyla abundance down to 15 m in the 0.2 mm frac-

tion, with over 80% of the total assemblages dominated by

Bacteroidetes, Actinobacteria and Betaproteobacteria. As

expected, Cyanobacteria, most of which are filamentous,

accounted for a large proportion of the 3.0 mm fractions at

depths of 7–15 m (relative abundance of 12.7–64.5% in

November and 0.7–27.5% in December), whereas they

were virtually absent in the 0.2 mm fractions at the same

depths. The proportions of Bacteroidetes and Actinobacte-

ria were relatively low in the bottom layer of MIE (18 m),

whereas Deltaproteobacteria (28.3% in November and

38.1% in December) and Chlorobi (18.2% in November

and 9.1% in December) accounted for almost half of the

total bacteria found in this layer in the 0.2 mm fractions. In

addition, both Alphaproteobacteria and Gammaproteobac-

teria were markedly more abundant in the 3.0 mm

fractions. In lakes ELB and WLB, Bacteroidetes and Acti-

nobacteria were prominent at almost all depths, although

distribution of bacterial phyla at 30 m was distinctive in

both ELB and WLB; Gammaproteobacteria (39.3% in

November and 38.7% in December) and Firmicutes (44.6%

in November and 48.3% in December) were common in the

3.0 mm fractions at this depth in ELB, and Firmicutes was

also abundant at 30 m in WLB (43.4% in November and

30.7% in December), but Bacteroidetes abundance at 30 m

was dramatically lower in ELB (9.2% in November and

7.5% in December) than in WLB (36.7% in November and

31.8% in December). Bacteroidetes and Actinobacteria

were also predominant at all depths in HOR, but Bacteroi-

detes steadily declined in abundance down to 20 m and

Actinobacteria were more abundant in the two bottom layers

(14 m and 20 m) than in the upper layers.

Bacterial differentiation between lakes and their
relationship with physicochemical properties

There was a significant difference in bacterial community

composition among the lakes in both size fractions (PER-

MANOVA, pseudo-F4,37 5 3.15 and P< 0.001 for 0.2 mm;

pseudo-F4,39 5 3.38 and P< 0.001 for 3.0 mm). Lakes FRX

and MIE had the most distinctive communities (PERMA-

NOVA pairwise test, all P<0.01 except for P 5 0.263 and

P 5 0.087 with HOR, respectively), whereas community

compositions in lakes WLB and ELB were more similar to

each other than to the other lakes (P 5 0.371). Depth was

also a determining factor in the differentiation of the bacte-

rial communities (P< 0.001). The NMDS analysis revealed

that the bottom layers had the most distinctive assemb-

lages in all lakes, whereas communities tended to

converge in the surface layers when hierarchical clustering

was overlaid onto the ordination space (Fig. 4). Bacterial

communities also varied by size fraction and sampling

time, although this variability was much lower than that

attributable to the factors of lake and depth. Sampling time

did not significantly contribute to the community composi-

tion variation when modeled alone or together with lake

and depth variables (all P> 0.05).

To determine which combination of environmental var-

iables best explains the community variation among

these lakes, the most parsimonious model was selected

using DISTLM and the result was graphically displayed

using db-RDA. Best-predictor variables varied when

modeled for each individual lake (Supporting Information

Fig. S2); SO22
4 was one of the best predictor variables

for all lakes, and the single best-predictor for lakes MIE

and WLB. The best predictor variables for FRX, ELB and

HOR were BP, NO2
3 and DOC, respectively. Predictor

variables differed by lake in multi-factor models; BP, Chl-

a, SO22
4 and PPR were the major predictor variables for

FRX, whereas variation in the MIE community was large-

ly explained by depth, Chl-a and SO22
4 . For ELB, NO2

2

was strongly associated with the bottom layer (30 m

depth), whereas deeper strata (17 m and 30 m) of WLB

were positively correlated with NH1
4 . Community varia-

tion in HOR was most strongly associated with SO22
4

and pH.

