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Abstract

Glacial lakes and their sediments are highly sensitive temporal markers of environmental variability. The combination of
particular geographical conditions with climate changes makes the Milajokull lakes an appropriate model for revealing
some site-specific and common relationships in psychrophilic microbial ecology. The aim of this study was to evaluate the
taxonomic and functional diversity of microbial community structures in five glacial lake sediments situated at different
distances from the glacier, i.e., 50 m to 1750 m from the ice margin. The Shannon diversity indices varied in the range from
1.99 to 2.94 (with the lowest in C sample) tested by EcoPlates™ and from 1.69 to 1.89 at the phylum level (with the lowest
in A sample) tested by the shotgun metagenomic sequencing, respectively. An inter-sample comparison was also conducted.
Overall, six bacteria phyla (Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia and Planctomy-
cetes) and one microalgae phyla (Bacillariophyta) were detected in five lake sediments tested at abundancy that exceeded
1%. Obtained data brings new knowledge related to the cold biosphere on the local and global Earth systems.
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Introduction

Glaciers, ice caps and ice sheets occupy a significant area
of our planet, covering about 10% of the total land area
(National Snow and Ice Data Center). Biological processes
in glaciers are dominated almost exclusively by microbial
communities (Anesio et al. 2017), and cold environments,
such as ice and permafrost, are the biggest reservoirs of pre-
served microbial biomass (Simon et al. 2009). Psychrophilic
microorganisms use various environmental, physiological
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and molecular adaptations to thrive under adverse conditions
(De Maayer et al. 2014; Garcia-Lavifia et al. 2019; Gura and
Rogers 2020).

Great variations of bacterial communities that are
dependent on the physicochemical conditions and dissolved
organic matter quality have been revealed across the Green-
land ice sheet (Cameron et al. 2016) and Antarctica (Smith
et al. 2018). The Arctic, Antarctic, and Alpine ecosystems
are recognised as sensors and sentinels of global change
(Teufel et al. 2017). Microorganisms, dissolved gases and
nutrients in the runoff inevitably enter the englacial drain-
age system (Dieser et al. 2014), and climate changes influ-
ence the permafrost microbial ecology due to this additional
organic matter, which becomes available for microbial deg-
radation (Mackelprang et al. 2016; Ibrar et al. 2020). Never-
theless, climate-associated increases in phytoplankton pro-
duction and concomitant shifts in diversity can influence
bacterial community structure by altering the availability
and composition of autochthonous carbon for heterotrophic
production (Teufel et al. 2017). Photoheterotrophic bacte-
rioplankton community is able to utilise solar energy along
with organic and inorganic substrates, being a key func-
tion in oligotrophic mountain lakes (Echeverria-Vega et al.
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2018). Analysis of biogeochemical cycles occurring on gla-
ciers provides new knowledge related to the local and global
Earth system. The primary and secondary carbon produc-
tion (Sawstrom et al. 2002; Anesio et al. 2009; Yallop et al.
2012), nitrogen fixation (Telling et al. 2012), viral infectivity
(Bellas et al. 2013) and other processes detected on glacier
surfaces, characterise the biogeochemical cycles of the ter-
restrial cold biosphere (Anesio et al. 2017).

However, the presence of liquid water in a glacial envi-
ronment is considered to be the major limiting factor for the
development of microbial processes (Anesio et al. 2017). In
this respect, oligotrophic glacial lakes serve as models to
study the effects of climatic conditions (e.g., the persistent
high UV regime, deglaciation) on natural biological systems
on the Earth and other planetary bodies (Parro et al. 2018).
Studies on microbial communities that are derived from gla-
cial and periglacial environments bring new knowledge for
approving various biogeographic hypotheses (Papke et al.
2003; Nemergut et al. 2007; Rodrigues et al. 2009; Schmidt
etal. 2011).

Glacial lakes and their sediments are highly sensitive
temporal markers of environmental variability related to the
multistage process of deglaciation; this, in turn, influences
the sediment load, and therefore, the transparency and UV
levels of the water column. Therefore, the environmental
processes combined with climatic factors notably affect the
biota community structure in glacial lakes (Callieri et al.
2007; Cameron et al. 2017). This aspect is little understood,
hence, further studies may provide us with new knowledge
regarding ecology, water resources and the evolution of gla-
cier lakes at planetary scales (Parro et al. 2018).

Development and application of various molecular
‘omics’ methods during last two decades have greatly
impacted in developing an improved understanding of the
processes related to the microbial ecology in permafrost and
in the soil layers activated as the permafrost thaws (Mackel-
prang et al. 2016; Belov et al. 2020; Zhou et al. 2020).

Parro et al. (2018) studied the microbial community
structure of oligotrophic Encanado lakes (Region Metro-
politana, Chile), using an on-site immunoassay-based life
detector chip, as well as bacterial and archaeal 16S rRNA
gene sequences (Parro et al. 2018). The presence of sulfate-
reducing bacteria, Alpha, Beta-, Gamma-, and Deltaproteo-
bacteria, as well as cyanobacteria and methanogenic archaea,
were detected. Yang et al. (2016) reported on the abundance
of nitrifying bacteria of Nitrospira, nitrogen-fixing bacteria
of Bradyrhizobium and Rhizobium, methane-oxidising bac-
teria of Methylobacterium and Methylopila, and sulphur- and
sulphate-reducing bacteria of Desulfococcus in the Chongce
glacier (Yang et al. 2016).

