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Abstract Antarctica has the greatest diversity of lakes

types on the planet including freshwater, brackish, saline

and hypersaline systems, epishelf lakes, ice shelf lakes and

lakes and cryoconite holes on glacier surfaces. Beneath the

continental ice sheet, there are hundreds of subglacial

lakes. These systems are dominated by microbial food

webs, with few or no metazoans. They are subject to

continuous cold, low annual levels of photosynthetically

active radiation and little or no allochthonous nutrient

inputs from their catchments. Subglacial lakes function in

darkness. Heterotrophic bacteria are a conspicuous and

important component of the simple truncated food webs

present. Bacterial abundance and production vary between

freshwater and saline lakes, the latter being more produc-

tive. The bacterioplankton functions throughout the year,

even in the darkness of winter when primary production is

curtailed. In more extreme glacial habitats, biomass is even

lower with low rates of production during the annual melt

season. Inter-annual variation appears to be a characteristic

of bacterial production in lakes. The factors that control

production appear to be phosphorus limitation and grazing

by heterotrophic and mixotrophic flagellate protozoa. The

evidence suggests high rates of viral infection in bacteria

and consequent viral lysis, resulting in significant carbon

recycling, which undoubtedly supports bacterial growth in

winter. The biodiversity of lacustrine Antarctic hetero-

trophic bacteria is still relatively poorly researched.

However, most of the main phyla are represented and some

patterns are beginning to emerge. One of the major prob-

lems is that data for heterotrophic bacteria are confined to a

few regions served by well-resourced research stations,

such as the McMurdo Dry Valleys, the Vestfold Hills and

Signy Island. A more holistic multidisciplinary approach is

needed to provide a detailed understanding of the func-

tioning, biodiversity and evolution of these communities.

This is particularly important as Antarctic lakes are

regarded as sentinels of climate change.
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Introduction

Despite being almost entirely covered by an ice sheet up to

4 km thick, Antarctica carries the widest diversity of lake

and pond types on the planet. The ice-free areas that con-

stitute around 2 % of the surface area contain freshwater

lakes and ponds as well as brackish, saline and hypersaline

lakes. Some hypersaline lakes are equivalent to ten times

the salinity of seawater (Laybourn-Parry and Wadham

2014). Their waters are so loaded with salts that they never

develop ice covers and in winter the water temperature can

plummet to -17 �C (Ferris and Burton 1988). Epishelf

lakes occur between the land and an ice shelf and are very

unusual systems. There are two structural types, either a

body of freshwater sits on seawater as is the case in Beaver

Lake (Amery Oasis), or a freshwater lake is connected to

the sea by a conduit under an ice shelf or a glacier, as is the

case for the Bunger Hills epishelf lakes (Gibson and

Andersen 2002; Laybourn-Parry et al. 2006). Because of

the connection to the sea, epishelf lakes are tidal and are
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characterized by rafted freshwater ice on their shorelines.

Logistic constraints have limited most data to regions

where there are permanent stations that conduct microbial

ecological research. Consequently, most data relate to the

Maritime Antarctic (Signy Island), the McMurdo Dry

Valleys (MDVs) and the coastal oases of the Vestfold and

Larsemann Hills, with smaller data sets for the Syowa

Oasis and Schirmacher Oasis (Fig. 1).

It is only in the last few decades that researchers have

considered lake ice covers as potential habitats for micro-

bial life (Felip et al. 1995; Alfreider et al. 1996). The

perennial ice covers of some Dry Valley lakes develop

liquid-water inclusions around particles of aeolian origin.

These dark-coloured particles are heated by the Sun and

melt the surrounding ice. It has been calculated that such

liquid-water inclusions occur for up to 150 days in the

annual cycle and that as much as 40 % of the lake ice cover

volume can be liquid water (Priscu et al. 1998). The sed-

iment particles act as a source of both organic and inor-

ganic nutrients for communities of micro-organisms that

include Cyanobacteria, heterotrophic bacteria and chemo-

lithotrophic bacteria.

Both freshwater and saline lakes and ponds occur on the

surface of ice shelves. These systems are relatively shallow

and freeze to their bases in winter (Hawes et al. 2008). The

surface of glaciers and the ice sheet support a range of

aquatic habitats during the summer melt phase (Hodson

et al. 2008). Cryoconite holes that are effectively mini

lakes are common. These are shallow, small-diameter

structures containing a sediment layer (the cryoconite),

Fig. 1 Map of Antarctica showing regions
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overlain by water and in Antarctica usually with a layer of

surface ice cover. Supraglacial lakes or cryolakes are less

well researched. They can be ephemeral, forming and then

draining through a hole or Moulin to the glacier base.

Others like those on the Canada Glacier in the MDVs are

thought to be 2000–4000 years old. They are shallow

systems with a water depth of less than 2 m overlying a

sediment layer and are permanently ice-covered. In winter,

they freeze to their bases (Bagshaw et al. 2010). They

usually form near the base of an ice cliff from the coa-

lescence of cryoconite holes. They grow progressively

larger as they progress down the glacier until they reach the

glacier snout where they disintegrate (Laybourn-Parry et al.

2010).

Below the continental ice sheet is a vast array of sub-

glacial lakes, a total of 402 quoted in the most recent

review (Siegert et al. 2016). Their presence has been

determined by airborne radio-echo sounding since the

1970s (Oswald et al. 1973), with latest additions to the

inventory derived from laser altimetry (Smith et al. 2009).

The entry into Lake Whillans in 2013 has provided the first

detailed information on its microbial communities

(Christner et al. 2014).

All of these aquatic environments are the domain of

mainly extremophile organisms that are confronted by

continuous low temperatures close to freezing, and in sal-

ine water bodies below freezing. The ice cover adds to light

attenuation in the underlying water columns. Moreover, the

polar regions experience the lowest annual levels of pho-

tosynthetically active radiation, so the scope for photo-

synthesis is limited. This in turn limits exudation of

photosynthate from autotrophs so that concentrations of

dissolved organic carbon (DOC), essential for supporting

heterotrophic bacterial growth, are low (Table 1). Unlike

lakes at lower latitudes and many Arctic lakes, Antarctic

lacustrine systems receive virtually no allochthonous car-

bon inputs from their catchments. Thus, DOC is entirely

derived from autochthonous sources. The exceptions are

water bodies close to penguin rookeries or seal wallows. As

one would expect these various water bodies have low

concentrations of inorganic phosphorus and nitrogen that

are essential for supporting both bacterial and autotroph

production (Laybourn-Parry and Wadham 2014).

Antarctic lacustrine habitats are characterized by trun-

cated food webs. There are few zooplankton and no fish.

The communities are dominated by micro-organisms,

including microalgae, autotrophic and heterotrophic pro-

tozoans, Bacteria, Archaea and viruses. Based on concen-

trations of chlorophyll a, Antarctic lakes and ponds mostly

fall within the ultra-oligotrophic to oligotrophic section of

the trophic continuum (Table 1). The exceptions are those

lakes that receive allochthonous carbon and nutrient inputs:

for example, Heywood Lake (Signy Island), where a

chlorophyll a concentration of 297.6 lg L-1 was recorded

(Butler 1999) and Rookery Lake (Vestfold Hills) where a

maximum value of 35 lg L-1 occurred (Laybourn-Parry

et al. 2002). While high Arctic lakes closely resemble their

Antarctic counterparts in having a largely microbial

plankton, lower-latitude Arctic lakes have well developed

zooplankton and fish communities (Vincent et al. 2008).