Shared OTUs between lakes

Given the striking differences in bacterial community com-

positions among lakes and by depth, we next examined

whether any of the identified taxa were limited to a specific

region within a lake, which would indicate decreased niche

width relative to other bacterial taxa. Only 3% (62 OTUs)

of the 2085 OTUs were shared among the lakes when all

data were combined (Fig. 5), with FRX harboring the larg-

est proportion of unique OTUs (24.6%) and WLB the

lowest (8.6%). Certain bacterial lineages occurred exclu-

sively at particular depths within lakes (Supporting

Information Table S5); for instance, OTUs belonging to

Tenericutes and Deltaproteobacteria, as well as several

candidate divisions such as WM88, JS1 and SAR406,

were almost exclusively found at a depth of 15 m in FRX.
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Phylogenetic analysis based on the full-length 16S rRNA

gene sequences indicated that these lineages are novel

WM88 clades (Fryxell_set2 and Fryxell_13) that are distinct

from other known relatives. The JS1 clone sequence

(Fryxell_39) was placed among lineages originating from

sub-seafloor sediments (Fig. 6 and Supporting Information

Table S6). Sequences affiliated with the genus Ignavibac-

terium (phylum Chlorobi) were only found at a depth of

18 m in MIE (relative abundance of 7.9–17.9%). Virgibacil-

lus was found in the 3.0 mm fraction at a depth of 30 m in

ELB (39.0% in November and 41.4% in December) and an

unknown genus of Clostridiales (EU245980_g) was

collected from the 30 m layer of WLB (11.0–22.8%).

Mariprofundus-related OTUs of Zetaproteobacteria were

present only at depths of 17 m and 30 m in WLB (0.7–

1.6% and 3.1–3.7%, respectively).

Discussion

To the best of our knowledge, this is the first comprehen-

sive comparison of bacterial communities inhabiting the

ice-covered lakes in McMurdo Dry Valleys, Antarctica, by

high-throughput sequencing. Previous long-term

research has largely focused on identifying the physico-

chemical characteristics and biological productivity of

these unique lakes (Smith et al., 1993; Green and Lyons,

2009), and studies that have examined community com-

positions have either focused on eukaryotes (Kong et al.,

2014; Morgan-Kiss et al., 2016) or involved limited sam-

ples and sequencing effort (Gordon et al., 2000; Vick-

Majors et al., 2013). The use of high-throughput

sequencing techniques to investigate the relationships

between physicochemical properties and bacterial

Fig. 4. NMDS plot of OTU-level bacterial community composition: Panels (A) and (B) represent the 0.2–3.0 mm size fraction; Panels (C) and
(D) represent the> 3.0 mm size fraction. OTU abundance matrices were used to calculate Bray-Curtis dissimilarities between samples.
Hierachical clustering results were overlaid onto the ordination space in (B) and (D). November (open symbols) and December (closed
symbols) samples at the same depth are linked by solid lines and samples from the same lake were grouped by ellipses with different colours
in (A) and (C) to help visualise groupings between different lakes. [Color figure can be viewed at wileyonlinelibrary.com]
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community composition has provided novel insights into

the niche specialization of bacterial lineages among

depths and between lakes.

Although not uniformly true, bacterial diversity in these

lakes was often found to be higher among the > 3.0 mm

size fractions than among the 0.2 mm fractions across all

samples. The reason for the differences in richness and

diversity between the two fractions remains elusive, but a

possible explanation is that particle-associated bacteria

may be more efficient at obtaining nutrients and thus better

at surviving in harsh aquatic environments than are free-

living bacteria (Berman, 1975). It is also possible that

diverse bacterial lineages associated with microbial eukar-

yotes contribute to the higher bacterial richness in the

larger size fractions (Li et al., 2016).

Contrary to the pattern for bacterial diversity, relatively

lower abundance in 16S rRNA gene copy numbers were

observed in the 3.0 mm fractions at upper layers, which

may reflect the nature of sinking particles through the

depths. However, vertical trends in 16S rRNA gene copies

varied markedly by lake, depth and size fractions, which

may be attributed to variability in resource availability driven

by the environmental conditions within each water column.

Bacteroidetes and Actinobacteria dominated the bacteri-

al communities in all of the lakes, a finding consistent with

the results of previous analyses of lakes Fryxell and Bon-

ney (Glatz et al., 2006; Vick-Majors et al., 2013). Bacterial

genera within these two phyla are similar to those found in

other aquatic systems, and include freshwater and seawa-

ter lineages (Gl€ockner et al., 1999; Newton et al., 2011).