To date, microbiological aspects related to the variability
of glacial habitats dependent on natural and anthropologi-
cal factors remain poorly understood. The combination of
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particular geographical conditions with climate changes
makes the Mulajokull lakes in central Iceland an appropriate
model for revealing some site-specific and common relation-
ships in psychrophilic bacterial ecology.

In this study, we aimed to compare the bacterial and
archaeal community structures of five glacial lake sedi-
ments situated at different distances from the glacier, i.e.,
50-1,750 m from the ice margin, representing various envi-
ronmental conditions. The lakes were sampled in August
2017, just following the warmest season in this region (July).
Comparison of metabolic biodiversity of culturable micro-
organisms, as well as the shotgun metagenomic sequencing
in the sediments of five tested lakes, was accompanied by
physicochemical testing of water and sediment samples.

Materials and methods
Sampling

Lake sediments were sampled on 26 August, 2017, and were
stored in new polyethylene zipper plastic bags. Samples were
collected from the lake bottom sediments near the lakeshore
at the depth not deeper than 0.5 m. The composite sample
for each lake was obtained by mixing three sub-samples,
which were taken at a distance of 10 m apart; sampling was
conducted using a sterile sampling cup. During the transport
to the laboratory, samples were put in a black bag and hid-
den away from the direct sunlight. The air temperature in the
field during the expedition in Iceland was mostly between 5
and 10 °C. Average air temperatures in the nearest weather
station (Hveravellir), which is located 50 km away but at the
approximately same height as the study area (641.0 m a.s.l.)
are shown in Fig. S1. Water temperature in sampled lakes
is shown in Table 1. Laboratory samples were stored at the
temperature of —80 °C.

Geological setting

Miilajokull is a surge-type outlet glacier in central Iceland.
It drains the Hofsjokull ice cap and has a known history of
surges since 1924. During each surge, the glacier margin
advances several hundred metres on average every 10 years
(Bjornsson et al. 2003). Nowadays, the glacier is retreat-
ing and the ice-thinning at its marginal zone is reported
to be>5 m per year (Jéhannesson et al. 2013) during
1999-2008 and 2.5 m during 2008-2015 (Lamsters et al.
2016). The glacier margin is located approximately 2 km
away from its maximum extent during the Little Ice Age
(LIA) when the prominent Mdlar terminal moraine formed
(Benediktsson et al. 2015). The forefield of Mulajokull is
characterised by numerous drumlins and proglacial lakes
between them (Johnson et al. 2010; Jonsson et al. 2014,
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Table 1 On-site characterization of the tested water samples from Mulajokull lakes

1

Sam-  pHy,o Temperature, °C  EC, pscm™  Characterization of the sampling sites by visual inspection

pling

sites

A 8.57 7.0 113 Small lake in wetland directly behind the LIA terminal moraine 1.75 km from the ice margin

B 7.93 11.0 7 Remnant lake between end moraine of unknown age and LIA terminal moraine 1,6 km from
the ice margin

C 8.55 10.8 133 Small remnant lake 1.2 km from the ice margin

D 7.58 10.9 15 Small remnant lake 0,9 km from the ice margin

E 7.23 9.3 19 Glacial lake 50 m from the ice margin fed by meltwater streams

Benediktsson et al. 2015), and is a well-known site for the
studies of drumlin formation (Benediktsson et al. 2016;
Lamsters et al. 2016; McCracken et al. 2016; Iverson et al.
2017; Finlayson et al. 2019; Ives and Iverson 2019), provid-
ing a good opportunity for ecological and microbiological
studies of glacial lake environments of different ages.

Near the ice margin, glacial lakes are mainly located in
the linear depressions between drumlins (Fig. 1), but further
away they also occupy erosional basins between end moraine

18°42'0"W

Fig. 1 The examples of glacial lakes near the Mulajokull glacier. A,
B The regional setting of the study areas in the Arctic. C Distal lake
near the LIA terminal moraine (proximal side). D Small thermokarst
lakes in the Pjérsarver bog area (in the distal direction from LAI ter-

ridges. Distant from the LIA terminal moraine, there are
numerous small lakes, which can be mainly referred to as
thermokarst lakes. These are located in an extensive area
of Pjorsarver bog, characterised by discontinuous perma-
frost and small palsas (Thorhallsdéttir 1996; Saemundsson
et al. 2012; Benediktsson et al. 2015): the age of these small
thermokarst lakes is unknown. Knowing that the temperature
in Iceland during LIA was 1-2 ° lower than today, we can
assume that the oldest lakes are at least younger than LIA

minal moraine). E Proglacial and distal lakes near the ice margin.
Note that the water in distal lakes that are not connected to the glacier
are more transparent and blue due to the lesser amount of suspended
particles
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maximum, which is correlated with the formation of the
terminal moraine in the first half of the eighteenth century
(Benediktsson et al. 2015). However, it must be taken into
the account that the climate has also been changing since
LIA, and some palsas, as well as thermokarst lakes, were
known to disappear and emerge again between 1930 and
1950 (Thorhallsdoéttir 1996).