Despite the harsh conditions, year-long studies of Antarctic

lakes indicate that biological processes, including bacterial

production, continue throughout the winter (Heath 1988;

Bayliss et al. 1997; Butler 1999; Butler et al. 2000; Lay-

bourn-Parry et al. 2004).

Environmental adaptations unique to psychrophilic

micro-organisms have been thoroughly described from a

range of cold habitats worldwide where psychrophilic

micro-organisms thrive (Dolhi et al. 2013). Psychrophilic

strains of bacteria are present and have been isolated from

Antarctic lakes, such as Gillisia limnaea strain DSM 15749

(Van Trappen et al. 2004) and Carnobacterium iners sp.

nov. (Snauwaert et al. 2013), including specialists, for

example, cold-active halophilic bacteria from the ice-

sealed Lake Vida (Mondino et al. 2009). Specific adapta-

tions to the cold, such as amino acid substitutions that

increase structural flexibility and protein function at low

temperature, are present (Tang et al. 2013). However,

Antarctic bacteria seem to have the ability to grow at a

wide range of temperatures. While they function at low

temperatures continuously, some of them have the ability

to grow at 25 �C (Hosoi-Tanabe et al. 2010). A detailed

study of six strains of psychrotolerant bacteria isolated

from a depth of 50–55 m in Lake Vanda grew at temper-

atures close to zero to -2 �C below zero, but all had their

optimum growth between 18 and 24 �C (Vander Schaaf

et al. 2015). These data suggest the presence of universal

genera, indicating that the bacteria in Antarctic lakes are

not specific to this environment. Due to the presence of

cosmopolitan strains, and the flushing of terrestrial bacteria

through Antarctic lake systems, there is yet to be a con-

sensus on whether Antarctic lake is predominantly psy-

chrophiles or psychrotolerant mesophiles. This further

highlights the need for detailed physiological investigation,

rather than reliance on sequence-based evidence alone. For

example, mesophiles would not be expected to grow at lake

in situ temperatures most of the year except in summer.

Also, mesophiles could be indicative of decomposition and

remain preserved in the sediments.

Bacterial abundance and productivity

The concentrations of bacterioplankton in various Antarc-

tic water bodies are listed in Table 2. What is immediately

apparent is that saline lakes in the Vestfold Hills support
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higher concentrations of bacteria than freshwater lakes in

same locality. The exception is Highway Lake, a brackish

lake with a salinity close to freshwater (4 %). The fresh-

water lakes of the maritime Antarctic (Signy Island) sup-

port much higher abundances of bacteria than continental

Antarctic lakes. Here, the climate is less severe and the

presence of soil and moss beds provides some allochtho-

nous carbon inputs. Heywood Lake receives large carbon

and nutrient inputs from an adjacent fur seal wallow. The

presence of fur seals has increased since the 1950s and

1960s leading to the progressive eutrophication of Hey-

wood Lake (Smith 1988; Hodgson et al. 1998). Among the

saline lakes listed, Rookery Lake is close to an Adelie

penguin rookery and its elevated bacterial concentrations

reflect allochthonous inputs of nutrients and carbon. When

placed in a global context, these bacterial abundances fall

within the range recorded for lower-latitude freshwater

oligotrophic lakes. Across a range of temperate olig-

otrophic lakes, abundance ranged between 1.0 and

80 9 108 L-1 (Pick and Caron 1987; Vaqué and Pace

1992; Laybourn-Parry et al. 1994; Hofer and Sommaruga

2001; Lymer et al. 2008). Abundances found in Arctic

freshwater lakes are also similar (Hobbie and Laybourn-

Parry 2008). Comparable data for lower-latitude saline

lakes are limited. Meromictic Mahoney Lake (British

Columbia) supported bacterial concentrations of

40–85 9 108 L-1, though chlorophyll a concentrations

were relatively low, usually around 1 lg L-1. However,

DOC was high between 20 and 80 mg L-1, derived from

allochthonous sources and upward diffusion from the lower

monimolimnion waters (Overmann et al. 1996). Thus, the

upper range reported for meromictic Antarctic lakes (Lakes

Fryxell, Bonney and Ace Lake) are of the same order of

magnitude.

Continuous low temperatures, limited DOC and nutrient

limitation are likely to curtail the magnitude of bacterial

growth. Rates of bacterial production are low (Table 2) but

similar to values reported for Arctic lakes, for example

Toolik Lake and a lake in Franz Joseph Land where rates

ranged from 1.6 to 22.4 and 1.2 to 3.9 lg C L-1 day-1,

respectively (O’Brien et al. 1997; Panzenböck et al. 2000).

A review of bacterial production in predominately tem-

perate freshwaters indicates an average rate of 26.4 ±

33.1 lg C L-1day-1 with a median of 11.5 lg C L-1

day-1 (Cole et al. 1988). These values cover a wide range

of trophic status. Reported rates for Antarctic lakes other

than those in the maritime Antarctic are significantly lower

(Table 2). However, they correspond to the lower rates in

ranges reported for temperate oligotrophic lakes, for

example a Swedish lake (3.84 lg C L-1 day-1) (Riemann

and Bell 1990), Lake Michigan (1.5–90 lg C L-1 day-1)

(Scavia et al. 1986), two humic Scandinavian lakes

(3.6–22.8 lg C L-1 day-1) (Sundh and Bell 1992) and

Loch Ness (0–46.2 lg C L-1 day-1 over a year)

Table 1 Examples of

chlorophyll a and DOC

concentrations in different

Antarctic water bodies

Lakes DOC (mg L-1) Chlorophyll a (lg L-1)

Freshwater lakes

Lake Hoare (McMurdo Dry Valleys) 1.9 ± 0.5a 0.2–6.0a

Crooked Lake (Vestfold Hills) 1.6 ± 0.5A,b 0.6–1.0A,c

Lake Druzhby (Vestfold Hills) 1.5 ± 0.6A,b,c 0.15–1.1A,h

Progress Lake (Larsemann Hills)duc 0.51d 0.17d

Saline lakes

Lake Fryxell (McMurdo Dry Valleys) 4.4 ± 1.6a 0.2–21B,a,i,j,k

Highway Lake (Vestfold Hills) 3.0–32.5A,e 0–12.6A,l

Ace Lake (Vestfold Hills) 5.3–10.7A,f 0.7–5.7A,l,m

Suribati Ike (Syowa Oasis) 20.6–85.5 g,h 1.0–10.0 g

Epishelf lakes

Beaver Lake (Amery Oasis) 0.020–0.380n Mean\ 1.0n

Ablation Lake (Maritime Antarctic) No data 0.5–0.65o

Ice shelf ponds

20 ponds McMurdo Ice Shelf No data 1.1–78.2p

a Roberts et al. (2004), b Laybourn-Parry et al. (2004), c Henshaw and Laybourn-Parry (2002); d Ellis-

Evans et al. (1998), e Madan et al. (2005), f Bell and Laybourn-Parry (1999); g Tominaga and Fukui

(1981); Fukui et al. (1985); h Laybourn-Parry and Bayliss (1996); i Vincent (1981); j Priscu et al. (1987);
k Takacs and Priscu (1998), l Laybourn-Parry et al. (2005); m Laybourn-Parry et al. (2007); n Laybourn-

Parry et al. (2006); o Smith et al. (2006); p James et al. (1995)
A Indicates a year-long investigation. B Over four summers. Values for meromictic saline lakes pertain to

the mixolimnion

2210 Polar Biol (2016) 39:2207–2225

123



(Laybourn-Parry and Walton 1998). Bacterial growth is

particularly low in ultra-oligotrophic Beaver Lake, the

largest epishelf lake in Antarctica with an area of 800 km2

(Table 2). In this lake, concentrations of DOC limit bac-

teria growth at times during summer (Laybourn-Parry et al.