Betaproteobacteria abundance was also consistently high

at deeper depths in all lakes. The half of assigned Betapro-

teobacteria (43.3% of total Betaproteobacteria) affiliated

with genus Polaromonas. Members of Polaromonas, psy-

chrophilic representatives of gram-negative bacteria,

display striking cold-adaptive characteristics (Feller and

Gerday, 2003) and are ubiquitous in cold and high-

elevation environments, such as glacial ice and periglacial

soils, across the globe (Darcy et al., 2011) and in Antarctic

lakes (Michaud et al., 2012). Gammaproteobacteria were

dominant only in deeper layers of East and West Lobe

Bonney, which may be due to the hypersaline environ-

ments of both lakes. Predominance of Marinobacter

and Halomonas at depths of 30 m in these two lakes

Fig. 5. Venn diagram showing the overlap in bacterial OTUs among
the five lakes. Numbers of OTUs represents all data combined (all
depths, sampling times and size fractions in the lake). OTU details
of A-F regions are shown in Supporting information Table S5.
[Color figure can be viewed at wileyonlinelibrary.com]

Fig. 6. Phylogenetic positions of candidate division (A) WM88 and (B) JS1 lineages obtained from 15 m depth of FRX. The trees were
constructed using maximum likelihood analysis and sequences belonging to phylum Aquificae were used as outgroups. Scale bar indicates
0.01 substitutions per nucleotide position.
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(22.0% and 67.5% of the total Gammaproteobacteria,

respectively) indicates the existence of gammaproteobac-

terial lineages adapted to high salinity levels (Bowman

et al., 2000). In addition, other phyla, including the Cyano-

bacteria, Verrucomicrobia and Planctomycetes, were also

frequently observed, although their relative abundance var-

ied greatly among lakes and depths, a finding consistent

with previous results showing that these groups are com-

mon to and widespread in freshwater and marine

ecosystems (Schlesner, 1994; Fuerst, 1995).

Fine-scale taxonomic analysis revealed that certain bac-

terial taxa are confined to or absent from specific water

layers, particularly in the deepest suboxic layers of the

lakes. The deepest layer (15 m) of Lake Fryxell was domi-

nated by various uncultured bacterial groups belonging to

candidate divisions JS1, WM88 and SAR406. Candidate

division JS1 is commonly found in anoxic sedimentary sys-

tems, such as subsurface marine sediments (Parkes et al.,

2007), methane hydrate-bearing sediments (Inagaki et al.,

2006; Webster et al., 2007), deep marine sediments in the

Antarctic (Carr et al., 2015) and sulfate-reducing sedi-

ments (Dhillon et al., 2003). Sediment enrichment and

stable-isotope probing studies have shown that several

JS1 members can utilise acetate and glucose under

sulfate-reducing conditions (Webster et al., 2006, 2011);

moreover, the abundance of JS1 in the bottom layer of

Fryxell further suggests that certain JS1 members may be

key bacterial representatives in the anoxic water columns

of brackish lakes in addition to marine sediments.

Bacteria belonging to candidate division WM88 have

been detected in various anoxic environments, including

hydrothermal vents (Schauer et al., 2011), biofilms of

sulfur-rich caves (Macalady et al., 2006) and hypersaline

microbial mats (Harris et al., 2013). Sequences obtained

from two WM88 clones (Fryxell_set2 and Fryxell_13) iden-

tified in the present study matched most closely to

sequences deriving from bacteria collected from a terrestri-

al mud volcano (98.6–98.8% 16S rRNA gene sequence

similarities) (Cheng et al., 2012). These sequences were

placed into a distinct clade that was separated from other

WM88 lineages in the phylogenetic tree. The identical 16S

rRNA gene sequences, designated as ‘unclassified OTU

B1’, were also highly abundant in the upper layers of Fryx-

ell sediment (relative abundance of 13.8–40.2% at a depth

of 0–6 cm) but virtually absent in the lower sediment layers

(Tang, 2009). Relating those sequences to metabolic func-

tions is limited at this stage due to a lack of information,

but given their dominance in the bottom waters and sedi-

ments of Fryxell, they must play a significant role in this

isolated ecosystem. The relative abundance of WM88

markedly increased in the 3.0 mm size fraction compared

to the 0.2 mm fraction, an indication that this lineage may

be present in particle-associated or aggregate forms;

moreover, WM88 co-occurred with other bacterial phyla,

including SAR406, Tenericutes, Candidatus Cloacamonas,

OP3 and OP8, in this anoxic layer. The exclusive presence

of these various candidate divisions at the 15 m depth in

Fryxell may be associated with the unique biogeochemistry

of the anoxic environment of this lake. Further research is

necessary to deduce why these lineages occur together

exclusively at this depth and how they have adapted to this

unique environment.

