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Abstract Sedimentary environments in the Arctic
are known to harbor diverse microbial communities
playing a crucial role in the remineralization of
organic matter and associated biogeochemical cycles.
In this study, we used a combination of culture-
dependent and culture-independent approaches to
understanding the bacterial community composition
associated with the sediments of a terrestrial versus
fjord system in the Svalbard Arctic. Community-level
metabolic profiling and growth response of retrieved
bacterial isolates towards different carbon substrates
at varying temperatures were also studied to assess the
metabolic response of communities and isolates in the
system. Bacterial species belonging to Cryobacterium
and Psychrobacter dominated the terrestrial and fjord
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sediment retrievable fraction. Amplicon sequencing
analysis revealed higher bacterial diversity in the
terrestrial sediments (Shannon index; 8.135 and 7.935)
as compared to the fjord sediments (4.5-5.37). Phylum
Proteobacteria and Bacteroidetes dominated both
terrestrial and fjord sediments. Phylum Verrucomi-
crobia and Cyanobacteria were abundant in terrestrial
sediments while Epsilonbacteraeota and Fusobacteriia
dominated the fjord sediments. Significant differences
were observed in the carbon substrate utilization
profiles between the terrestrial and fjord sediments at
both 4 °C and 20 °C incubations (p < 0.005). Utiliza-
tion of N-acetyl-D-glucosamine, D-mannitol and
Tween-80 by the sediment communities and bacterial
isolates from both systems, irrespective of their
temperature incubations implies the affinity of bacte-
ria for such substrates as energy sources and for their
survival in cold environments. Our results suggest the
ability of sediment bacterial communities to adjust
their substrate utilization profiles according to condi-
tion changes in the ecosystems and are found to be less
influenced by their phylogenetic relatedness.
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Introduction

The Arctic is considered as a "global hotspot’ that is
highly sensitive to climate change (IPCC 2013).
Reduction in Arctic sea ice, glacier ice and snow,
thawing of permafrost, and increase in productivity of
the vegetation are some of the most direct impact of
globally rising temperatures on Arctic ecosystems
(Descamps et al. 2017). The Svalbard archipelago is
one of the regions which is experiencing the fastest
temperature increase within the circumpolar Arctic,
along with the highest rate of sea ice loss and glacier
retreat over the past three decades (Nuth et al. 2013).

The tidal and land terminating glaciers in Svalbard
deliver sediment-laden freshwater into the down-
stream fjord systems, which in turn show strong
physico-chemical as well as biological gradients along
the head-to-mouth (glacier-to-ocean-influenced) axis.
Our previous study on a glacio-marine transect in
Svalbard Arctic reported significant differences in the
bacterial community structure associated with a land
terminating glacier (ice and snow), its pro-glacier melt
waters and downstream fjord waters indicating the
unique nature of these systems and the influence of
environmental variables in determining the patterns of
bacterial diversity (Thomas et al. 2020). The sedi-
ments associated with such glacier influenced and
fjord environments also represents complex microbial
habitats supporting distinct bacterial and archaeal
communities with complex metabolism (Stibal et al.
2012; Anesio et al. 2017; Zeng et al. 2017; Teske et al.
2011). These microbial fraction comprise the bulk of
the biomass and are crucial in remineralization of
organic matter and associated biogeochemical cycles
(Stibal et al. 2012; Lin et al. 2017). So far, there are
numerous reports on microbial diversity, physiology
and functions associated with supraglacial cryoconite
sediments (Edwards et al. 2011; Lutz et al. 2017;
Poniecka et al. 2020), subglacial systems (Skidmore
et al. 2005; Stibal et al. 2012; Sutowicz et al. 2020) and
glacier forefield soils (Kim et al. 2017; Nash et al.
2018; Malard et al. 2019), but studies on glacier snout
and forefield associated sediments are limited to a
single culture-dependent study from the sediments of a
meltwater stream from Midtre Lovénbreen glacier
(Reddy et al. 2009). They have reported the cold-
active enzyme production and pigmentation properties
of pro-glacier sediment bacteria and indicated the
presence of Proteobacteria, Cytophaga-
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Flavobacterium-Bacteroidetes and high G 4 C
Gram-positive bacteria as common inhabitants of
these habitats. Since the glacier snout and forefield
sediments are relatively unexplored in terms of
microbial studies, it would be interesting to understand
their bacterial community structure and how their
metabolic signature reflects the glacier environment.

However, there are many studies highlighting the
microbial community structure (Zeng et al. 2017,
Conte et al. 2018; Fang et al. 2019) and functions
(Teske et al. 2011; Buongiorno et al. 2019) associated
with Svalbard fjord sediments. To highlight a few,
Fang etal. (2019) have observed significant differences
in the bacterial community structure between sedi-
ments of inner, middle and outer fjord basins and
reported the influence of location depth, temperature
and salinity on sediment community. The increased
influx of Atlantic waters into the Kongsfjorden system
influencing sediment community composition from
the outer to the inner fjord has been reported by Zeng
etal. (2017). Teske etal. (2011) reported higher rates of
hydrolytic activities for Kongsfjorden sediment bac-
terial communities to hydrolyze polysaccharides and
algal extracts as compared to the seawater communi-
ties. They also reported the presence of some microbial
key populations (Bacteroidetes) having specific enzy-
matic capabilities, for example to readily hydrolyze
substrates which were found to be recalcitrant in
surface and bottom waters and suggested the need to
test the linkages between enzymatic potential and
phylogenetic identity using cultured isolates.

These studies are indicative that the bacterial
communities associated with the Arctic glacio-marine
sediments tend to exhibit distinct physiological prop-
erties and metabolic functions driven by the substrate
availability and the various environmental conditions
of each system. Therefore, assessing the metabolic
potential of microbial communities along with their
community structure is crucial in understanding their
ecological role in such complex environments. The
cultivable bacterial fraction, although accounting for
as little as 1% of the total bacterial community,
provides opportunities in exploring the metabolic
diversity and traits within microbes inhabiting these
environments.

Furthermore, in the light of enhanced warming
scenario in the Arctic, with observed and projected
annual average Arctic warming approximately twice
the global mean (Overland et al. 2019), it is also
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imperative to understand the influence of temperature
on the metabolic response of the total community as
well as on different bacterial species of the terrestrial
and fjord system. Kritzberg et al. (2010) studied the
bacterial response in terms of production and respira-
tion from the Fram strait waters by experimental
manipulations of temperature and resources in com-
binations. They reported enhanced bacterial produc-
tion and respiration following a temperature increase
of + 6 °C from the in-situ conditions and the response
to temperature was higher in resource amended
treatments, indicative of a substrate-temperature inter-
action regulating the bacterial metabolism.

Keeping these aspects in mind, the following
questions were posed 1) whether the total sediment
community metabolic response towards ecologically
important substrates in the terrestrial and fjord systems
are different from the metabolic response exhibited by
individual bacteria isolated from such systems (2)
whether phylogenetically-related species tend to exhi-
bit similar metabolic responses or whether sediment-
type and origin influence their metabolic responses and
(3) whether temperature variations have an influence on
the metabolic profiles of the total community as well as
on different bacterial species of the terrestrial and fjord
system. In order to address these questions, in the
present study we aim to explore the taxonomic diversity
and metabolic potential of the total community as well
as the retrievable fraction of a terrestrial versus fjord
sediment system in the Svalbard. Cultivation-depen-
dent and cultivation-independent high throughput
amplicon sequencing approach was followed accom-
panied with measurement of physico-chemical param-
eters associated with each system. Community-level
physiological profiling (CLPP) of the sediments using
EcoPlates™ and growth response of retrievable bacte-
ria towards different carbon substrates, with varying
temperatures were studied. Such studies would help in
estimating and eventually predicting the bacterial
responses to varying substrate availability in the highly
changeable Arctic ecosystems.