2006).

While saline lakes are common worldwide, there are

few data on their bacterial productivity. During a 10-month

study of Mahoney Lake (British Columbia), bacterial

production in the mixolimnion varied between 0 and

11.6 lg C L-1 day-1 (Overmann et al. 1996). These rates

being of the same order of magnitude as occur in Antarctic

meromictic saline lakes (Table 2). Most studies of saline

meromictic lakes have focused on upper the mixolimnion

water, while the lower anoxic monimolimnion water is

largely unexplored by comparison. Methanotrophic bacte-

ria have been isolated from Ace Lake and Burton Lake in

the Vestfold Hills; however, overall in Ace Lake they

represent only\0.1–1 % of total bacteria (Bowman et al.

1997). Two species of methanogenic Archaea have been

isolated from Ace Lake, Methanogenium frigidum and

Methanococcoides burtonii (Franzmann and Rohde 1991;

Franzmann et al. 1997). A single phylotype of Crenar-

chaeota was located close to the oxycline in Lake Fryxell

Table 2 Bacterial concentrations and production in Antarctic lacustrine environments

Lake types and source data Bacterial conc. (cells 9 108 L-1) Bacterial prod. (lg carbon L-1 day-1)

Freshwater lakes

Lake Hoare, McMurdo Dry Valleysa,b 2.7–8.4 0.05–0.7

Crooked Lake, Vestfold Hills*c,d 1.19–4.46 0–11.5

Lake Druzhby, Vestfold Hills*d,e 0.75–2.5 0–8.5

Lake Nottingham (UN), Vestfold Hillsf 1.5–10.8 0.08–0.15

Heywood Lake, Signy Island*g 100–700 4.8–26.4

Tranquil Lake, Signy Island*h 3.6–190 2.4–8.64

Beaver Lake, McRobertson Land (ESL)i 0.93–1.40 0.050–0.288

Saline Lakes

(M) Lake Fryxell, McMurdo dry Valleysb,j,k 11.0–47.5 0–10

(M) Lake Bonney West, McMurdo Dry Valleysa,b,l 1.48–4.73 0–1.1

(M) Lake Bonney East, McMurdo Dry Valleysa,b,l 1.87–5.22 0–4.9

Highway Lake, Vestfold Hillsm,n 2.4–3.5 12.0–53.5

(M) Ace Lake, Vestfold Hills*n,o,p 1.26–72.8 18–17

Pendant Lake, Vestfold Hills*m,p 5.5–23.0 12.0–79.2

Rookery Lake, Vestfold Hillsm 24.5–48.9 177.6–7848

Supraglacial ponds and cryoconite holes (ch)

Darwin Glacier ponds, McMurdo Dry Valleysq 0.15 –

Canada Glacier, McMurdo Dry Valleys (CH)r,s Sediment—2.0

Water—0.79

Sediment—3.0, -3.4, 0.04–0.24

Water—\1.0

Hughes Glacier, McMurdo Dry Valleys (CH)r,t Sediment—0.45

Water—0.13

Sediment—0.55

Water—0.096

Commonwealth Glacier, McMurdo Dry Valleys (CH)r,t Sediment—1.15

Water—0.52

Sediment—0.55

Water—0.096

SØrsdal Glacier, Vestfold Hills (CH)u Sediment—0.036

Subglacial Lakes

Lake Whillansv 1.3 0.003—0.137

Note that bacterial production in cryoconite hole sediment is given as lg carbon g-1 sediment day-1

UN unofficial name, ESL epishelf lake, M meromictic

* Indicates a year-long study
a Roberts et al. (2004); b Takacs and Priscu (1998); c Laybourn-Parry et al. (1995); d Laybourn-Parry et al. (2004); e Laybourn-Parry and Bayliss

(1996); f Laybourn-Parry unpublished data; g Butler (1999); h Butler et al. (2000); i Laybourn-Parry et al. (2006); j Marshall and Laybourn-Parry

(2002); k Roberts and Laybourn-Parry (1999); l Thurman et al. (2012); m Laybourn-Parry et al. (2002); n Laybourn-Parry et al. (2005); o Bell and

Laybourn-Parry (1999); p Laybourn-Parry et al. (2007); q Webster-Brown et al. (2010); r Foreman et al. (2007); s Telling et al. (2014); t Anesio

et al. (2011); u Hodson et al. (2013); v Christner et al. (2014)
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(Karr et al. 2006). The biomass of methanogenic Archaea

based on the identification and quantification phospholipid-

derived ether lipids (PLEL) has been determined in Ace

Lake and equates to cell concentrations of\1.0 9 108 to

7.4 9 108 cell L-1 between 17 and 23 m. Much higher

concentrations were seen in the upper sediment layer of the

lake with a maximum of 17.7 9 109 cells g-1 dry weight

(Mancuso et al. 1990).

Sulphate-reducing bacteria are common in the sulphate-

rich monimolimnia of meromictic lakes. The abundances

of Desulfobacter and Desulfovibrio in Ace Lake increased

from 0.5 9 108 and 4.8 9 108 cells L-1 and 0.1 and

0.9 9 108 cells L-1 between 10 and 23 m, respectively

(Mancuso et al. 1990). However, sulphate concentrations

decreased with depth in the water column and below 18 m

at\1 mmol L-1 would have become limiting for sulphate

reduction. These authors suggest that the increased num-

bers of sulphate-reducing bacteria with depth may have

been due to the settling of cells from higher levels in the

water column, and that they would probably have been

inactive in the deep waters. Analysis of environmental

DNA and isolates from Lake Fryxell revealed a diverse

group of sulphate-reducing bacteria (see section on biodi-

versity below). There was clear localization of some groups

in the water column in relation to chemical and physical

conditions (Karr et al. 2005). Sulphur-oxidizing bacteria,

specifically three strains of Thiobacillus thioparus, were

isolated from 9, 10 and 11 m in Lake Fryxell. Most

probable number culture analysis showed a peak in con-

centration at 9.5 m of 2 9 105 cells L-1 within a narrow

zone where sulphide and oxygen coexist in the water col-

umn. However, sulphur-oxidizing bacteria were still

detectable at 13 m well into the anoxic waters (Sattley and

Madigan 2006).

Supraglacial aquatic habitats are more extreme than

lakes and ponds in rock basins. Temperatures in cryoconite

holes usually hover around freezing. They are nutrient-

limited environments, and this is reflected in very low rates

of bacterial growth in both the sediment and the overlying

water (Table 2). Typically higher rates are sustained in the

sediment. There are few data for supraglacial lakes and

ponds or cryolakes, as they are poorly researched, though

interest in their biology and biogeochemistry is growing

(Table 2). Concentrations of bacteria in their water col-

umns are similar to those seen in cryoconite holes.

Prior to the penetration of subglacial Lake Whillans, our

knowledge of the bacteriology of subglacial lakes was

based on accretion ice derived from cores drilled above

Lake Vostok. This ice is refrozen lake water that has

attached to the base of the overlying glacial ice (Priscu

et al. 1999). Highest cell numbers in the accretion ice

reached 380 ± 53 cells mL-1 (Christner et al. 2006). Lake

Whillans is a comparatively small (60 km2) shallow,

downstream lake, located some tens of kilometres from the

grounding line of the Whillans Ice Stream (Fricker et al.

2007). It is a dynamic system that fills and drains on dec-

adal timescales. In contrast, Lake Vostok is an ancient

stable subglacial lake around 250 km long and 50 km

wide. The concentration of cells in the waters of Lake

Whillans is within the range seen in surface ultra-olig-

otrophic freshwater systems and is characterized by con-

siderable morphological diversity. However, the levels of

production achieved by these cells are extremely low

(Table 2). DOC averaged 221 ± 55 lmols L-1, two times

greater than estimates for Lake Vostok (Christner et al.