The sampling site A is a small lake at the beginning of the
bjorsarver bog. From one side, it is bordered by the termi-
nal moraine, so it most likely formed as a moraine-dammed
lake at the LIA maximum, although we cannot exclude that
it could evaporate or drain away, and fill by water later due
to changes of climate and distribution of permafrost. The
sedimentary sequence in the Pjérsarver bog consists of
loess, peat and tephra. It could be one of the reasons why
the chemical composition of water in lake A differs from the
rest of the lakes, which are located in depressions incised in
glacial or outwash sediments.

The glacial lakes in the forefield of the Mulajokull
(Fig. 1) can be classified as; (1) ice-marginal lakes dammed
by the glacier margin and receiving water by direct input
from melting ice or from subglacial channels, (2) distant
lakes fed from meltwater streams, (3) precipitation and pos-
sibly groundwater-fed remnant lakes with no contemporary
surficial input of glacial meltwater, and (4) thermokarst lakes
developed after the degradation of palsas.

The only lake fed by glacial meltwaters today is lake E
(Fig. 1). It was still connected to the glacier in 2008, when
the ice-margin advanced some 20 m creating end moraine.
(Jénsson et al. 2014) Lakes B, C, D are remnant lakes, which
are fed only by precipitation and possibly groundwater. The
maximum ages of the sampled lakes could be attributed to
the known ages of surge moraines. The maximum age of the
lake A could be almost 300 years according to the possible
formation time for the terminal moraine between A.D. 1717
and 1760 as reported by (Benediktsson et al. 2015). Lakes
B, C, D are definitely younger than the formation age of
the terminal moraine; the ages of the lakes D and C could
be quite similar because there are no end moraine ridges
separating them, but lake B is older because there are end
moraine ridges separating it from the lakes D and C. The age
of this end moraine is unknown (Benediktsson et al. 2015).
Lake D is visible on an aerial photograph from 1945, (Sig-
urkarlsson 2015) so it has existed at least 73 years. As the
variations of the glacier snout have been measured by the
Icelandic Glaciological Society since 1932 (Benediktsson
et al. 2015), we can calculate that the glacier has retreated a
little bit more than 400 m from its position in 1932 up to its
position in the 1954 surge; the 1954 surge moraine almost
coincides with the 1992 end moraine. Most likely, there was
ice in the place of lake D in 1932, so we can assume that this
lake originated in the years after 1932. Lake C could be a
little bit older than 1932, and Lake E is younger than 1992,
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because it is located 400 m away in the glacier direction
from the 1992 end moraine.

Chemical characterisation of benthic sediments

Air-dried samples of benthic sediments were sieved through
a 2-mm sieve. To determine the particle sizes, the samples
were treated with 0.1 M NaOH to break down the aggre-
gates. Sands were sieved and fractions finer than 0.05 mm
were determined by pipette analysis. On the basis of the soil
texture classes, the fractions from 0.063 to 2.0 mm were
classified as sand, those from 0.002 to 0.063 mm as silt, and
those finer than 0.002 mm as clay. The percentage of sand,
silt and clay was calculated from fine earth as less than 2 mm
fraction (ISO 11277:1998).

Chemical analyses (pHg,c, value, concentrations of
exchangeable elements (Ca>*, Mg?*, K*, Na*) (cmol kg™!),
sum of exchangeable bases (cmol kg™!), and P,0O5 concen-
tration (mg kg™, total nitrogen and total carbon content
(%), total nitrogen and total carbon ratio)) of the sediment
samples were done in three replicates according to interna-
tionally used methods of the International Organization for
Standardization (ISO) (ISO 11260:2018; ISO 14254:2018;
ISO 10694:1995; ISO 13878:1998; ISO 11263:1994).
Exchangeable elements (Ca’*, Mg?>*, K*, Na*) (cmol
kg™!) were determined in BaCl, solution using an atomic
absorption spectrometer Perkin Elmer Analyst 200. The soil
pHpg,cp value was measured with a glass electrode in 1 M
BaCl, (1:2.5 mass-to-volume ratio), using a pH-meter WTW
inoLab. Total nitrogen and total carbon content (%) were
determined by an element analyser “EuroVector”. The reli-
ability of the obtained results was assessed after chemical
analysis. The laboratory results were considered acceptable
when the difference between the values obtained was less
than + 10%.

Estimation of microbial functional diversity
by Biolog EcoPlate™

Catabolic diversity of the microbial community in the
activated sludge was determined using Biolog EcoPlate™
(Biolog, Inc., USA). The measurement of substrate metabo-
lism with EcoPlate™ is based on the colour formation from
tetrazolium dye, a redox indicator. A 10 mL aliquot of lake
sediment was suspended in 40 mL of sterile 0.85% NaCl
solution, then inoculated (180 pL) into each well and after-
wards incubated for 96 h at 28 °C. The microbial activity in
each well was expressed as average well-colour development
measured at 620 nm after 48, 72 and 96 h incubation, using
microplate reader TECAN Infinite ® F50 (Switzerland). The
results of Biolog profiles were presented by the Shannon
diversity index, which was calculated by the following Eq. 1:
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H = —ZXp;log2p; 1)

where p;=relative colour intensity of individual well (Gabor
et al. 2003).