Materials and methods

Study area and sampling strategy

The study area covered Vestrebroggerbreen (VB)
glacier which is a land terminating polythermal glacier

in Ny—/&lesund (4.7 km? long) and the downstream
fjord system—Kongsfjorden (Fig. 1). The meltwater
channels starting from the glacier snout drains through
the Broggerbreen valley and finally discharges into the
Kongsfjorden. The Kongsfjorden is a glacio-marine
influenced fjord system located between 78° 04’ N—
79° 05’ N and 11° 03’ E-13° 03’ E (Fig. 1). Kongs-
fjorden is influenced by Atlantic and Arctic water
masses as well as by the glacial influx of sediment-
laden freshwaters which in turn affect the ecosystem
dynamics by creating strong environmental gradients
and changes in community structure (Hop et al. 2002).

A total of 3 sediment samples were collected from
the Vestrebroggerbreen glacier snout region (VB1—
VB3) and pooled together to form a single represen-
tative sample (VB). Similarly, 3 sediment samples
were collected from the glacier foreland region (BR1-
BR3), and a homogenous single sample was obtained
as BR (Fig. 1). Surface sediment samples were
collected across Kongsfjorden from the point where
the meltwater channels empty into the fjord (KNBR),
from the outer fjord mouth (KNS1), and the inner fjord
(KNS9) region (Fig. 1) using Van-veen grab deployed
from MS Teisten (https://nyalesundresearch.no/
infrastructures/ms-teisten/). VB and BR sediments
are representatives of the Arctic terrestrial system
while KNBR, KNS1, and KNS9 sediments represent
the fjord system. The overlying water temperature and
salinity were measured using a Waterproof
Portable meter (Cyberscan series 600) (Eutech
instruments, Thermo Fisher Scientific, USA) for all
the sampling locations. All the samples were collected
in sterile sampling bags (Nasco Whirlpaks, Himedia,
India) and were immediately transferred to — 20 °C
until further processing. An aliquot of the samples was
maintained at 4 °C for cultivation-dependent analysis.
The samples were then transported in a frozen state to
the home laboratory at National Centre for Polar and
Ocean Research, India for analysis.

Chemical analysis of sediment samples

The pH of the sediment pore water was measured by
centrifuging the sediment sample and measuring the
pH of the supernatant water using Cyberscan pH meter
510 (Eutech Instruments, Thermo Fisher Scientific,
USA). Water content (5 g of each sample) was
measured as gravimetric weight loss after drying the
sediment at 105 °C until constant weight. Organic and
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Latitude (Decimal Degrees)

Depth (m)
0-2
23

Longitude (Decimal Degrees)

* Terrestrial - VB and BR
Fjord - KNBR, KNS1 and KNS9

Fig. 1 Map of the glacierized terrestrial regions and Kongsfjorden with the sediment sampling points (Vestrebroggerbreen (VB)
glacier snout, foreland (BR) and fjord (KNBR, KNS1 and KNS9)) marked (https://github.com/Mikko Vihtakari/PlotSvalbard)

inorganic carbon were analyzed as per Winkelmann
and Knies (2005) using PRIMACS™® TOC analyser
(SKALAR, Netherlands). Sediment samples were
analyzed for trace elements using an Inductively-
coupled Plasma Mass Spectrometer (Thermo iCAP Q
ICP-MS, Thermo Fisher Scientific, USA). Sample
preparation involved microwave digestion as detailed
by Lu et al. (2013) and the USEPA method 3051,
followed by a final dilution of 25 times with MilliQ.
Total Mercury was analyzed using Direct Mercury
Analyser (Duel cell-DMA 80, Milestone, Italy).

Total microbial abundance

Total sediment microbial count was carried out
according to Epstein et al. (1997) using 4, 6-di-
amidino-2-phenylindole (DAPI) with minor modifi-
cation. In brief, 0.5 g of sediment in 50 mL of filter-
sterilized saline (0.9%) was vortexed for 10 min
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followed by ultra-probe sonication (at 40% speed
over 80 s with interruption of 2—4 times) using an
Ultrasonic homogenizer (Model 3000, Biologics, Inc,
USA) for dislodging cells from sediment particles. A
2 mL aliquot of the sample was then incubated with
DAPI (20 pL of 1 pg mL~" working solution per mL)
for 5 min and filtered through black 0.22 pm mem-
brane filters (Nucleopore Track-Etch Membrane,
Whatman). The total count was enumerated under
the Leica DM6 B microscope (Leica Microsystems,
Wetzlar, Germany).

Isolation and identification of retrievable
heterotrophic bacteria

Retrievable bacterial fractions from the terrestrial and
fjord sediments were enumerated by the spread plate
method (Sanders 2012). The sample suspension was
prepared by sonicating 5 g of sediment in 45 mL of
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filter-sterilized saline (0.9%). After serial dilutions
(10*2 and 107 dilutions), the sediment suspension
(100 pL) was plated onto solid R2A media (1/2
strength), Antarctic Bacterial Medium (ABM), Tryp-
tone Soy Agar (TSA) (1/10th strength), Actinomycete
isolation agar (AIA) and Zobell Marine Agar (ZMA)
medium (1/4th strength). The plates were then incu-
bated at 4 °C and 20 °C for 2-3 weeks and bacterial
isolation and purification was carried out based on
unique morphological characteristics.

The bacterial genomic DNA was extracted from the
pure bacterial cultures using ChargeSwitch gDNA
mini bacteria kit (Invitrogen, USA). The extracted
DNA was subjected to Rep-PCR amplification with
the BOX AIR primer (Yang and Yen 2012) and based
on their unique banding patterns, isolates were chosen
for 16STRNA gene amplification (Sinha et al. 2017)
followed by sequencing using 3500 Genetic Analyzer
(Applied Biosystems, Thermofisher Scientific, MA,
USA). The obtained sequences were trimmed and
assembled using Codon code Aligner software Ver-
sion 8.0.2 and the consensus contigs were chimera
checked using Pintail 1.1 software. The 16S rRNA
gene nucleotide sequences were analyzed on EzBio-
Cloud server against validly published type strains of
bacterial species (Yoon et al. 2017). The identified 16S
rRNA gene sequences (104 sequences) were submit-
ted in GenBank under the accession numbers
MNO080149-MN080222, MT309496-MT309525.