2014). Subglacial lakes are dark environments, so auto-

trophic production is bacterial via chemoautotrophy. The

most abundant phylotypes were closely related to

chemoautotrophic species that use nitrogen, iron and sul-

phur as energy sources (Christner et al. 2014).

Factors controlling production

Heterotrophic bacteria require a carbon source and nitrogen

and phosphorus to sustain growth. As indicated above in

continental Antarctic lakes, with few exceptions, the DOC

pool is largely autochthonous derived from autotrophic

production. In meromictic lakes, there is an upward of

diffusion of nutrients and dissolved organic carbon derived

from the underlying monimolimnion resulting from geo-

chemical processes in the water, the sediments and

microbial mats. The supply of DOC and its chemical

makeup and the availability of inorganic phosphorus are

regarded as prime factors that drive bacterial production in

lakes (Toolan et al. 1991; Vrede et al. 1999; Vrede 2005;

Jansson et al. 2006; Simek et al. 2006; Dorado-Garcia et al.

2014). However, temperature also has an effect (Vrede

2005; Hall et al. 2009) and the situation is complicated by

factors that impact on bacterial mortality and the taxo-

nomic makeup of the bacterial community (Weinbauer and

Höfle 1998; Jacquet et al. 2013). Various studies quoted

above indicate that there are differences in response to

DOC and inorganic phosphorus loadings in relation to

trophic status and in some instances season. Thus, unrav-

elling the factors that control bacterioplankton productivity

in time and space is a complex problem.

A correlation analysis of bacterial production versus

primary production, inorganic phosphorus, inorganic

nitrogen and DOC in a range of Antarctic freshwater and

saline lakes produced no significant correlations for

freshwater lakes (Table 3). However, on an individual lake

basis there was a significant correlation between bacterial

production and DOC in Crooked Lake (P\ 0.001,

n = 26), but not in the other lakes. In saline lakes, there

was a correlation between bacterial production and primary
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production and between bacterial production and DOC

(Table 3). These correlations are based on data collected

over summers or entire years. In the MDV lakes summer

bacterial abundances correlated positively and significantly

with chlorophyll a, but not with inorganic phosphorus

(Lisle and Priscu 2004). A detailed statistical analysis of

long-term summer data from Lake Hoare between 1993

and 2004 failed to show any correlation between bacterial

production and DOC (Herbei et al. 2010). A detailed dis-

cussion of the DOC pool and bacterial carbon demand is

given below (under carbon cycling), which provides some

insight into the difficulties of unravelling the factors that

control bacterial production.

Studies aimed at unravelling the complexities of carbon

and phosphorus dynamics on bacterial growth of necessity

involve mesocosms or enclosures of some type, and fil-

tration to remove phytoplankton and bacterial grazers. The

responses of the bacterial community to additions of

organic carbon and/or inorganic phosphorus relative to

controls are relatively easy to assay in such experiments.

Most of these studies relate to temperate latitudes. For

example, in temperate lakes phosphorus limitation was

evident in summer and carbon limitation in autumn and

generally the addition of phosphorus-stimulated bacterial

production, more so in oligotrophic lakes compared with

eutrophic lakes (Vrede 2005). Sub-Arctic lakes have low

concentrations of inorganic nutrients, and in these systems

bacterial production can be limited by inorganic phospho-

rus availability when nutrient use efficiency is at its max-

imum, and by organic carbon when growth efficiency is at

its maximum. Bacterial production is limited by both

phosphorus and carbon when nutrient use efficiency and

growth efficiency have suboptimal values (Jansson et al.

2006). There are few manipulation studies in Antarctic

lakes. In both the East and West lobes of Lake Bonney

(MDVs), bacterial production in the upper mixolimnion

waters was limited by phosphorus availability rather than

carbon. In the monimolimnion, phosphorus additions had

no impact on growth (Ward et al. 2003). These results are

contrary to those derived from the analysis of field-col-

lected data for Dry Valley lakes mentioned above (Lisle

and Priscu 2004).

Protozoan grazers, including heterotrophic and mixo-

trophic nanoflagellates and ciliates, consume bacterial

production and can have a significant impact. For example,

during the transition from summer to winter mixotrophic

nanoflagellates grazed more than 100 % of bacterial pro-

duction day-1 in Lake Bonney, thereby reducing biomass

(Thurman et al. 2012). Viral lysis of infected bacterial cells

is another source of mortality impacting on bacterial pro-

duction. Virus abundances are high in both Antarctic

freshwater and saline lakes (Madan et al. 2005; Säwström

et al. 2007a). Typically, a high proportion of the bacterial

community is infected. In freshwater Antarctic lakes up to

34 % compared with 2.2 % at lower latitudes, however, the

burst size is low with a mean of 4 compared with 26 for

lakes elsewhere (Säwström et al. 2007b). These high

infection rates imply a high bacterial mortality. The bal-

ance between viral- and predator-induced mortalities is

complex and likely to vary in time and space. At lower

latitudes, the balance between grazing and viral-induced

mortality varied with depth in the water column of a

eutrophic lake in September. Viral lysis removed an

average of 7.7–27.8 % of bacterial production in the

epilimnion and 38.4–97.3 % in the hypolimnion, while

protozoan predation accounted for 81.8–108 % of bacte-

rial production in the epilimnion and 5.0–8.9 % in the

hypolimnion (Weinbauer and Höfle 1998). Temporal

changes in the abundances of predators and viruses also

impact on the taxonomic makeup of the bacterial com-

munity and play an important role in shaping community

composition (Jacquet et al. 2013). Viruses are species-

specific, and bacterial predators are likely to practise

feeding selectivity. Ciliated protozoans exhibit selective

feeding on bacteria, choosing a preferred food species

even when its concentration is low in a bacterial mixture

(Thurman et al. 2010). It is highly likely that flagellates are

also selective feeders.

Table 3 Correlation analysis of

factors that may impact on the

magnitude of bacterial

production (BP) in Antarctic

freshwater lakes and saline

lakes

Parameter Freshwater lakes

Significance and n

Saline lakes

Significance and n

BP versus primary production NS (n = 21) (n = 44)***

BP versus orthophosphate (PO4-P) NS (n = 84) NS (n = 30)

BP versus ammonium (NH4-N) NS (n = 24) NS (n = 30)

BP versus dissolved organic carbon NS (n = 57) (n = 35)**

Data for freshwater lakes: Crooked Lake, Lake Druzhby, Lake Hoare, Beaver Lake, Lake Heidi, Lake

Nella, Progress Lake, McMurdo Dry Valleys Long Term Ecosystem Research Program database. Data for

saline lakes: Ace Lake, Pendent Lake, Highway Lake, Lake Williams, Lake Fryxell, Lake Bonney, NSF

McMurdo Dry Valley Long Term Ecosystem Research Program database (reference sources listed in the

legends to Tables 1, 2)

n number of pairs, *** P\ 0.001; ** P\ 0.01; * P\ 0.05, NS not significant
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Carbon cycling

As previously indicated, continental Antarctic lakes differ

from their lower-latitude counterparts in receiving very

little allochthonous input of carbon or nitrogen and phos-

phorus. Thus, the DOC pool is largely autochthonous

produced in situ by phototrophic organisms, and in some

environments by chemoautotrophs, which in turn supports

bacterial growth (Matsumoto 1989; McKnight et al. 1991).