DNA extraction and shotgun metagenomic
sequencing

The total DNA from sediment samples was extracted using
PowerSoil ® DNA Isolation kit (Mo Bio Laboratories,
Carlsbad, CA, USA) obtaining an average of 1.17+0.75
(n=5) nguL."! of DNA per sample. In case of an insufficient
total amount of DNA, the extraction procedure was repeated
and followed by vacuum concentration with Eppendorf Con-
centrator Plus (Eppendorf, Hamburg, Germany) to obtain the
total yield of 150 ng. Quantification of the DNA was per-
formed with a Qubit 2.0 fluorometer and Qubit® dsDNA HS
assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
For each sediment sample, 150 ng of the extracted DNA
was shared to 300 bp long fragments and further processed
using an Ion Plus Fragment Library Kit (Thermo Fisher
Scientific, Waltham, MA, USA), Ion Xpress™ Barcode
Adapters 49-64 Kit (Thermo Fisher Scientific, Waltham,
MA, USA) and NGS clean-up and size selection (MACH-
EREY-NAGEL GmbH & Co, Diiren, Germany). Size-selec-
tion of 400 bp long fragments was performed on the Pippin
Prep system using BluePippin reagent kit (Sage Science,
Beverly, MA, USA). The quality and quantity of shotgun
metagenomic libraries were determined with Agilent 2100
Bioanalyzer and Agilent High Sensitivity DNA Kit (Agilent
Technologies Inc., Santa Clara, CA, USA). Next-generation
sequencing was performed on Ion Proton™ System and Ion
PI™ Chip (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s instructions.

Bioinformatic and statistical analysis

Adapters were removed with cutadapt v1.16 (Martin 2011).
Read trimming was performed with trimmomatic 0.38 using
5 bp sliding window with quality threshold 15, average qual-
ity threshold 15 and minimum read length after trimming
100 bp (Bolger et al. 2014). Reads mapping to human refer-
ence genome GRCh38 (Ensembl release 90) were removed
with bowtie2-2.3.5.1 (Langmead and Salzberg 2012). Func-
tional characterisation of metagenomes was performed with
humann?2 v0.11.2 (Franzosa et al. 2018) using the Uniref50
database (Suzek et al. 2015) with copies-per-million (CPM)
as the abundance value.

Taxonomical assignments were performed with kraken2
2.0.8-beta with a confidence threshold of 0.2 (Wood and
Salzberg 2014). Improvement of taxonomical assignments
was performed with bracken 2.5 at the species level. Reads
classified as Homo sapiens were removed from the analysis

of taxonomies. Taxonomies with median and maximum of
> 10 reads were kept for further analyses.

To facilitate sample comparison of taxonomic data, a
rarefaction procedure was performed by constructing mul-
tinomial distribution from the taxonomic frequencies, fol-
lowed by generating n samples from the distribution, where
n equalled the read count of sample with the fewest reads.
To enable compositional data analysis methods on the taxo-
nomical data, imputation of zero values was performed with
the Bayesian-multiplicative replacement method, as imple-
mented in R 3.6.2 package zCompositions 1.3.4 with default
parameters (Martin-Fernandez et al. 2015). Isometric log-
ratio (ilr) transformation was then applied to the resulting
taxonomical compositions and the compositional environ-
mental variables (Egozcue et al. 2003). A principal compo-
nent analysis biplot was constructed from the transformed
compositions with scikit-learn 0.22. Loading vectors were
translated from ilr representation to centred log-ratio (clr)
(Aitchison, 1982) represented by multiplying obtained PCA
loadings with the orthonormal basis of ilr space as described
by (Egozcue et al. 2003). Taxonomic data and the composi-
tional environmental variables were transformed separately.
Noncompositional variables (distance and temperature) were
normalised by dividing these features with their maximum
values.

Alpha and beta diversities were expressed as Shannon
index and Aitchison’s distance, respectively. Calculations
were performed with scikit-bio (0.5.6).

The creation of beta diversity matrix and Euclidean dis-
tance-based hierarchical clustering analysis was carried out
using MeV software (Saeed et al. 2003).

Results
Chemical analysis of benthic sediments

Relatively older wetland lake (A) was characterised by low
pHg,c1» value, and higher concentrations of exchangeable
elements (Na™, Mg?*, K, Ca®"), sum of exchangeable
bases, total nitrogen and total carbon content as well as
higher P,O5 concentration than other younger remnant lakes
and glacial lake (Table 2).

Sum of exchangeable bases in the remnant lakes and gla-
cial lake varied from 64.93 to 84.00 cmol kg~!, except small
remnant lake (C), which was 108.21 cmol kg_l, but in the
old wetland lake (A) it reached 235.49 cmol kg~".

The total carbon/total nitrogen ratio was relatively low
(7.66) in the older wetland lake (A), however, it increased
in the relatively younger remnant lakes and in the glacial
lake (8.26—10.95), indicating higher decomposition and
organic matter turnover processes that probably could also
be explored by pH value (Table 2). pHg,¢j, value in the
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Table 2 Chemical characteristics (mean values) of the lake sediment samples

P,O5 concentra-
tion (mg kg™!)