Bacterial community analysis using amplicon
sequencing and downstream bioinformatic
processing

Environmental DNA from the sediment samples
(0.5 g of sediment) was extracted using DNeasy
Power Soil kit (Qiagen, USA). The DNA concentra-
tion and purity were measured using the Qubit
fluorometer (Thermo Fisher Scientific, USA) and by
gel electrophoresis on 1% agarose. The DNA samples
were sequenced on the HiSeq platform (Illumina,
USA) using Pro341F/Pro805R primers for V3-V4
hypervariable regions of the 16S rRNA gene (Taka-
hashi et al. 2014). The raw nucleotide sequences were
deposited in the NCBI Sequence Read Archive (SRA)
database under the SRA accession number:
PRINA475645. The downstream processing of raw
DNA sequences was carried out according to the
protocols detailed by Bolyen et al. (2019) using

QIIME2 software. The demultiplexed raw sequence
datasets were trimmed for the removal of 16S rRNA
gene primers and multiplexing adapters by using
QIIME?2 Cutadapt plugin. Further, the sequences were
subjected to denoising, dereplication, and chimera
filtering using the DADA?2 denoise-paired method of
QIIME2. The clustering of reads into features was
performed against SILVA_132 marker gene reference
database (Quast et al. 2013) by training the database
using the gq2-feature-classifier plugin. Unique repre-
sentative features/OTUs from each sample were
further subjected to taxonomic classification using
the classify-consensus-vsearch method in q2-feature-
classifier plugin with 0.99% identity threshold. This
was followed by taxonomy-based filtering to remove
the sequences representing chloroplasts and mito-
chondria using the g2-taxa plugin and rarefaction of
the OTU counts (rarefaction depth-9458, 10 itera-
tions) before the downstream diversity analysis. The
alpha diversity estimation was carried out using the
q2-diversity plugin.

Community-level physiological profiling using
EcoPlate

Biolog EcoPlate™ (Biolog Inc., USA) was used to
evaluate community-level metabolic responses. The
EcoPlate™ contains three replicate wells of 31 carbon
substrates (Garland and Mills 1991) and control well
(A1) with no added carbon substrate. The 31 substrates
used in the EcoPlate™ represented carbohydrates,
polymers, carboxylic acids, and amino acids, amines
and amides. Carbon substrate utilization by microbes
is indicated by the respiration-dependent reduction of
the tetrazolium dye leading to a purple coloration
which was quantified spectrophotometrically using a
microplate reader (Synergy 2-multi mode microplate
reader, BioTek Instruments, USA). Preparation of
sediment samples for EcoPlate™ analysis was per-
formed as detailed by Sinha et al. (2019) and the
EcoPlates were incubated at both 4 °C and 20 °C to
understand the influence of temperature on the
metabolic potential of the sediment community. The
intensity of color development was measured at a
wavelength of 595 nm for 240 h (24 h time interval).
The most intensive metabolism of carbon substrates
was observed at 192 h for 4 °C and 216 h for 20 °C
incubation. The results were expressed as Average
Well Color Development (AWCD) and the Shannon—
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Wiener (H) and Richness (Rs) indices were computed.
The AWCD was evaluated according to Garland and
Mills (1991) following formula AWCD =} (OD;)/
31; where OD; = C — R. C is the optical density
measurement within each well and R is the absorbance
value of the control well. The primary data were
further normalized following the equation (C — R)/
AWCD separately for each substrates using respective
AWCD values. For the percentage utilization of each
substrate category, the normalized values for each
category were divided by the ) (C — RYAWCD
values. The Shannon—-Wiener (H) index was calcu-
lated using the formula H = — > pi(lnpi); where pi is
the ratio of the activity on each substrate (OD;) to the
sum of activities on all substrates Y OD; (Gomez et al.
2006). Richness index (R) is the number of substrates
metabolized by the microbes in each sample.

Understanding the growth yields of selected
retrieved isolates of terrestrial and marine origin
towards different carbon substrates

While the total sediment community metabolic profile
was obtained from Ecoplate assay, it is imperative to
understand how individual retrieved bacteria from
terrestrial and marine samples could respond to
different ecologically important substrates. For this
purpose, from a total of 27 different species retrieved
from the terrestrial sediments and 15 different species
retrieved from the fjord sediments, we chose a total of
20 different species—10 belonging to the terrestrial
sediments and 10 from the fjord sediments. Isolates
retrieved from both 4 and 20 °C incubation were
chosen based on their relative abundance (List of
isolates given in Table 5). The fully grown bacterial
cultures in the broth media were centrifuged and the
resulting pellet was washed multiple times with 0.9%
saline. The bacterial inoculum thus obtained was fixed
to an optical density (OD) of 0.2 at 600 nm and the
corresponding number of bacterial cells was measured
using DAPI staining (protocol same as total microbial
abundance). The substrate utilization experiment was
carried out in microplates wherein 10 pL culture
aliquot (with fixed OD of 0.2) was added to each well
which was preloaded with 140 pL of a substrate
minimum medium mix. Substrates tested included
carbohydrates (D-cellobiose, sucrose, D-mannitol,
erythritol, D-lactose, D-glucose, N-acetyl-D-glu-
cosamine, and D-xylose), polymers (Tween 80,
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cellulose), amino-acids (L-phenyl alanine, L-serine,
DL-Asparagine, L-glutamic acid), and carboxylic
acids  (D-malonic acid, D-galacturonic acid,
p-aminobenzoic acid, DL-malic acid, and sodium
pyruvate). Substrates were chosen based on the Biolog
EcoPlate™ substrate list with few additional sub-
strates included and were filter-sterilized before use.
Each substrate was added to a Minimal media (MM,
composition as described by Freese et al. (2010) and
Pfennig (1974)) to produce a final concentration of
50 mg/L (Freese et al. 2010). The experiment was
carried out in triplicates with controls comprising of
MM with bacteria and without substrates, MM with
substrates and without bacteria, and MM without
bacteria and substrates. The experiment was tested at
both 4 and 20 °C temperature incubations to check the
effect of temperature on bacterial growth by the
utilization of different carbon substrates. Absorbance
(OD 600 nm) was measured for 15 days at regular
intervals of 0, 3, 6, 9, 12, and 15 days.

For each of the selected bacterial isolates, the
optimum temperature and temperature range for
growth was determined on diluted R2A broth media
(50% wi/v of the original strength of 3.12 g/L) for
terrestrial isolates and diluted ZMB (25% w/v of the
original strength of 40.25 g/L) for fjord isolates at
different temperature incubations (4, 10, 15, 20, 25,
30, and 35 °C) by measuring optical density at
600 nm.

Statistical analysis

The influence of geochemical properties in explaining
the bacterial community structure associated with the
terrestrial and fjord sites was done by Canonical
Correspondence Analysis (using Bray Curtis dissim-
ilarity) using CANOCO 4.56 statistical software.
Pearson linear correlation was calculated using Orig-
inPro 9.0 software to measure the correlation between
geochemical properties and total bacterial community
structure, bacterial community and Ecoplate substrate
utilization as well as between geochemical properties
and Ecoplate substrate utilization. Principal compo-
nent analysis (PCA) was performed using the Canoco
4.56 package to ordinate the strains depending on the
carbon sources they were able to metabolize. One-way
Analysis of Variance (ANOVA) was performed for
examining significant differences between the meta-
bolic profiles of terrestrial and fjord sediment
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communities as well as between the retrievable
bacterial isolates of the two systems, at 4 °C and
20 °C incubations.