Estimates of summer bacterial carbon demand in

meromictic Lakes Fryxell and Bonney indicated that

demand was greater than the estimated pool of DOC

(Takacs et al. 2001). Major presumed sources of DOC were

exudation from phytoplankton, input from streams and

upward diffusion from the nutrient-rich monimolimnion

over the chemocline. However, a major potential source of

DOC is recycling as a result of viral lysis of bacterial cells.

In freshwater Crooked Lake and Lake Druzhby (Vestfold

Hills), it was estimated that viral lysis contributed[60 %

of the DOC pool in winter and\20 % in summer when

phytoplankton production was at its maximum (Säwström

et al. 2007a). High viral infection rates seen in these lakes

are a major factor in viral-mediated carbon cycling.

Around 26 % of the bacterial community in Lake Bonney

is lysogenic (Lisle and Priscu 2004). This fraction of bac-

terial cells represents a pool of 0.86 lg C L-1 that could

be released as DOC, equal to around 23 % of bacterio-

plankton demand (Säwström et al. 2008). Clearly, the lysis

of these bacteria would not be simultaneous, but would

occur in pulses and might be important in the winter

months when exudation from phototrophs is minimal.

Annual changes in concentrations of DOC indicate that

high values occur in winter (Fig. 2b) supporting some of

the highest biomass in the annual cycle (Fig. 2a).

In lower-latitude lakes, so-called sloppy feeding by

zooplankton represents another contribution to the DOC

pool. Zooplankton are very sparse in Antarctic continental

lakes. For example, in the freshwater and slightly brackish

lakes in the Vestfold Hills the single cladoceran zoo-

plankter Daphniopsis studeri occurs in concentrations of

\1.0 L-1 (Säwström et al. 2009). In the Dry Valley lakes,

the only obvious zooplankton are rotifers that occur in

concentrations up to 19 L-1 (Thurman et al. 2012),

although very large water samples have revealed evidence

of extremely scarce copepods (Hansson et al. 2011). Thus,

in Antarctic lakes zooplankton probably make no signifi-

cant contribution to the DOC pool.

The decomposition of organic matter in the anoxic water

and sediments of meromictic Antarctic lakes is an area on

which there are limited data. The upward diffusion of DOC

from monimolimnion is one component of the DOC pool

that drives bacterial production in the mixolimnion. The

important microbial processes that mediate decomposition

and the specific organisms involved have received some

attention (e.g. Franzmann et al. 1988, 1991a, b; Mancuso

et al. 1990; Takacs et al. 2001; Karr et al. 2005; Lauro et al.

2011). Rates of processes such as sulphate reduction and

methanogenesis in Antarctic lakes are slow when com-

pared with other aquatic environments (Franzmann et al.

1988, 1991a, b).

Annual variations

Investigations covering an annual cycle have shown that

the bacterioplankton functions in winter sustained by a

supply of DOC (Fig. 2a, b). Similar patterns have been

noted in saline lakes (Madan et al. 2005; Laybourn-Parry

et al. 2007). The DOC pool sustaining bacterial growth is

derived from viral lysis and autotrophic production, which

continues for most of the year under low levels of solar

irradiation (Heath 1988; Bayliss et al. 1997; Henshaw and

Laybourn-Parry 2002). During the winter months, the

bacterioplankton are subject to predation from hetero-

trophic flagellates and mixotrophic phototrophic flagel-

lates. The latter are a feature of many of Antarctic lakes
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Fig. 2 a Bacterial biomass over an annual cycle in Lake Druzhby and

Crooked Lake and b Concentrations of dissolved organic carbon

(DOC) in Lake Druzhby and Crooked Lake. Data from Laybourn-

Parry et al. (2004). Filled circles Crooked Lake, open circles Lake

Druzhby
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where mixotrophy is an important survival strategy (Lay-

bourn-Parry et al. 2005).

Where long-term studies have been undertaken, there

are evident inter-annual variations (Figs. 3, 4). Relatively

high rates of bacterial production are evident in the winter

months in Crooked Lake, though the magnitude of pro-

duction varies (Fig. 3). For example in 2003/2004, it was

low in comparison with 1992/1993 and 1999/2000. Data

for the months of March and April are lacking because

vehicular access to the lake is only possible once the sea

ice has formed. During the summer months, helicopters

provide access. Routine determinations were taken twice

each summer in Lake Fryxell (MDVs) over a long period

and show similar inter-annual variations, particularly in the

late 1990s. During the late nineties, rates of production

were around 4–10 times higher. There is no clear expla-

nation for these variations although factors that control

nutrient and DOC concentrations and autotrophic produc-

tion are undoubtedly involved. The light climate for pri-

mary production is determined by ice thickness, and in

coastal lakes by the ice-free period, as well as annual

climatic variations. Ace Lake is probably the most studied

lake in Antarctica. There have been a number of attempts

to produce models of carbon cycling within the system, for

example using a molecular approach including metapro-

teome data, though based on only two sampling dates in

late December (Lauro et al. 2011), and another based on a

detailed review of long-term data (Rankin et al. 1999). The

long-term data sets show clear inter-annual variations in

physical and chemical conditions, which undoubtedly

account for variations in bacteria abundance, and in bac-

terial and primary production (Laybourn-Parry and Bell

2014).

The biodiversity of Antarctic lake and glacial
surface communities

Antarctica is an isolated continent, although there is evi-

dence that propagules can reach the continent on air masses

(Marshall 1996). This geographic isolation, linked to a

large variety of highly specific selection pressures and a

wide range of heterogeneous environments with strong

environmental gradients, particularly obvious in sediments

and in meromictic lakes, have shaped the bacterial diver-

sity we see today.

Polar lacustrine environments present a surprisingly

diverse range of prokaryotes, despite the relatively harsh

nature of the environment. This diversity is mainly com-

posed of specialist aquatic taxa (including freshwater,

brackish and marine species), transient terrestrial taxa

washed into and through during periods of snow and ice

melt, aerial derived taxa which are blown in and can

become established for different time periods and a series

of specialist taxa normally associated with other ecological

components, such as penguin guano and epiphytic moss

and lichen-associated species. They encompass the full

range of bacterial phyla known to date, although this

appears to be far more heterogeneous than previously

thought, perhaps owing to high divergence within the rel-

atively restricted lineages that have successfully colonized

Antarctic aquatic environments throughout its evolutionary

history.

The development of molecular techniques, initially

based on the analysis of the 16S rRNA gene sequences, has

revolutionized the study of prokaryote diversity. In the

early years, the 16S rRNA sequence databases were rather

limited in the sequence information they contained, with a

bias towards medically important prokaryotes. Environ-

mental samples were significantly under-represented, if

covered at all. The 16S rRNA gene sequencing data were

then enhanced by multiple sequence targets using multi-

locus sequence typing, although this continued to be based

on what was available in sequence databases. With the
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advent of high-throughput sequencing and environmental

metagenomics, it is now possible to sequence a large

portion of the diversity found in environmental samples;

consequently, patterns are starting to emerge through

bioinformatic techniques alone, without underpinning

knowledge on the sequence or genome.

The lack of background knowledge on the diversity

identified through informatics tools has, however, led to a

credibility gap, which will be reduced in the coming years,

as more complementary culture and physiological studies

are published to inform the sequence databases. This

credibility gap results from the interpretation of sequence

data through homology alone or where a thorough under-

standing of what that sequence data mean in terms of

physiological or ecological function is lacking. This is

particularly pronounced where short high-throughput

sequences of relatively low similarity to sequences in the

established databases are used and is a result of the rush to

sequence without understanding the fundamental microbial

ecology underpinning that sequence information. Much of

what we know today about Antarctic lacustrine prokaryotes

comes from the analysis of whole genomes such as that of

Exiguobacterium antarcticum B7, isolated from a biofilm

from Ginger Lake, King George Island, Antarctica (Car-

neiro et al. 2012) and through comparative genomics. A

number of key species have been cultured and their full

genomes sequenced. These have then been compared to

non-polar strains, and gene expression profiles have been

compared in order to determine whether Polar strains

respond differently to environmental challenges. For

example, Pseudoalteromonas haloplanktis (Lanoil et al.