Total carbon / total
nitrogen ratio

Total carbon

content (%)

Sum of exchangeable Total nitrogen
bases (cmol kg_l) content (%)

Exchangeable elements concentration (cmol

kg™

PHp,cpp value

Sampling sites of
lake sediments

C a2+

M g2+

Na*

317.63

7.66
8.26
8.65
10.95

8.83
0.51
0.67
0.56
0.10

1.15
0.06
0.08
0.05
0.00

47.96 23.06 157.25 235.49

7.21
442
6.67
5.03
3.28

4.18
4.71
4.80
4.39
4.81

2.55
3.27
3.13
15.85

84.00
108.21

61.43
84.53

0.67
1.06
0.55

0.

17.48
15.95
16.79
11.69

64.93

42.56
67.62

9.73

83.19

60

analysed lake sediment samples varied from 4.18 in the rela-
tively older wetland lake (A) to 4.81 in the relatively younger
small remnant lake (C) and glacial lake (E).

Higher P,05 concentrations were detected in the young-
est glacial lake (E) (15.85 mg kg™') than in older remnant
lakes B, C, and D (2.55-3.13 mg kg‘l), however, the highest
concentration was in old wetland lake (A).

Metabolic biodiversity of culturable microorganisms
tested by EcoPlates™

Microbial community structure in five tested lakes sedi-
ments was compared by the evaluation of a metabolic profile
diversity. Preliminary testing of sediments samples for the
number of CFU has revealed that the amount of culturable
aerobic heterotrophic microorganisms varied in the range
of 105-107 g~! dw. The data on the ability of a microbial
community to utilise 31 distinct carbon substrates in Eco-
Plate™ revealed considerable changes in microbial com-
munity composition amongst the tested sediment samples.
After 48 h incubation, the highest biodiversity was detected
in lake A (H’ =2.34), whilst in the sediments of lake C,
metabolic activity of microorganisms was not revealed at
all. Further incubation resulted in an increasing number of
substrates utilised by the microbial community. Particularly,
after 96 h, the biodiversity index H’ of the microbial com-
munity in five tested lakes varied in range from 1.99 (in lake
C) to 2.94 (in lake B), with the substrate richness of 8 and
22, respectively (Fig. 2).

Additionally, the substrate utilisation patterns were
compared based on the substrate categories according to
(Urakawa et al. 2013). These data have been summarised in
our earlier paper (Gaidelene et al. 2018). According to this
analysis, the lakes B and C were characterised by the great-
est utilisation of polymers and amines after 96 h incubation.
Amongst the 10 carbohydrates provided by EcoPlate™, only
6, 8, 2, 3 and 5 substrates were positive for the samples from
A, B, C, D and E lakes, respectively. The most frequently
used carbohydrates were D-mannitol and n-acetyl-d-glu-
cosamine (Gaidelene et al. 2018).

Analysis of bacterial and archaeal communities
based on shotgun metagenomic sequencing

Shotgun metagenomic sequencing produced an average of
18.2+8.3 (n=5) million reads per sample, providing access
to the composition of microbial communities at various lev-
els of taxonomy. A Composition of microbial DNA isolated
from five lakes sediments was compared using different
approaches. The Shannon diversity indices at the phylum
level varied in range from 1.69 to 1.89, whilst at the species
level from 4.02 to 5.40, with the lowest value at both levels
observed in sample A (Fig. 3).



Polar Biology (2020) 43:2085-2099

2091

m48h
m72h

Hill:

Lakes

Shannon biodiverity index, H' 3>
o —_ N w
o [4,] —_ [3,] N [3,] w [3,]

25

20

1.l

Lakes

m48h
u72h

Richness

()]
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Fig.3 Alpha diversity metrics of microbial communities in the sediments of Mulajokull lakes, based on observed Shannon’s diversity indices at
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An inter-sample comparison was also conducted. Cluster-
ing analysis of beta diversities revealed that at the phylum
level, microbial populations of sediments from lake A and
lake E displayed the highest level of difference from each
other and the rest of the samples, whilst at the species level,
such distinguishing degree of difference was presented only
by lake A sediments (Fig. 4).

The rarefied taxonomic resolution of microbial communi-
ties at phylum and species levels is presented in Fig. 5. As
shown in Fig. 5A, overall, six bacteria phyla (Proteobacte-
ria, Cyanobacteria, Bacteroidetes, Actinobacteria, Verru-
comicrobia and Planctomycetes) and one microalgae phyla
(Bacillariophyta) were detected in five lake sediments tested
at an abundancy that exceeded 1%. Nevertheless, each lake
was characterised by a unique abundance profile of these
microorganisms (Fig. 5SA). In general terms, the abundance
for some of these organisms decreased (for Cyanobacteria,
from 29.8% in lake E to 9% in lake A, and for Actinobac-
teria, from 9% in lake E to 1.3% in lake A) or on the con-
trary increased (for Proteobacteria, from 49.5% in lake E

to 64.2% in lake A, and for Bacillariophyta from 0.16% in
lake E to 15.6% in lake A) with the distance from the glacier
(Fig. 5B).