There was clear separation of the classes of Firmicutes

between East and West Lobe Bonney at a depth of 30 m.

Virgibacillus, which belong to class Bacilli, dominated the

bottom layer of East Lobe Bonney (86.5% of the total

Bacilli), whereas several genera within class Clostridia

were confined to the same depth in West Lobe Bonney.

The dominance of Virgibacillus in East Lobe Bonney is

consistent with previous research, in which it was reported

that 35% of the 16S rRNA gene clone library recovered

from a depth of 25 m was linked to V. necropolis and V. sal-

inus (after rematching reported sequences to those of

recently updated species) (Glatz et al., 2006). Given the

halotolerant or halophilic characteristics of cultured Virgi-

bacillus spp., it would seem that these lineages have

specifically adapted to the cold, halophilic environments of

the lower water layers of East Lobe Bonney (Glatz et al.,

2006). The suboxic layers of East Lobe Bonney are char-

acterised by extreme levels of nitrous oxide (N2O) and a

paucity of denitrification (Prisu et al., 1996), leading Priscu

et al. (2008) to suggest that the high concentration of N2O

in East Lobe Bonney might be a ‘biogeochemical relict’

produced by past microbial activity, a view based on the

weak association between contemporary active nitrifiers

and high concentrations of N2O. Although there was no

apparent evidence of any link between N2O and active

microbes, our db-RDA results clearly showed that NO2
2

was an important factor in determining bacterial communi-

ty structure at this depth.

The vast majority of Firmicutes collected from the bot-

tom layer of West Lobe Bonney belong to an unknown

genus of Clostridiales (EU245980_g; 76.5% of the total

Clostridia) and, to a much lesser extent, the genera Halo-

cella (16.9%) and Clostridium (13.0%). Close relatives of

the Clostridiales OTUs are frequently found in hypersaline

microbial mats (Isenbarger et al., 2008; Harris et al.,

2013). Halocella is known to be an obligately anaerobic

halophile (Simankova et al., 1993) and many species of

Clostridium are also common in hypersaline environments

(Oren, 2005). The Clostridiales OTUs were shown to be

associated with high NH1
4 concentrations (Caskey and

Tiedje, 1980) at depths of 17 m and 30 m, as revealed by

db-RDA. Alternatively, these Clostridiales genera may gain

energy for growth by Fe21 oxidation coupled with denitrifi-

cation or dissimilatory nitrate reduction under anoxic

conditions (Weber et al., 2006). West Lobe Bonney’s deep

waters have high ferrous iron concentrations resulting from
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the iron-rich input of the adjacent Taylor Glacier’s Blood

Falls (Mikucki and Priscu, 2007). In addition, Zetaproteo-

bacteria, which were confined to 17 m and 30 m depths,

are iron oxidizers under microaerobic conditions (Emerson

et al., 2007). Thus, ferrous iron oxidation may be an impor-

tant process in West Lobe Bonney, and the dependence of

this process on nitrate availability should be investigated in

the future. It is, however, unclear why distinct Firmicutes

lineages dominate suboxic layers of East and West Lobe

Bonney; possibly these niche-differentiated populations

are the result of long-term adaptation to different selection

pressures exerted by the particular anoxic environments

within each lake.