1996), the archaeons Methanococcoides burtonii and

Methanogenium frigidum (Saunders et al. 2003) as

described in more detail later in the review.

Our current understanding of Antarctic lacustrine

prokaryote diversity is largely limited by the geographical

coverage of the samples, due to the logistic constraints,

limited sampling in some cases and an understanding of

what the DNA sequences actually mean in terms of cellular

and environmental function. Furthermore, the number of

entries in sequence databases is considerably reduced for

remote locations that are not served by nearby research

stations, and many entries are not supported by process

related data and physical and chemical ecological data.

Biodiversity and community structure

Antarctic lacustrine systems have been considered ideal for

the study of prokaryote diversity and evolution as they

form discrete units and have a wide and variable suite of

selection pressures (Laybourn-Parry and Pearce 2007).

From the growing data base on the biodiversity of polar

aquatic systems, patterns are starting to emerge, such as the

largely cold-adapted genera Psychrobacter and Ex-

iguobacterium (Rodrigues et al. 2009) and Polynucle-

obacter (Hahn et al. 2015). We are, however, still far from

a comprehensive understanding of the total level of

microbial diversity in many environments. What is clear is

that each system studied appears to have its own distinct

composition of prokaryotes, although it is still possible to

identify wide-scale patterns and taxa which appear to be

well adapted to this type of environment.

Bacterial biomass tends to concentrate at the sediment–

water interface, within the surface layers of sediment, and

in meromictic lakes on the chemocline/oxycline and in the

lower anoxic waters. Where water columns have been

studied in detail, it is clear that community structure varies

with depth (Izaguirre et al. 2003; Pearce et al. 2003, 2005;

Pearce 2005; Foong et al. 2010; Villaescusa et al. 2010).

This is particularly marked in meromictic lakes where there

are strong physical and chemical gradients (Bowman et al.

1997; Karr et al. 2005; Glatz et al. 2006).

Biogeographical patterns are starting to emerge, for

example the predominance of Flavobacterium, Pseu-

domonas and Polaromonas within freshwater prokaryotic

communities in shallow lakes in the northern Victoria

Land, East Antarctica (Michaud et al. 2012). A number of

studies have focused on transects across and within geo-

graphical locations. Romina Schiaffino et al. (2011)anal-

ysed the latitudinal variation of bacterioplankton in 45

freshwater environments (lakes, shallow lakes and ponds)

across a transect of more than 2100 km stretching from the

Argentinean Patagonia (45�S) to the Maritime Antarctic

(63�S). Of 76 operational taxonomic units identified in the

lakes studied, 45 were common to Patagonian and

Antarctic water bodies, 28 were present only in Patagonian

lakes and three were restricted to the Antarctic lakes. More

importantly, significant differences were found in bacteri-

oplankton community composition between Patagonia and

Antarctica. Statistical analysis showed that phosphate, light

and latitude had significant effects on total bacterioplank-

ton abundance. In the Vestfold Hills, Logares et al. (2012)

studied the biogeography of bacterial communities in a

range of freshwater lakes and saline lakes of differing

salinity that had undergone different evolution. Their

results indicated that bacterioplankton community com-

position was strongly correlated with salinity and weakly

correlated with geographical distance between lakes. A few

abundant taxa were shared between some lakes and coastal

marine communities; nevertheless, lakes contained a large

number of taxa not detected in the adjacent sea. Abundant

and rare taxa within saline communities presented similar

biogeography, suggesting that these groups have compa-

rable environmental sensitivity. Habitat specialists and

generalists were detected among abundant and rare taxa,

with specialists being relatively more abundant at the
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extremes of the salinity gradient. An investigation of the

occurrence and diversity of the family Legionellaceae in

lakes on the Antarctic Peninsula supports the concept of

biogeographical patterns of bacterial assemblages and

suggest that both spatial and environmental factors control

bacterioplankton community structure (Carvalho et al.

2008).

Variations between lakes types and cryoconite holes

across Antarctica

Subglacial lakes

Analysis of accretion ice from Lake Vostok has revealed

phylotypes belonging to the Alpha-proteobacteria, Beta-

proteobacteria and Gamma-proteobacteria, the Firmicutes,

the Actinobacteria and Bacteroidetes lineages (Priscu et al.

1999; Christner et al. 2001, 2006; Bulat et al. 2004).

Among the Beta-proteobacteria, clone sequences were

most closely related to aerobic methylotrophic species in

the genera Methylobacillus and Methylophilus. These

bacteria are able to use C-1 compounds as a substrate (e.g.

methanol, formate, carbon monoxide) and carbon assimi-

lation is via a ribose monophosphate pathway, suggesting

the potential for methylotrophy (Christner et al. 2006).

Lake Whillans was sampled for the first time in 2012 and is

dominated by Beta-proteobacteria, Gamma-proteobacteria,

Delta-proteobacteria, Bacteroidetes and Actinobacteria, as

well as Chloroflexi and Thaumarchaeota. As stated under

the section on Bacterial Abundance and Productivity, the

most common phylotypes were related to chemoau-

totrophic species utilizing nitrogen, iron and sulphur as

energy sources (Christner et al. 2014).

Surface lakes

Reported occurrence of common heterotrophic bacterial

phyla is shown in Table 4. Caution should be exercised in

interpreting the data, as in continental Antarctica saline

lakes have been more intensively studied for bacterial

diversity than freshwater lakes. Lakes Fryxell and Bonney

in MDVs and Ace Lake in the Vestfold Hills are particu-

larly well investigated. There is clear evidence of some

degree of endemism based on what we know to date (e.g.

Franzmann et al. 1997; McCammon et al. 1998; McCam-

mon and Bowman 2000).

The lakes of the McMurdo Dry Valleys (MDVs) are old

and have a complex evolutionary history. For example, a

lake has existed in the Lake Bonney basin for about

300,000 years. The Dry Valley lakes are the remains of

large proglacial lakes, and a number have undergone dry-

ing down and refilling phases in their history, as a result of

climatic change (Hendy 2000; Green and Lyons 2009). In

contrast, the saline lakes of coastal oases like the Vestfold

Hills are in most cases young, postdating the last glacial

maximum, and of marine origin, having been formed by a

combination of isostatic uplift and changes in sea level

(Zwart et al. 1998). The difference in the evolution of the

lakes is to some extent reflected in the diversity picture we

have to date with distinct sequences in some lakes such as

Lake Bonney (Glatz et al. 2006). Meromictic lakes have

strong physical and chemical vertical gradients, typified by

an upper oxygenated layer, a transition zone (the chemo-

cline) and lower often warmer, anoxic waters. Most data

pertain to the lakes of the Taylor Valley, Lake Vanda in the

Wright Valley (MDVs) and the Vestfold Hills. Lake Vanda

differs from the MDV lakes in being dominated by Ca and

Cl ions, whereas Lakes Bonney and Fryxell are dominated

by Na and Cl ions (Green and Lyons 2009).