At the species level, a relative abundance of Cyanobacte-
ria was represented by Anabaena sp. and Dolichospermum
sp. with the highest concentration in the lake E (23.2 and
15.7%, respectively), and Rippkaea orientalis and Calo-
thrix parietina with the highest concentration in the lake
C (11.8 and 1.9%, respectively, the first being absent from
lakes A and E) (Fig. 5C). Amongst microalgae, Thalas-
siosira pseudonana and Phaeodactylum tricornutum were
identified with the highest concentration in lake A (14.88
and 2.7%, respectively), whilst Proteobacteria were rep-
resented by Escherichia coli (highest in lake C, 27.48%),
Sphingomonas sp. (highest in lake E, 11.31%, also high in
lake D, low in lake B, but absent from lake A and C), Aci-
dovorax sp. (highest in lake C, 3.55%), Undibacterium par-
vum (highest in lake D, 7.29%), Polaromonas sp. (highest
in lake A, 1.86%), Janthinobacterium sp. (highest in lake D,
2.52%) and methanotrophic Methylomicrobium alcaliphilum
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Fig.4 A visual depiction of Mulajokull lakes sediment microbial
population structure beta diversity matrix table with Euclidean dis-
tance-based hierarchical clustering tree, (A) At the phylum level and
(B) at the species level. The coloured squares represent Beta diversity

(highest in lake A, 21.01%, and also found in lakes B and
C, but not in D and E) (Fig. 5C). Regarding the abundance
of other bacterial species, the highest abundance of Flavo-
bacterium sp. and Opitutus sp. was identified in lake E (9.91
and 2.06%, respectively) (Fig. 5C). Interestingly, the same
tendency of abundancy relation to distance from glacier can
also be observed within the number of species from previ-
ously mentioned phyla, thus abundancy of Escherichia coli,
Methylomicrobium alcaliphilum, Phaeodactylum tricornu-
tum and Thalassiosira pseudonana increased whilst abun-
dancy of Sphingomonas sp. MM-1, Anabaena sp. WA102,
Dolichospermum compactum, Dolichospermum sp. UHCC
0315A and Flavobacterium sp. GSO3 decreased (Fig. 5D).
Pairwise cross-comparison of shared microbial species
revealed that in all cases majority of taxa were present in
both samples; however, the identity level varied between
63.01% and 98.2% (Fig. 5D).

To further assess the factors that contribute most to
observed variations within collected sediment samples, a
PCA biplot analysis was carried out. In general terms, the
acquired results fitted well with data from beta diversity
analysis. In the phylum level, spots that represented lakes B,
C and D clustered together, whilst spots representing lakes
A and E were located a considerable distance away from
other data points. Factors that contributed most to lake E
placement within the plot were pOH (calculated from pH
value) and pHg,, values, the concentration of Ca>* as well
as the abundance of Gemmatimonadetes, Actinobacteria,
Cyanobacteria and Verrucomicrobia, whilst factors contrib-
uting most to the placement of lake A were concentration
of K*, total nitrogen content, as well as the abundance of
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Basidiomycota, Proteobacteria, Firmicutes and Bacteroi-
detes. Due to their location near the boundary of two adja-
cent sectors, the placement of the lakes B, C and D cluster
was affected by contributing factors of both lower sectors
(Fig. 6A). On the species level, the spots that represented
lake A were located a considerable distance away from
spots of other lakes, whilst the distance between lake B and
C spots and lake D and E spots were located in pairs that
were closer to each other than to other three lake spots, thus
indicating greater resemblance. The factors that displayed
the greatest contribution to placement were various minor
representation taxa (Fig. 6B).

Taken together, these results indicate that there is a spe-
cific core environmental microbiome which is characteris-
tic to specific geographical regions and its members from
existing niches are rapidly seeding the newly created ones.
Results were acquired by employing taxonomic data.

Discussion

The first observation that we made during data analysis
was related to surprisingly high proportion of E. coli within
our microbial population estimations. Although such situ-
ation could be considered as possible within predominant
majority of densely populated areas, we believed that due
to scarce population and relatively low tourism activity in
Iceland the proportion of E.coli should be lower. Therefore,
to test this hypothesis we performed an additional compara-
tive investigation of intermediate read assignment data that
was acquired employing kraken2 and final taxonomical
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Fig.5 Microbial community analysis plots based on shotgun
metagenomic sequencing. Histogram representing taxonomic compo-
sition and relative abundance (over 1%) at phylum (A) and species
(C) levels for each sediment sample in five Milajokull lakes, nor-

population structure data that was acquired employing
bracken 2.5. As expected acquired results revealed that
there were only few E.coli reads detected by kraken2 whilst
bracken 2.5 abundancy count was significantly higher.
Similar situation was also observed in the case of other
microorganisms (Online Resource 1). The most probable

malised relative abundancy changes for phylum Cyanobacteria, Act-
inobacteria, Proteobacteria and Bacillariophyta (B), selected species
from these phyla (D) and numbers of taxa that are shared between
samples on species level (E). Sampling sites are shown in Fig. 1

explanation to this phenomenon lies in bracken 2.5 taxo-
nomic abundancy calculation approach, where reads that
display specific allocation at higher taxonomic level (for
example genus of phylum) are distributed (or “pushed”) to
lower taxonomic level through statistical calculations based
on data that was reliably assigned to the higher taxonomic
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Coloured circles represent analysed lakes, whilst radial arrows rep-
resent factors that contribute to sample location within the plot. The