Results and discussion
Geochemical properties of sediment samples

The overlying water temperature for the terrestrial
sediments varied between 0.9 and 1.3 °C and salinity
was 0.08 PSU, while that of the fjord sediments varied
between 3.8 and 5.9 °C and 34.3-34.9 PSU (Table 1).
The highest value of sediment pore water pH was
observed in VB and BR sediments (~ 8.4) while the
pH of the fjord sediment pore water ranged from 7.9 to
8.1 (Table 1). The total organic carbon (TOC) content
among the terrestrial and fjord sediments varied
between 1.2 and 2.9% with the highest value recorded
in the outer fjord sediment (KNS1) and the lowest
value noted in the foreland sediment (BR). A

reduction in the concentration of TOC was observed
from the outer to the inner fjord sediments while an
increase in Inorganic carbon (IC) concentration was
noted towards the inner fjord sediments (Table 1). The
highest TOC values observed in the outer fjord
sediment with a reduction noted from outer to the
inner fjord sediments corresponds to the previous
reports (Lu et al. 2013; Kumar et al. 2016). High
turbidity towards the fjord head (inner fjord) and steep
gradient in sedimentation rate along with the supply of
terrigenous carbonates and organic matter deprived
glacier materials towards the fjord head may be
critical in producing such a clear spatial gradient in
TOC and IC values in the fjord sediments (Kumar
et al. 2016; Koziorowska et al. 2017). The highest
values of Mn (362.0 mg/Kg), Co (13.2 mg/Kg), Cu
(33.6 mg/Kg), Zn (223.9 mg/Kg), Ni (40.8 mg/Kg)
and Cd (0.3 mg/Kg) were found in terrestrial sedi-
ments. Similarly, the outer fjord sediment, KNSI
exhibited the highest concentrations of Pb (7.9 mg/
Kg) and Hg (90.9 ng/Kg) (Table 1). The higher

Table 1 Geochemical properties, total microbial counts (TMC) and retrievable heterotrophic bacterial counts (RHBC) in the

sediments
Parameters Glacier sediments Fjord sediments
VB BR KNBR (depth- KNSI1 (depth- KNS9 (depth-
126 m) 240 m) 46.5 m)
Temperature (°C) of overlying 0.9 1.3 4.7 3.8 5.9
water
Salinity of overlying water (PSU)  0.08 0.08 34.9 34.9 34.3
Sediment pore water pH 8.4 8.4 7.9 8.0 8.1
Water content (%) 20.4 15.4 18.9 20.5 20.9
TOC (%) 1.9 1.2 2.3 2.9 1.3
IC (%) 6.3 1.3 2.8 22 3.1
Mn (mg/Kg) 205.3 362.0 250.5 314.1 332.6
Ni (mg/Kg) 40.8 16.1 20.8 21.3 26.6
Co (mg/Kg) 8.3 13.2 9.4 11.7 11.9
Cu (mg/Kg) 12.6 33.6 19.1 21.2 19.1
Zn (mg/Kg) 166.7 2239 152.9 136.1 117.3
Cd (mg/Kg) 0.3 0.1 0.2 0.2 0.1
Pb (mg/Kg) 39 2.9 3.0 7.9 2.6
Hg (ng/Kg) 44.8 18.2 38.6 90.9 22.1
TMC (cells/g) 6.2 x 10° 43 x 10° 22 x 108 49 x 108 47 x 108
RHBC at4 °C (CFU/g) 9.1 x 10°* 32 x 10°* 1.6 x 107 2.5 x 107 2.5 x 103
RHBC at 20 °C (CFU/g) 2.8 x 10% 1.1 x 10°* 7.7 x 10%*=* 1.1 x 107 8.5 x 10%*

*On half-strength R2A medium
**0n quarter-strength ZMA
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Table 2 List of retrievable heterotrophic bacterial isolates from the terrestrial and Kongsfjorden sediments with their taxonomic
affiliation and closest type strain description

Strain ID Closest relative type strain % Isolation source of type strain/description
similarity

Terrestrial sediments

4VBSedA2 Arthrobacter ginsengisoli 99.25 From ginseng field soil, Republic of Korea
(KF212463)

20BRSedAA1 Arthrobacter pascens (X80740) 98.54 —

20VBSedT4 Cellulomonas bogoriensis 96.59 From lake sediment, Kenya. An alkaliphilic, slightly halotolerant, chemo-
(AXCZ01000188) organotrophic bacteria

4BR1SedT3 Cellulomonas cellasea (X83804) 96.49 From soil in Japan

4VBSedR8 Cryobacterium arcticum (GQ406814) 99.4 Psychrotolerant bacteria, from soil sample from north-east Greenland

4BR1SedZ5 Cryobacterium aureum (JF267311) 99.7 From Xinjiang No. 1 Glacier in China

4VBSedR7 Cryobacterium flavum (jgi.1076268) 99.3 From Xinjiang No. 1 Glacier in China

4BR1SedZ10 Cryobacterium 99.85 From Xinjiang No. 1 Glacier in China
levicorallinum (JF267312)

20VBSedR2 Cryobacterium luteum (jgi.1076264) 99.54 From Xinjiang No. 1 Glacier in China

4BR2SedZ2 Cryobacterium 98.76 From Xinjiang No. 1 Glacier in China
psychrotolerans (jgi.1076200)

4VBSedR1 Cryobacterium 99.41 Psychrophilic bacteria from soil from glacial Lake Roopkund, Himalayan
roopkundense (EF467640) mountain range

4VBSedT3 Flavobacterium degerlachei 99.13 From microbial mats in Antarctic lakes
(jgi.1107974)

20VBSedR5 Flavobacterium omnivorum 99.77 From Xinjiang No. 1 Glacier in China
(AF433174)

4VBSedAA3 Flavobacterium piscis 97.76 From diseased rainbow trout
(LVEN01000016)

4BR2SedA3 Flavobacterium sinopsychrotolerans 99.7 From frozen soil, China No. 1 glacier
(FJ654474)

4BR1SedT4 Herminiimonas arsenitoxidans 96.97 From heavy metal-contaminated soil, oxidize arsenite
(LT671418)

20BRSedR2 Hydrogenophaga palleroni 98.29 Yellow-pigmented hydrogen-oxidizing species
(BCTJ01000079)

4BR1SedT2 Janthinobacterium lividum (YO8846) 99.53 Common in soil and water in cold-temperate regions, produce violacein pigment,

biofilm formation

4BR2SedZ1 Marisediminicola antarctica 99.78 From intertidal sediment sample from east Antarctica
(GQ496083)

4BR2SedT5 Polaromonas cryoconiti (HM583567) 99.09 From alpine glacier cryoconite

4BR2SedT2 Polaromonas eurypsychrophila 99.41 From ice core from Muztagh Glacier, Tibetan Plateau
(KP013181)

4VBSedT8 Polaromonas glacialis (HM583568) 99.48 Psychrophilic bacteria, isolated from alpine glacier cryoconite

20BRSedZ4 Polymorphobacter fuscus (KF737330)  99.48 From permafrost soil of Kunlun mountains, Qinghai-Tibet plateau

4BR3SedR8 Pseudomonas mandelii 99.77 From natural mineral waters
(BDAF01000092)

4BR1SedAAS Pseudomonas silesiensis (KX276592) 97.75 From a biological pesticide sewage treatment plant

4VBSedT1 Salinibacterium xinjiangense 99.7 Psychrophilic bacteria, isolated from the China No. 1 glacier
(DQ515964)

4BR1SedA3 Trichococcus collinsii (AJ306612) 99.8 From a gas-condensate-contaminated soil in Colorado