The saline lakes of the Vestfold Hills range from

unstratified brackish systems, through stratified meromictic

lakes to hypersaline systems that are thermally stratified in

summer and mixed in winter, for example Deep Lake

(Laybourn-Parry and Wadham 2014). The extremely

hypersaline lakes do not form ice covers. Thus, these

systems present a wide range of physical and chemical

conditions. They are marine-derived, and their present day

prokaryote and eukaryote biota have probably largely

evolved from marine ancestors. However, most, if not all,

are likely to still be present in the marine ecosystem,

although no one has yet looked systematically.

The MDVs have few freshwater lakes. Lake Hoare and

Lake Miers are the only two, and of these Lake Hoare is the

only one where the biota have been studied in detail. There

are also many ponds, both freshwater and saline, but these

have not been subject to bacteriological analysis. In con-

trast, the Vestfold Hills has many freshwater lakes and

ponds, but there are little taxonomic bacterial data, the

focus has been on carbon cycling processes. The Larse-

mann Hills lies to the south of the Vestfold Hills and has

many mainly freshwater and slightly brackish lakes on

which there are few data. The microbial biodiversity of

lakes in the Schirmacher Oasis has only been investigated

in recent years, and thus data are limited (Huang et al.

2010, 2014; Peeters et al. 2012) (Table 4). However, based

on the data it appears that these lakes have greater diversity

than one of Antarctica’s largest perennially ice-covered

surface lakes, Lake Untersee that lies 90 km SW of the

Schirmacher Oasis. There were no common genera

between the lakes of the Schirmacher Oasis and Lake

Untersee (Huang et al. 2010).

The maritime Antarctic includes the Antarctic Peninsula

and nearby groups of islands and has exclusively fresh-

water lakes and ponds. Here, the climate is less severe than

in continental Antarctica and the catchments may have

vegetation in the form of mosses. The lakes of this region
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are small and relatively shallow compared to many of the

lakes in the MDVs, the Vestfold Hills and other ice-free

coastal areas. Some of the Maritime Antarctic lakes have

been subject to detailed bacterial diversity analysis

(Table 4).

There have been few ambitious large-scale biodiversity

studies. Van Trappen et al. (2002) studied the diversity of

746 heterotrophic bacteria isolated from microbial mats

from ten freshwater and saline Antarctic lakes, including

lakes from the MDVs (Lakes Hoare and Fryxell), the

Vestfold Hills (Lakes Ace, Lake Druzhby, Grace Lake,

Highway Lake, Pendant Lake, Organic Lake and Watts

Lake) and the Larsemann Hills (Lake Reid), under het-

erotrophic growth conditions. These strains were divided

into 41 clusters, containing 2–77 strains, 31 strains formed

single branches. Several groups consisted of strains from

different lakes from the same region, or from different

regions. The 16S rRNA genes from 40 strains representing

35 different fatty acid groups were sequenced. The strains

belonged to the Alpha-, Beta- and Gamma-Proteobacteria,

the high (Actinobacteria) and low (Firmicutes) percent

G?C Gram-positives, and to the Cytophaga–Flavobac-

terium–Bacteroides branch. For strains representing 16

clusters, validly named nearest phylogenetic neighbours

showed pairwise sequence similarities below 97 %. This

indicated that the clusters they represent belong to taxa that

have not been sequenced, or are as yet unnamed new taxa,

related to Alteromonas, Bacillus, Clavibacter, Cyclobac-

terium, Flavobacterium, Marinobacter, Mesorhizobium,

Microbacterium, Pseudomonas, Saligentibacter, Sphin-

gomonas and Sulfitobacter.

Peeters et al. (2011) used cultivation techniques to study

the heterotrophic bacterial diversity in two microbial mat

samples originating from the littoral zone of two conti-

nental Antarctic lakes (Forlidas Pond and Lundström Lake)

in the Dufek Massif (within the Pensacola Mountains group

of the Transantarctic Mountains) and Shackleton Range,

respectively. Nearly 800 isolates were picked after incu-

bation on several growth media at different temperatures.

They were grouped using a whole-genome fingerprinting

technique, repetitive element palindromic PCR and partial

16S rRNA gene sequencing. Phylogenetic analysis of the

complete 16S rRNA gene sequences of 82 representatives

showed that the isolates belonged to four major phyloge-

netic groups: Actinobacteria, Bacteroidetes, Proteobacteria

and Firmicutes. A relatively large difference between the

Table 4 Bacterial phyla reported in the plankton, benthic mats and sediments in lakes across Antarctica

Phyla and class McMurdo

DVs saline

lakes

McMurdo DVs

freshwater

lakes

Vestfold

Hills saline

lakes

Vestfold Hills

Larsemann Hills

freshwater lakes

Maritime

Antarctic

freshwater lakes

Schirmacher

Oasis

freshwater

lakes

Syowa

Oasis

saline

lakes

Alpha-proteobacteria * * * * * * * * * * * **

Beta-proteobacteria * * * * * * * * * * * * * * * * *

Gamma-

proteobacteria

* * * * * * * * * * * * * **

Delta-proteobacteria * * *

Epsilon-

proteobacteria

*

Actinobacteria * * * * * * * * * * * * * * * * * * * *

Bacteroidetes * * * * * * * * * * * * * * * * * * *

Firmicutes * * * * * * *

Planctomycetes * * * *

Verrucomicrobia * * * *

McMurdo Dry Valleys Brambilla et al. (2001) CI/CD, Clocksin et al. (2007) CD, Glatz et al. (2006) CI, Karr et al. (2005) CI/CD, Sattley and

Madigan (2006) CD, Stingl et al. (2008) CD, Tindall et al. (2000) CD, Van Trappen et al. (2002) CD

Vestfold Hills Bowman et al. (2000) CI, Bowman et al. (2003) CD, Collins et al. (2002) CD, Franzmann et al. (1991a, b) CD, Gilbert et al. (2005)

CD, James et al. (1994) CD, Labrenz et al. (1998) CD, Lawson et al. (2000) CD, Logares et al. (2012) CI, McCammon et al. (1998) CD, Tindall

et al. (2000) CD, Van Trappen et al. (2002, 2004) CD

Maritime Antarctic Pearce (2003) CI, Pearce et al. (2003, 2005) CI/CD, Peeters et al. (2012) CI/CD, Villaescusa et al. (2010) CI, Xiao et al.

(2005) CI

Schirmacher Oasis Huang et al. (2010, 2014) CD, Peeters et al. (2012) CI/CD

Syowa Oasis Kurosawa et al. (2010) CI, Naganuma et al. (2005) CD; Peeters et al. (2012) CI/CD

CI culture-independent investigations, CD culture-dependent investigations, CI/CD both culture-dependent and independent investigations. Each

asterisk denotes a report of one or more species or genera within the phyla and classes from each publication
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samples was apparent. Forlidas Pond has a perennial ice

cover underlain by hypersaline brine, with summer thaw

forming a less saline littoral moat. This was reflected in the

bacterial diversity with a dominance of isolates belonging

to Firmicutes, whereas isolates from the freshwater Lund-

ström Lake revealed a dominance of Actinobacteria. A

total of 42 different genera were recovered, including first

records from Antarctica for Albidiferax, Bosea, Curvibac-

ter, Luteimonas, Ornithinibacillus, Pseudoxanthomonas,

Sphingopyxis and Spirosoma. Additionally, a considerable

number of potential new species and new genera were

recovered distributed over different phylogenetic groups.

Comparison with public databases showed that overall

72 % of the phylotypes are cosmopolitan, whereas 23 %

are currently only known from Antarctica. However, for

the Bacteroidetes, the majority of the phylotypes recovered

are at present known only from Antarctica and many of

these represented previously unknown species.