In Lake Miers, Chlorobi sequences belonging to the

genus Ignavibacterium (98.2% of the total Chlorobi) were

exclusively confined to the depth of 18 m, and were not

found in other depths or lakes surveyed in this study. Phy-

lum Chlorobi (green sulfur bacteria) are known to be

anaerobic photolithotrophs that typically inhabit the lower-

most sections of photic environments, such as anoxic

bottom layers of stratified lakes and microbial mats (Iino

et al., 2010; Comeau et al., 2012). A recent study con-

ducted in Lake Fryxell demonstrated that Chlorobi bacteria

are more abundant in deeper anoxic microbial mats than in

the top mats (Jungblut et al., 2016). However, given the

lack of previous bacterial research in Lake Miers, it is not

clear that Ignavibacterium collected at 18 m are also domi-

nant in anoxic microbial mats of equivalent depth. Class

Ignavibacteria, including Ignavibacterium, form a deeply

branching clade in Chlorobi phylogeny, and is distinguished

from other photosynthetic clades by its reliance on chemo-

heterotrophy and lack of apparent photosynthetic

metabolism, leading to proposals that this lineage be given

its own phylum (Iino et al., 2010; Podosokorskaya et al.,

2013). In contrast to previous findings, bacterial production

rates at this depth (18 m) make it hard to preclude the pos-

sibility of phototropic lineages within this group. The

metabolic potential of this lineage in Lake Miers should be

examined further by linking biogeochemical data with

genomic evidence. Candidate division SR1 was found only

in the bottom layers of lakes Miers and Fryxell, supporting

its widespread occurrence in anoxic freshwater columns

and sulfidogenic environments, although certain members

were also detected in oxic layers (Borrel et al., 2010).

There was little variation in community composition with

depth throughout the water column of Lake Hoare, with no

niche-specific lineages being confined to any particular

segment of the water column.

Bacterial community composition in the upper layers of

these lakes was relatively similar when compared to that of

the bacterial communities at depths below the chemo-

clines, most likely due to comparable environmental

conditions beneath the surface of perennially ice-covered

lakes, and inputs from stream flow and the atmosphere

into these lakes. Dieser et al. (2010) postulated that phylo-

genetic commonality among ice-embedded bacterial

populations may result from environmental selection rather

than processes such as dispersal and seeding from a sin-

gle origin material, but the possibility of dispersal effects

cannot be excluded here, as microbes are almost certainly

transported in aeolian material carried by the wind through-

out the MDVs (Michaud et al, 2012; Sabacka et al., 2012).

The relatively similar biogeochemical properties among

the upper water columns of these lakes supports this con-

tention, and moreover corresponds with the finding that

similar bacterial communities are found within the ice cov-

ers of Lakes Fryxell, Miers, Hoare and East and West

Lobe Bonney (Gordon et al., 2000).

Conclusions

This study generated several novel results that may pro-

vide further insights into the ecology and evolution of

bacteria inhabiting the ice-covered lakes of Antarctica. The

deep waters beneath the chemoclines supported highly

distinct communities both within each lake and among

lakes, most likely due to spatial isolation and the unique

geochemistry between lakes and within the strata of each

individual lake. The presence of these niche-specific line-

ages provides evidence of strong specialisation of

bacteria, which have uniquely adapted to isolated lake eco-

systems over a long period of time. More integrated

approaches, such as single-cell genomics and omics tech-

nologies, are needed to further examine the links between

bacterial taxa and metabolic functions in these unique

ecosystems.
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the sampling depths for each lake.
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Table S3. Summary of pyrosequencing results and estimat-
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in each lake.
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Fig. S1. Sample-size-based rarefaction and extrapolation

curves for Hill numbers of q 5 0, 1, 2: (A) FRX, (B) MIE, (C)

ELB, (D) WLB and (E) HOR. In each plot, Hill numbers are

shown as q 5 0 (left panel), q 5 1 (middle panel) and q 5 2

(right panel), and shaded regions represent 95% confidence

intervals.
Fig. S2. db-RDA plots of ‘best’ model selection by DISTLM for

each number of environmental variables. (A) FRX; there is multi-

collinearity between BP, DO and NH1
4 (jr j> 0.93), and between

SO22
4 , depth, conductivity, DIC, DOC, Na, K, Mg, Ca and Cl (jr

> 0.91), (B) MIE; between depth, conductivity, DO, DIC, Mg,

Ca, K and F (jr j>0.91), between temperature, Na and Cl (jr
> 0.97), between PPR and AmbPAR (r 5 0.98), and between

SO22
4 and BP (r 5 20.97), (C) ELB; between SO22

4 , conductivi-

ty, depth, DIC, NO2
3 , Na, K, Mg, Ca, Cl and UwPAR (jr j>0.91),

and between NO2
2 , DOC and Br (jr j> 0.96), (D) WLB; between

SO22
4 , conductivity, pH, DIC, depth, Na, K, Mg, Ca and Cl (jr

> 0.93), and between NH1
4 , DO and Br (jr j> 0.91), and (E)

HOR; between SO22
4 , conductivity, NO2

2 , DOC, DIC, Na, K, Mg,

Ca, Cl and F (jr j>0.93), and between depth, temperature,

UwPAR and AmbPAR (jr j> 0.91). Closed circles and triangles

represent November and December samples, respectively.
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