Fjord sediments

4KNS9SedR4 Arthrobacter humicola (AB279890) 99.71 From paddy soil, Japan

4KNS1SedZ1 Flavobacterium degerlachei 99.71 From microbial mats, Antarctic lakes
(jgi.1107974)

4KNS1SedA3 Flavobacterium frigoris (jgi.1107976)  99.39 From microbial mats, Antarctic lakes

20KNS1SedR1 Oceanisphaera ostreae (HQ340607) 99.5 From seawater of an oyster farm, S.Korea

4KNS9SedAl Paeniglutamicibacter antarcticus 98.92 From Antarctic marine sediment

(AM931709)
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Table 2 continued

Strain ID Closest relative type strain % Isolation source of type strain/description
similarity
4KNS9SedR2 Photobacterium frigidiphilum 99.71 From deep-sea sediments in the western Pacific Ocean
(AY538749)
4KNS9SedZ1 Planococcus halocryophilus 99.79 From permafrost active-layer soil from the Canadian high Arctic, growth
(ANBV01000012) at — 15 °C and high salinity
4KNS9SedZ4 Planomicrobium flavidum (FJ265708) ~ 99.28 From a marine solar saltern
4KNS9SedA2 Psychrobacter cryohalolentis 99.79 From Siberian permafrost, growth at — 10 to 30 °C
(CP000323)
4KNS1SedAA3 Psychrobacter fozii (AJ430827) 99.64 From Antarctic coastal marine environments
4KNS1SedA4 Psychrobacter glaciei (FJ748508) 99.86 From ice core from Austre Lovénbreen, Ny—Alesund, Svalbard
20KNBRSedR2 Psychrobacter nivimaris (AJ313425) 100 From South Atlantic (Antarctica), particle attached bacteria
20KNBRSedZ3 Paracoccuss ediminilitoris 98.94 From a tidal flat sediment, East China Sea
(MH491014)
20KNS9SedAA1 Nesterenkonia aurantiaca 99.41 From a soil sample from Antarctica, haloalkaliphilic
(HG795012)
4KNS1SedR1 Shewanella marinintestina 98.01 From sea-animal intestines, ability to produce eicosapentaenoic acid
(AB081757)

One representative isolate (having the highest base-pair length) for each species was described in the table. Sequences with similarity
level < 98.7% mostly likely represent novel species are underlined. Strain IDs begin with numeric 4 or 20 representing the
temperature of incubation, the alphabets written in bold indicates the media used for isolation (A—Antarctic Bacterial Medium, R—
R2A Agar (1/2 strength), Z—Zobell Marine Agar (1/4 strength), T—Tryptic Soya Agar (1/10 strength), AA—Actinomycete
Isolation Agar). For eg. 4VBSedA?2 is isolated from Antarctic Bacterial Medium at 4 °C incubation

concentrations of Ni, Cu, and Zn noted from the
terrestrial sediments (Table 1) can be linked to the
abundance of soluble rocks such as carbonates and
sulfides in the glacierized areas and the contact of
water with glacial debris causing the enrichment of
elements (Dragon and Marciniak 2010). Lokas et al.
(2016) has reported the role of atmospheric circulation
transporting metals from global and local sources;
marine aerosols and precipitation as major suppliers of
trace metals in the Arctic glacier associated and
terrestrial environments. The average values of trace
metal concentrations of fjord sediments were compa-
rable to the previously reported values from Kongs-
fjorden sediments (Lu et al. 2013; Grotti et al. 2017)
and were lower than the baseline values reported by Lu
et al. (2013). The higher concentrations of Hg and Pb
towards the outer fjord were also reported by Lu et al.
(2013) suggesting the influence of West Spitsbergen
Current bringing relatively warm and saline waters
from low and middle latitudes to the Arctic (long-
range transport of metals). We could also observe
significant correlations between the geochemical fac-
tors such as Ni and IC (p < 0.005), TOC and Hg
(» < 0.05), Mn and Co (p < 0.005) as well as Hg and

Pb (p < 0.01) (Supp Table 1). The significant corre-
lation of TOC-Hg observed in our study may indicate
the possible association of Hg to organic material
(Grotti et al. 2017). Similarly, the association of Hg—
Pb and Mn—Co is an indication that these metals had a
similar source or may be produced by similar physic-
ochemical processes (Bai et al. 2011).

Total microbial counts, retrievable heterotrophic
bacterial counts, and phylogeny of cultivated
bacterial isolates

Total microbial counts (TMC) in the sediment samples
ranged between 10°® cells/g. The lowest count
4.3 x 10° cells/g) was observed in the terrestrial
sediment BR while the highest count (4.9 x 10® cells/
g) was recorded in the outer fjord sediment KNS1
(Table 1). The total microbial count observed in the
terrestrial sediments was two-fold lower as compared
to the counts from the fjord sediments (10% cells/g) in
this study. Reddy et al. (2009) has reported total
bacterial count in the range 2.7-11 x 107 cells/g for
the sediment samples collected from the snout of
Midtre Lov enbreen glacier to the confluence point of
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«Fig. 2 a Percentage composition of retrievable bacteria
belonging to the phylum Proteobacteria, Actinobacteria, Bac-
teroidetes and Firmicutes present in the terrestrial and fjord
sediments from 4 °C and 20 °C incubation. Further class level
abundance of the dominant phylum Proteobacteria is also shown
in each pie diagram since the abundance of o-and 7y-
proteobacteria varied between the terrestrial and fjord sedi-
ments. b The relative abundance of bacterial OTUs at the
phylum level and the abundance of major bacterial classes
observed in the amplicon based culture-independent study

the melt water streams of the glacier with the fjord.
Similarly, Conte et al. (2018) has reported the total
microbial counts from the Kongsfjorden sediments to
be in the range of 107 cells/g which is one-fold lower
than the values observed in our study.

The total isolated heterotrophic bacterial count was
calculated for both 4 and 20 °C incubations. Half-
strength R2A media yielded the highest retrievable
count for the terrestrial sediments at both the incuba-
tion temperature (4 °C: VB — 9.1 x 10’ CFU/g and
BR — 3.2 x 10° CFU/g and 20 °C: VB — 2.8 x 10°
CFU/g and BR — 1.1 x 10° CFU/g) while quarter-
strength ZMA yielded the highest number of isolates
for the fjord sediments at both temperatures
(4 °C: 1.6 x 10°-2.5 x 10° CFU/g and
20 °C: 7.7 x 10°-1.1 x 10° CFU/g) (Table 1).

106 and 64 bacterial isolates were retrieved (based
on colony characteristics) from terrestrial and fjord
sediments respectively from 4 °C incubation. Simi-
larly, a total of 25 and 60 bacterial isolates were
retrieved from 20 °C incubation. Pigmentation
observed for more than half of the total terrestrial
and fjord sediment retrievable bacterial fraction has
been reported as an adaptive strategy to cold environ-
ments and for UV protection (Mueller et al. 2005).
Based on the banding pattern obtained by rep-PCR,
109 bacterial isolates with unique banding patterns
were selected for further identification. The results
from 16S rRNA gene sequencing-based on a similarity
cut-off > 98.7% revealed the presence of 27 different
bacterial species in terrestrial sediments (VB and BR)
and 15 in the fjord sediments (KNBR, KNSI, and
KNS9). Eight bacterial sequences retrieved (7 from
the terrestrial sediments and 1 from the fjord sedi-
ments) exhibited < 98.7% sequence similarity with
the closest type strain in the EzBioCloud database
indicating their novelty (Table 2). The dominant
bacterial isolates from the terrestrial and fjord

sediments were also tested to estimate their optimal
temperature as well as temperature range for growth.
Majority of the bacterial isolates (about 85%) were
psychrotolerant (capable of growth close to 0 °C but
with an optimum growth temperature of > 20 °C)
while 3 isolates fit into the criteria for true psy-
chrophiles (optimal temperature for growth at about
15 °C or lower and a maximal temperature for growth
at about 20 °C). The psychrophilic isolates were
closely related to the species Polaromonas glacialis,
Cryobacterium psychrotolerans and Polymorphobac-
ter fuscus, all of which were isolated from the
terrestrial sediments in our study.