In extreme saline lakes such as Deep Lake (Vestfold

Hills) that has a salinity ten times that of seawater, the only

viable prokaryotes recovered from water samples were

halophytic Archaea (Halobacterium spp.) (McMeekin and

Franzmann 1988). Organic Lake is another hypersaline

Vestfold Hills lake (6.5 times seawater) that also exhibits

low species diversity. It contains a bacterium (probably

Halomonas) that produces dimethyl sulphide (Franzmann

et al. 1987). Lake Vida is an unusual extreme lake in the

MDVs. It is 3.5 km long and 1 km wide. It has a depth of

19 m and has an ice cover around 15 m maximum depth

that overlies a concentrated brine layer around 5 m in depth

(Doran et al. 2003). The brine contains 32 unique

sequences distributed across a number of bacterial phyla:

the Proteobacteria, Lentisphaerae, Firmicutes, Spirochaeta,

Bacteroidetes, Verrucomicrobia, Candidatus Saccharibac-

teria (Albertsen et al. 2013) and Actinobacteria. A number

of these have not been previously observed in high salinity

systems (Murray et al. 2012).

Cryoconite holes

Relatively more data are available on bacterial community

diversity for glaciers in the Arctic and Alpine regions. In

Antarctica, the main focus has been on cryoconites holes

on glaciers in the Taylor Valley (MDVs). Based on fluo-

rescence in situ hybridization (FISH), there was a clear

difference between the Canada Glacier and the Hughes

Glacier. Alpha-Proteobacteria were low in abundance on

the Canada Glacier (1.6 %), while they contributed 11.2 %

of the community on the Hughes Glacier. The Beta-pro-

teobacteria contributed a higher proportion of the com-

munity on both glaciers. The Cytophaga-Flavobacteria

probe hybridized 87 % of total bacteria in the sediments of

the Canada Glacier and 27.6 % on the Hughes Glacier

(Foreman et al. 2007). Similar differences have also been

noted among eukaryotic phyla in cryoconites holes on

glaciers in the Taylor valley (Porazinska et al. 2004).

Phylogenetic analysis of bacteria isolated from cryoconite

holes on the Canada Glacier revealed members of a range

of bacterial lineages, the Actinobacteria, Acidobacteria,

Cytophagales, Gemmatimonas, Planctomycetes, Alpha-,

Beta- and Gamma-Proteobacteria, Verrucomicrobia and

the photosynthetic Cyanobacteria (Christner et al. 2003). A

number of the isolates were species previously isolated

from microbial mats in neighbouring Lake Fryxell, which

the Canada Glacier feeds (Brambilla et al. 2001).

Marked differences in relative abundance of phyla were

also observed between a small glacier on Signy Island

(South Orkney Islands, Maritime Antarctic) and the Sørs-

dal Glacier that abuts the Vestfold Hills in continental

Antarctica. The Alpha-, Beta-, Delta- and Gamma-Pro-

teobacteria phylum represented around half of the abun-

dance in Signy Island and 25 % on the Sørsdal Glacier.

Other phyla present on both glaciers were Bacteroidetes,

Actinobacteria, Acidobacteria and Firmicutes. On the

Signy Island glacier Verrucomicrobia were present, and on

the Sørsdal Glacier Gemmatimonadetes were detected.

Interestingly, this phylum is fairly uncommon except in

soils and was not found on any of the Arctic glaciers from

the Greenland, Norway and Svalbard investigated in the

study (Cameron et al. 2011).

Common patterns

As shown in the previous section, no system is entirely

unique, and some discernible patterns can be identified,

including patterns of abundance and diversity. Frequently

encountered classifications include Actinobacteria, Pro-

teobacteria (especially the Alpha-, Beta- and Gamma-pro-

teobacteria), Chloroflexi, Bacteroidetes, Flavobacteria,

Cytophaga, Bacilli and Janthinobacteria. Much of the

genetic information we currently have relates to unculti-

vated prokaryotes. We know virtually nothing about their

physiology and ecology. Most pre-metagenomic era

investigations were restricted to a few tens to a few hun-

dred sequences, most of which remain uncultured. How-

ever, there appears to be a close link between bacterial

community composition and environmental heterogeneity

in maritime Antarctic lakes, especially regarding trophic

status (Pearce 2005; Schiaffino et al. 2009). Patterns are

evident when a polyphasic approach is used. For example,

Michaud et al. (2012) applied both PCR-dependent and

PCR-independent molecular techniques to analyse the

prokaryotic community in surface waters of small, shallow

freshwater lakes in northern Victoria Land. The in situ

abundance of different bacterial groups was determined by

fluorescence in situ hybridization, whereas bacterial
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diversity was investigated by 16S rRNA gene sequencing

of bacterial clones and isolates. The different approaches

allowed the identification of the significant microbial

components of the lake bacterioplankton communities,

indicating a predominance of Flavobacterium, Pseu-

domonas and Polaromonas (up to about 56 % of total

sequences). Interestingly, they found that the closest blast

matches to their sequences were predominantly from polar

lakes and ponds, in addition to streams and glaciers, sug-

gesting a bipolar distribution of freshwater bacteria, rein-

forcing the idea that physicochemical and trophic status

may affect the structure and composition of the bacterio-

plankton assemblages in Antarctic lakes.

Future directions

Future studies are likely to rely on environmental

metagenomics, given the increasing cost-effectiveness and

coverage of high-throughout sequencing techniques.

Environmental metagenomics focuses on sequencing the

entire environmental genome (rather than just specific

genes such as the 16S rRNA gene) and has already been

applied in an Antarctic Freshwater Lake Metagenome,

registered with the JGI Genome Portal. The main advan-

tage of metagenomics is that it provides information about

the functional potential of the community. Yau et al. (2013)

used shotgun metagenomics to study the unusual sulphur

chemistry in Organic Lake, which they performed on size-

fractionated samples collected along a depth profile. Ng

et al. (2010) adopted a metaproteogenomic analysis of a

dominant green sulphur bacterium from Ace Lake,

Antarctica. Green sulphur bacteria dominate the bacteri-

ochlorophylls of the lower chemocline in Ace Lake. The

dominant species, designated C-Ace, possess chlorosomes

with extremely efficient light-capturing capabilities

enabling phototrophy and growth at very low light inten-

sities. This, coupled with their ability to grow at low

temperatures, is probably responsible for their dominance.

Much of the literature pertaining to bacterial diversity

lacks information on the chemistry and physical conditions

of the environment and data on processes such as bacterial

production. Moreover, much sampling is short term and

may not involve vertical sampling of the water column in

lakes. There is a real need for more holistic, integrated,

longer-term investigations so that we can understand what

drives bacterial evolution and functioning in Antarctic

lakes and on glaciers. It is evident that most of our data

come from parts of the Maritime Antarctic, the MDVs and

the Vestfold Hills. There are little data from other coastal

lake regions such as the Syowa Oasis, the Bunger Hills and

the Schirmacher Oasis (see Fig. 1). A more trans-Antarctic

database is needed. An exemplar of the integrated approach

is seen in the US National Foundation-funded Long Term

Ecosystem Research Program in the MDVs.

There are some aquatic environments for which we have

few or no bacteriological data: for example, epishelf lakes

that occur in the polar regions (though mainly in Antarc-

tica), cryolakes on glaciers and ponds and small lakes on

ice shelves. Research in Antarctica is costly and logisti-

cally challenging, and this has limited the acquisition of

data. However, it is now widely accepted that Antarctic and

Arctic lakes respond quickly to climatic variation and are

sensitive barometers of climate change (Quayle et al. 2002;

Antoniades et al. 2007). Heterotrophic bacteria are an

important component of the microbially dominated food

webs of Antarctic lacustrine systems. An expansion of our

knowledge of their biodiversity and functional dynamics is

timely.
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