level. Reads assigned to lower taxonomic levels are reas-
signed to the target level. Therefore bracken 2.5 calculations
are highly reliant on quality and completeness of employed
databases and in our case observed high proportion of E.
coli could be explained by presence of yet unidentified taxo-
nomically related bacteria or taxonomically related bacteria
without known genomic sequence. Although not perfect, we
believe that employment of bracken 2.5 for abundance of
species calculations is essential, because kraken2 was not
designed to estimate relative abundances and, although some
groups employ directly kraken2 derived data for such pur-
poses, these are not taking into consideration the genome
size of microorganisms and fact that number of genomic
regions are highly conservative between various species
of the same taxa. Even more due drawbacks of our current
microbial knowledge (only 2.1% of the global prokaryotic
taxa are represented by sequenced genomes (Zhang et al.
2020) our data once more highlights the necessity to con-
sider metagenomics derived knowledge at species level only
in the context with data of lower (genus, phylum etc.) taxo-
nomic level.

Nevertheless we believe that our data represents well
the microbial population structure and remarkable shifts
in the structure of bacterial communities across five Mila-
jokull glacial lakes, which are different by a distance from
a glacier, and thus relative age and hydrological conditions,
were detected in this study. Apparently, the differences in
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length of arrows indicates the significance of contribution. Top 10
factors contributing to placement within a specific sector are depicted
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physicochemical and hydrological characteristics of the
tested lakes should be the major drivers of these changes.
Leon et al. (2012) attributed the differences in bacterial
activity and community structure in the sediments of three
Patagonian Chilean oligotrophic lakes of Quaternary glacial
origin to the unique geomorphological pattern of each lake
due to both local (e.g., volcanic activity) and global (climate
change) disturbances (Leon et al. 2012). In a study of bacte-
rial community diversity in two oligotrophic Andean lakes
fed by meltwater from the Echaurren glacier in central Chile,
the watershed characteristics (area and length, slope, lithol-
ogy, resistance to erosion), as well as nutrient concentration
and turbidity were found to strongly influence the limnology
of the lakes (Echeverria-Vega et al. 2018).

Anesio et al. (2017) recently reviewed the data on the
microbiome of cold regions; a comparison of glacial habitats
across glaciers and ice sheets worldwide showed their simi-
larity. Meanwhile, bacterial production on glacial surfaces
in the Arctic was found to be higher than that in Antarctica,
probably due to a longer growing season, higher tempera-
tures and other factors (Telling et al. 2012; Anesio et al.
2017).

As shown in Tables 1 and 2, the tested Mulajokull lakes
differed by temperature, pH, EC, the concentration of bio-
genic elements and exchangeable cations. The highest con-
centrations of the total organic carbon and nitrogen were
found in the lake A, i.e., 1.15 and 8.83%, respectively. The
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other four lakes contained these elements in significantly
lower concentrations, i.e., 10-20 times less than in lake A
(Table 2).

In this respect, the dominance of Cyanobacteria in the
lake sediments of B, C, D, and E could be explained by
oligotrophic conditions. Cyanobacteria dominate in aquatic/
sediment systems as a carbon producer (Anesio et al. 2017).
In our study, Cyanobacteria was represented almost in all
lake sediments by Anabaena sp., Dolichospermum sp. and
Calothrix sp., although their relative abundance was differ-
ent (Fig. 5C).

The changes in Cyanobacteria abundance in the sedi-
ments of glacial lakes could be attributed to the differences
in hydrological connectivity during glacier melting with
respect to the turbidity gradient. Thus, changes in water tur-
bidity lead to changes in temperature and light availability
(Gallegos et al. 2008; Egholm et al. 2012; Rose et al. 2014;
Peter and Sommaruga 2016). These changes affect the abun-
dance of primary producers.

An unexpectedly low abundance of Polaromonas was
found in the sediments of the tested lakes (max. 2.06% in
lake E) (Fig. 5C). According to (Darcy et al. 2011; Nash
et al. 2018; Kohler et al. 2020), the genus Polaromonas are
amongst the dominant bacteria of glacial ice and sediments
worldwide. Strains of Polaromonas from seasonally cold
soils are able to oxidise a wide array of unusual energy
sources including H, (Sizova and Panikov 2007) and a broad
range of recalcitrant organic compounds (Jeon et al. 2003;
Mattes et al. 2008; Yagi et al. 2009). A high metabolic ver-
satility allows Polaromonas to adapt to shifting availabilities
of energy sources in periglacial environments (Jeon et al.
2003; Sizova and Panikov 2007; Mattes et al. 2008; Yagi
et al. 2009; Osborne et al. 2010; Yang et al. 2015).

Lake A, which is situated at the longest distance away
from the glacier, was characterised by contrasting physico-
chemical parameters and bacterial community structure, as
compared to the other tested lakes. As was mentioned above,
the highest concentration of C, N, P, and other elements
in lake A should provide a bacterial community with com-
pletely different conditions. It is important to note that this
lake differed from other tested lakes by swamping (Table 1,
Online Resource 2). According to (Lin et al. 2012), who
compared the composition and activity of microbial com-
munities at bog and fen sites in the Glacial Lake Agassiz
Peatland of northwestern Minnesota, USA, where both
bacterial and archaeal richness and rRNA gene abundance
were > 2 times higher on average in the fen than in the bog
(Lin et al. 2012). Our data indicated that the bacterial com-
munity diversity and richness in the lake A were lower than
in other tested lakes (Figs. 3 and 5).