The bacterial isolates from the terrestrial and fjord
sediments belonged to 4 phyla—Proteobacteria (con-
stituted by class y-proteobacteria and a-proteobacte-
ria), Bacteroidetes, Actinobacteria, and Firmicutes
(Fig. 2a). Phylum Actinobacteria dominated the ter-
restrial sediments at both 4 °C (58% of the total
isolates) and 20 °C (38.5% of the total) incubation.
The other dominant phyla isolated from the terrestrial
sediments included Proteobacteria and Bacteroidetes.
Bacteroidetes accounted for 13.4% of the total isolates
from 4 °C and 33.3% of the total from 20 °C
incubation. Class y-proteobacteria was dominant at
4 °C (27.5% of the total) while class a-proteobacteria
was dominant at 20 °C (25.6% of the total) (Fig. 2a).

Actinobacterial phyla was represented by 5 differ-
ent genera, of which the genus Cryobacterium was
dominant with 7 different species (Supp Table 2a).
The class y-proteobacteria was represented by the
genera Janthinobacterium, Herminiimonas, Po-
laromonas, Hydrogenophaga (order Betaproteobacte-
riales), and Pseudomonas (order Pseudomonadales).
The genus Flavobacterium solely represented the
phylum Bacteroidetes while the genus Polymor-
phobacter represented the class o-proteobacteria.
The dominant species isolated from the terrestrial
sediments from 4 °C incubation were Cryobacterium
psychrotolerans (27.9% of the total species), Janthi-
nobacterium lividum (19.5%), Cryobacterium roop-
kundense (19.1%), Flavobacterium degerlachei
(7.6%), and Polaromonas glacialis (4.6%). Similarly,
the dominant species isolated from 20 °C incubation
were Polymorphobacter fuscus (25.6% of the total
species), Flavobacterium degerlachei (23%), Cry-
obacterium luteum (17.9%), Flavobacterium omnivo-
rum (10.3%), and Cellulomonas cellasea (7.7%).
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The higher abundance of bacterial isolates affiliated
to the phylum Actinobacteria in the terrestrial sedi-
ments corroborated well with the studies by Edwards
et al. (2013) and Zhang et al. (2016) wherein they
indicated the presence of Actinobacterial members as
common inhabitants of glacier forelands and cry-
oconites, playing a significant role in soil development
and biogeochemical cycling. The three psychrophilic
bacterial species isolated in our study from the
terrestrial sediments are known representatives of
glacier systems of Polar and high elevation environ-
ments (Zhang et al. 2007; Margesin et al. 2012; Jia
et al. 2015). Of which, the genus Cryobacterium has
been previously reported as a dominant genera asso-
ciated with the supraglacier systems, known to
decompose a wide variety of organic carbon substrates
(Poniecka et al. 2020). Liu et al. (2020) has also
observed significantly higher number of genes
involved in stress response, motility, and chemotaxis
in the genus Cryobacterium as cold adaptive survival
strategies. Similar properties of carbon substrate
utilization and mechanisms to withstand unfavourable
conditions—through dormancy (Darcy et al. 2011)
and plasmid mediated genes (Ciok et al. 2018) has
been reported in the genus Polaromonas. The third
psychrophilic species belonged to the genus Polymor-
phobacter and dominated the bacterial fraction
retrieved from 20 °C incubation. Polymorphobacter
genus comprises of all psychrotolerant members
isolated from low temperature environments and
known for their aerobic anoxygenic photo-
heterotrophic nature (Jia et al. 2015; Phurbu et al.
2020). Other dominant terrestrial isolates belonged to
Janthinobacterium sp. which are known to produce
water-insoluble purple pigment violacein as an envi-
ronmental stress responsive mechanism (Pantanella
et al. 2007) and Flavobacterium sp. known for organic
matter degradation in the glacier environment
(Poniecka et al. 2020; Thomas et al. 2020).

v-proteobacteria dominated the retrievable bacte-
rial fraction in the marine fjord sediment samples at
both 4 °C (65.2% of the total) and 20 °C (68.2% of the
total), with the presence of 4 genera and 6 different
species (Fig. 2a). Bacterial species belonging to the
phylum Actinobacteria were retrieved only from the
inner fjord sediment KNS9. The dominant species
retrieved from the fjord sediments at 4 °C incubation
were Psychrobacter fozii (26.3% of the total species),
Psychrobacter cryohalolentis (17.8%), Psychrobacter

@ Springer

glaciei (16.6%), and Flavobacterium degerlachei
(16.5%). Similarly, Psychrobacter glaciei (41.9%)
and Psychrobacter fozii (13.95%) dominated the
retrievable fraction at 20 °C incubation.

Higher abundance of y-proteobacterial genus Psy-
chrobacter in the fjord sediments (Supp Table 2a and
b) corroborates with the previous culture-based studies
from Kongsfjorden where their potential role in
carbohydrate degradation, as well as cold-active
enzyme production, was demonstrated (Prasad et al.
2014; Jain and Krishnan 2017; Sinha et al. 2017). The
retrieval of Actinobacterial species only from the inner
fjord sediments might suggest the association of
Actinobacterial taxa with the cold and less saline
environment.

Flavobacterium degerlachei, belonging to the
phylum Bacteroidetes, was the only common repre-
sentative retrieved from both the terrestrial and fjord
sediments from both incubation temperatures (Table 2)
suggesting their adaptability to both the terrestrial and
fjord environments and corresponds well with our
previous report from the meltwaters and fjord waters
(Thomas et al. 2020). The versatile nature of the
Flavobacterium species could be linked to their ability
to produce poly-unsaturated fatty acids, cold-adapted
enzymes, and pigments along with their specialized
role in uptake and degradation of high molecular
weight fraction of organic matter (Liu et al. 2019).

Bacterial diversity as revealed by 16S rRNA gene
amplicon sequencing

A total of 223,613 sequences and 2376 OTUs were
obtained in the present study using SILVA_132
database at 99% sequence similarity. The Good’s
coverage estimator of the OTUs ranged between 99.7
and 99.9% (Table 3), indicating sufficient sequence
coverage in all the samples. It was found that 30,914
sequences representing 1263 OTUs were not identified
based on the user database and hence have been
characterized as unassigned OTUs. The unassigned
OTUs accounted for about 19.98% of the total
sequences identified from sediments of VB, 25% of
BR, 26.8% of KNBR, 2.3% of KNS1, and 8.3% of
KNS9. 1103 identified bacterial OTUs were classified
into 22 phyla, 42 classes, 74 orders, 119 families, and
142 genera. In total, Proteobacteria (avg 31.2%),
Epsilonbacteracota (avg 18.9%) and Bacteroidetes
(avg 16.3%) dominated the overall bacterial
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Table 3 List of total Sample Total sequences Total OTUs Goods coverage Shannon Simpson Chaol
sequences, OTUs, rare taxa
and various diversity VB 92,598 1150 0.999 8.135 0.988 1244.721
‘g’;fr‘l;?: for each sediment BR 18,233 612 0.997 7935 0990  638.775
KNBR 9458 150 0.999 5.376 0.941 150
KNS1 50,046 302 0.999 5.296 0.944 322.539
KNS9 50,056 283 0.999 4.511 0.866 298.545
community. A total of 10 archaeal OTUs (1611 Oxyphotobacteria  (Cyanobacteria), VadinHA49
sequences) were identified representing the classes (Planctomycetes), ABY1 (Patescibacteria), and

Bathyarchaeia, Thermoplasmata, and Nitrososphaeria.
However, the number of archaeal OTUs detected in
the amplicon analysis was only 0.42% of the total
OTUs recovered.

The relative abundance of the major (> 1% abun-
dance), minor (0.1-1% abundance), and rare bacterial
genera (< 0.1% abundance) are summarized in Supp
Fig. 2. OTUs from Proteobacteria (18.9—45.75%) and
Bacteroidetes (7.5-24.2%) dominated both the terres-
trial and fjord sediments. Verrucomicrobia were
mostly abundant in the terrestrial sediment BR
(19.4%) while Cyanobacterial OTUs were only found
in the VB sediment (6.6%) Similarly, Patescibacteria
and Planctomycetes were detected only in terrestrial
sediments (Fig. 2b). Epsilonbacteracota mainly
resided in the outer fjord sediment KNS1 (50%) while
Fusobacterial OTUs were observed only at station
KNS9 (10.3%) (Fig. 2b).

The dominance of sequences affiliated to Pro-
teobacteria, Bacteroidetes, and Verrucomicrobia from
VB and BR sediments were previously reported for
Svalbard lake sediments (Wang et al. 2016), although
a comparatively lesser abundance of Acidobacterial
phylum was found in the present study. The abundance
and exclusive presence of cyanobacterial OTUs in the
snout sediment (VB) might indicate their export from
the supra-glacier systems to the snout region as
cyanobacterial members are known to dominate the
supraglacial ecosystems such as cryoconites playing a
significant role in microbial community interactions
and involved in cryoconite granule formation (Anesio
et al. 2017; Garcia-Lopez and Cid 2017). The dom-
inance of Verrucomicrobial OTUs in the forefield
sediment BR is consistent with the results of Bendia
et al. (2018), wherein they suggested the role of
Verrucomicrobia in methane cycling in the glacier
environments.  Significant  correlations ~ were
observed (Supp Table 1) between the bacterial classes

o-proteobacteria, which are dominant in terrestrial
sediments suggesting their possible interactions with
each other in the terrestrial system, contributing to
ecosystem functioning. Such links were reported by
Kosek et al. (2019) from Revelva catchment waters,
wherein the abundance of Planctomycetes and o-
proteobacteria in areas covered by cyanobacterial
mats was related to their role in the degradation of
algal matter. Further, the glacier snout sediment VB
harbored highly diverse rare taxa (bacterial taxa
having abundance < 0.1%) as compared to the other
samples (64.8% of total rare taxa) (Supp Fig. 2), which
in turn points out the importance of snout ecosystem
acting as a ’seed bank’ with less abundant highly
diverse dormant taxa having unknown functional
potential that could become numerically dominant
and active with favorable environmental conditions
(Dawson et al. 2017). This observation was further
supported by the presence of 5 potential novel
bacterial species from the retrievable fraction from
the VB sediment (Table 2) also indicating the snout
sediment to be a hotspot of rare taxa. The culture-
dependent and culture-independent analysis of the
snout and forefield sediments clearly indicated that
their community comprise of both cosmopolitan taxa
reported from the overlying meltwaters (Thomas et al.
2020), the supra-and subglacial systems (Stibal et al.
2012; Poniecka et al. 2020) and glacier-forefield soils
(Nash et al. 2018; Malard et al. 2019) and rare taxa
specific to the sediments.

The dominance of Proteobacteria (y-proteobacte-
ria), Epsilonbacteraeota, and Bacteroidetes observed
in the Kongsfjorden sediments corresponds to the
results of Zeng et al. (2017). An increased abundance
of OTUs belonging to Epsilonbacteraeota was noted
from the inner to the outer fjord sediment (Fig. 2b).
This could be due to the influence of Atlantic water
(Hamdan et al. 2013), which is more prevalent in the
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outer fjord (Cottier et al. 2005). Similarly, the
dominance of OTUs belonging to class y-proteobac-
teria (30.5-44.5%) and Bacteroidia (7.5-20.6%) in all
fjord sediments is substantiated by our retrievable
data, suggesting a vital linkage of the dominant
bacterial taxa in the fjord sediments with organic
matter degradation (Zeng et al. 2013).

The Shannon diversity index was highest for VB
sediment (8.1) while the lowest value was noted for
KNS9 sediment (4.5). We could observe a reduction in
the bacterial diversity and richness from the terrestrial
to the fjord sediments (Table 3). The higher Shannon
diversity values for the terrestrial sediments are
comparable to the values reported from soils and
sediments from an Arctic lake in Svalbard (Wang et al.
2016). Despite the lower temperature and oligotrophic
conditions prevailing in the glacier-influenced terres-
trial environment, the higher diversity noted could be
maintained by the mechanism of transient dormancy
of the microbiota (Jones and Lennon 2010). The
Shannon diversity values for fjord sediments are
comparable to those reported by Zeng et al. (2017).

While comparing the amplicon sequencing results
with the cultivable isolates, we could observe that all
the species isolated in our study had their closest
sequence variants among the OTUs from the amplicon
results. Although cultivation-dependent techniques
has the limitation of the selectivity of isolation media
and culture conditions, it still stands significant in
studying the physiological and metabolic potential of
bacterial isolates from cold Polar environments which
is otherwise not possible with the 16SrRNA amplicon
sequencing approach. The combination of both these
approaches has clearly described differences between
the terrestrial and fjord sediments in terms of its
community structure.

Bacterial community structure and their
correlation with the sediment geochemical
properties between the sampling sites

Canonical Correspondence Analysis showed that the
total eigenvalue obtained as the summation of Axis 1
to 4 was 0.79. Axis 1 and Axis 2 accounted for 71.9%
of the cumulative percentage variance observed in the
relationship between species and the various environ-
mental factors tested (Fig. 3). Among the various
environmental factors tested in CCA, pore water pH
showed significant influence on the species

@ Springer

distribution (p-value < 0.005) explaining about 39%
of the total variance by all variables. The significant
influence of pH on the bacterial community structur-
ing and their significant correlation with Acidobacte-
rial and Actinobacterial OTUs (Supp Tablel) was
comparable to the results from the pan-Arctic survey
of bacterial communities in Arctic soils by Malard
etal. (2019). We could also observe a close association
of IC (Inorganic Carbon) and trace metals such as Ni
and Cd with the terrestrial VB bacterial community
while Zn and sediment pore water pH exhibited a
positive correlation with the BR community. Simi-
larly, the close association of Pb, Hg, TOC, and water
content with the fjord sediment communities was
noted (Fig. 3). Therefore, our results establish a
linkage between the environmental factors and bacte-
rial community structuring associated with the terres-
trial and fjord system.