At the same time, lake A exhibited a completely differ-
ent bacterial community structure in comparison with the
other lakes. Indeed, only this lake was characterised by the

highest relative abundance of Proteobacteria (64.23%) and
Bacillariophyta (15.62%) (Fig. 5SA, B). Proteobacteria have
been reported to dominate in microbial communities of gla-
cial lakes environments (Kohler et al. 2020; Sulowicz et al.
2020). Despite the contrasting physicochemical characteris-
tics of the tested lakes, the abundance of Proteobacteria in
the lake E was lower (15%) as compared to lake A. Another
dominant phylum Bacillariophyta, found in all tested lakes,
had a similar trend in its abundance, i.e., decreasing towards
the glacier. The factors affecting diatom diversity in glacial
environments has recently been studied in the context of
ongoing warming in cold environments (Huang et al. 2020).
Phytoplankton community succession in a temperate aquatic
ecosystem was recently studied by (Kim et al. 2020). The
decrease in biomass of Bacillariophyta over 24 years was
proposed to be due precipitation, water level and total nitro-
gen for taxonomic groups, whilst for functional groups, it
was total nitrogen, total phosphorus and euphotic zone depth
(Kim et al. 2020).

Methylomicrobium alcaliphilum was detected in lake A
with a rather high concentration, i.e., 21.01%. (Fig. 5C).
These bacteria belong to the family Methylococcaceae.
Other authors reported that Methylococcales was the most
abundant and active component of the subglacial microbial
community in the meltwater of the Russell Glacier situated
at the western margin of the Greenland Ice Sheet (Dieser
et al. 2014). Osudar et al. (2016) studied the processes of
methane oxidation in five Arctic lake systems on Samoylov
Island (Lena Delta, Siberia). A high variation in the methane
concentrations was shown, with the highest values detected
in the lake outlets and in a lake complex in a flood plain area
(Osudar et al. 2016). In our study, the Methylococcaceae
family was found almost exclusively in the lake A (data not
shown). Most probably, this fact can be attributed to the
formation of anaerobic conditions and, therefore, the pres-
ence of methane.

It is important to note, that lake A is likely not connected
with glacial meltwater. It is situated in a swampy territory
with completely different hydrological characteristics, as
compared to the other tested lakes. Particularly the area in
which lake A is located, is known as an area of discontinu-
ous permafrost (Thorhallsdéttir 1996; Saemundsson et al.
2012; Benediktsson et al. 2015). Besides, a river fed by gla-
cial meltwater at a distance of 300 m apart from lake A, is
expected to influence the physicochemical and microbiologi-
cal conditions in lake A, due to the possible hydrological
connectivity in this bog area.

Another important factor for analysis of bacterial ecology
in glacial lakes is seasonal changes. As shown in Online
Resource 3, the lake sediments for this study were collected
in August 2017, at the average air temperature 11.4+2.6 °C
and lake water temperatures 7-11 °C (Table 1). The low-
est average air temperature in 2017 was detected in January
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(-0.5 °C) and the highest was in July (13.2 °C), respectively
(Online Resource 3). Besides, diurnal changes could notably
increase the influence of temperature changes on microbial
community structure and activity, especially at short dis-
tances from the glacier. Bertilsson et al. (2013) reviewed the
current knowledge on microorganisms in seasonally frozen
lakes and found that seasonal changes considerably influ-
enced the concentration of dissolved oxygen, density-driven
vertical and horizontal mixing processes and other param-
eters, that directly impact the bacterial community structure
(Bertilsson et al. 2013).

Conclusions

Summarising the results on microbial diversity in five glacial
lakes near the Mulajokull glacier, the following conclusions
were made:

1. The Shannon diversity indices for microbial communi-
ties of five lake sediments were determined using both
shotgun metagenomic sequencing and metabolic activity
of culturable microorganisms. The Shannon diversity
indices at the phylum level varied in range from 1.69
to 1.89, whilst at the species level from 4.02 to 5.40,
with the lowest value at both levels being in sample A.
The lowest Shannon index of metabolic diversity (i.e.,
1.99) was found in sample C, compared with other lakes
where the Shannon index varied from 2.6 to 2.9.

2. Each lake was characterised by a unique assemblage.
PCA biplot analysis showed that on the phylum level, the
spots representing lakes B, C and D clustered together,
whilst spots representing lakes A and E were located a
considerable distance away from other data points.

3. Cyanobacteria were represented in all lake sediments
tested, however, their diversity and relative abundance
were different. Thus, a relative abundance of Cyanobac-
teria was represented by Anabaena sp. with the highest
concentration in the lake E (23.23%), Dolichospermum
sp. with the highest concentration in the lake E (15.7%)
and Calothrix parietina with the highest concentration
in the lake C (1.9%).

4. A relatively low abundance of Polaromonas was found
in the sediments of the tested lakes (max. 1.86% in lake
A). These data differed from those shown for glacial
lakes situated at other geographical locations world-
wide, where Polaromonas were found to be amongst
the dominant bacteria of glacial ice and sediments. This
fact indicates to the site-specific relationships in the psy-
chrophilic microbial ecology of Milajokull lakes. The
revealing of such differences brings new knowledge
related to the cold biosphere on the local and global
Earth systems.
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