Metabolic functional analysis of sediment
communities and isolates

It was well indicated in our culture-dependent and
culture-independent bacterial diversity analysis that
the dominant members of the terrestrial and fjord
sediments are known for their capability for organic
carbon degradation. We could note significant differ-
ences in the community metabolic profiles between
the terrestrial and fjord sediments at both 4 °C and
20 °C incubations (p < 0.005) (Fig. 4a and b). How-
ever, at both temperatures, the terrestrial sediment
community had shown a higher affinity to utilize
amino acids, amines and amides (24.8-35%) as
compared to the fjord community (19-25.5%). Sim-
ilarly, a higher affinity for utilization of carbohydrates
and polymers was noted for the fjord sediment
community irrespective of temperature incubations.
It was found that all 5 sediment communities were
positive for the utilization of D-mannitol, Tween 80,
Tween 40, and N-acetyl-D-glucosamine (GlcNAc) at
both 4 and 20 °C incubations (Fig. 4a and b). Man-
nitol being low-molecular mass organic osmolytes, are
accumulated in the cytoplasm by cold-adapted bacte-
ria, to lower the cytoplasmic freezing point and avoid
desiccation by counteracting water loss and cell
shrinkage during freezing (Collins and Margesin
2019). Feltracco et al. (2020) reported the prevalence
of alcohol sugar mannitol in coarse particles in Arctic
aerosol denoting it as a local biogenic source. GIcNAc
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Fig. 3 Canonical correspondence analysis showing associa-
tions between the bacterial communities and geochemical
properties of the terrestrial and fjord sediments. The red arrows
represent environmental factors measured. The length of the
arrows and the angle between each arrow and the nearest axis

is a low-molecular weight amino sugar that is used for
the synthesis of cell surface structures in bacteria and
plays an important role in supplying carbon and
energy by entering the glycolytic pathway after it is
converted into fructose-6-phosphate (Alvarez-Afiorve
et al. 2005). GlcNAc uptake is reported as a wide-
spread phenotype among marine bacteria by Cottrell
and Kirchman (2000). Similarly, the Tween com-
pounds, having an oleic acid moiety in their structure
are commonly used by polar bacteria (Sala et al. 2008)
and known to protect bacterial cells from adverse
environmental conditions (Reitermayer et al. 2018).
This is an indication that the terrestrial and fjord
sediment communities utilize certain specific carbon
substrates which could boost their survival mecha-
nisms in Arctic environments.

indicate the relative importance and closeness of that environ-
mental factor in explaining the variation in the bacterial
communities. The terrestrial sediments VB and BR are marked
in orange stars and the fjord sediments KNBR, KNS1 and KNS9
are marked in blue stars

Polymer substrates such as o-cyclodextrin and
glycogen and carbohydrate substrate D-cellobiose
(product of cellulose degradation), were utilized by
all 3 fjord sediment communities (OD > 0.5) at both
temperature incubations (Fig. 4a and b). Higher
affinity for carbohydrates and complex polymer
substrates over others observed in the fjord sediments
suggests the presence of complex carbohydrate
degrading bacterial groups in the fjord sediments
(Teske et al. 2011; Jain and Krishnan 2017). Similarly,
Pyruvic acid methyl ester, D-glucosaminic acid,
D-galactonic acid-gamma lactone, L-arginine, L-as-
paragine, and L-serine were utilized efficiently by the
terrestrial sediment communities (OD > 0.5) over
other substrates. Significant correlations were noted
between the ecoplate carbon substrates, bacterial
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community and different geochemical properties
(Supp Table 3a and b). We could also observe that
the linkages of community and geochemical proper-
ties with that of the ecoplate carbon substrates varied
with the Ecoplate incubations at two different tem-
peratures (Supp Table 3a and b). Shannon—Wiener
(H) index and Richness index (Rs) were higher for
fjord sediments as compared to terrestrial sediments at
4 °C while the values were found to be lower than
terrestrial sediments at 20 °C incubation (Table 4). At
these two temperatures, terrestrial and fjord commu-
nities showed variation in their metabolic responses,
which may have significant implications on the
substrate availability in the natural environment.

The total community metabolic response, however,
might vary from the metabolic response of single
bacteria representing each system. To test this hypoth-
esis, the dominant cultivable bacterial fraction from
both the terrestrial and fjord sediments was tested for
their ability to grow in the presence of different carbon
substrates. Some of the retrievable isolates chosen
represented genera like Flavobacterium, Polaromonas
and Photobacterium which accounted for > 5% rela-
tive abundance in the NGS results. For the experi-
mental study, incubations at 4 °C and 20 °C were
taken into account to determine the influence of
varying temperatures on bacterial growth response. It
was found that 50% of the terrestrial isolates and 70%
of the fjord isolates could utilize at least 1 of the
carbon substrates provided, at both temperature incu-
bations (Table 5). Among the terrestrial isolates, the
highest number of substrates were utilized by the

L.
Siyeyl-L-glut
Phenyl

VB BR KNBR KNS1 KNS9
(Fjord)
Fig.4 aHeatmap of the carbon substrate utilization patterns on

the Biolog Ecoplate for terrestrial and fjord sediments at 4 °C
incubation and b Heatmap of the carbon substrate utilization

@ Springer

species Cryobacterium roopkundense and Arthrobac-
ter ginsengisoli (100% substrates utilized at 4 °C and
42% at 20 °C) belonging to Actinobacteria and
Janthinobacterium lividum (37% and 21% of sub-
strates utilized at 4 °C and 20 °C) belonging to
Proteobacteria. Similarly, among the fjord isolates,
maximum number of substrates were utilized by the
species Psychrobacter glaciei (94.7% substrates uti-
lized at 4 °C and 31.5% at 20 °C), Photobacterium
frigidiphilum (47% at 4 °C and 26% at 20 °C) and
Psychrobacter nivimaris (26% at 4 °C, 42% at 20 °C)
belonging to Proteobacteria respectively (Table 5).
PCA also showed that members of the bacterial phyla
Proteobacteria and Actinobacteria have more affinity
for utilization of different carbon substrates (Supp
Fig. 3a and b).

We have also looked into the metabolic profiles of
the psychrophilic species isolated in our study. Among
the isolates, Polymorphobacter fuscus utilized carbo-
hydrate (N-acetyl-D-glucosamine), polymer (Tween
80) and amino acid (L-serine) substrates at 4 °C while
Cryobacterium psychrotolerans could utilize only
carbohydrate substrates-D-mannitol and N-acetyl-D-
glucosamine at 4 °C. Similarly, Polaromonas glacia-
lis could utilize only one amino acid substrate-L-
serine at 4 °C. There was no substrate utilization
observed at 20 °C except for the isolate Polymor-
phobacter fuscus which could utilize Tween 80 at
20 °C (Supp Table 4a and b). Therefore, among the
three psychrophilic species, Polymorphobacter sp.
had a higher metabolic potential as compared to the
other 2, although their metabolic capabilities were

(b)
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— ——
—
N E
—
E— —
|
s —
E— 4
I
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VB BR KNBR KNS1 KNS9
o (Fjord) 0

patterns on the Biolog Ecoplate for terrestrial and fjord
sediments at 20 °C incubation
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lower as compared to the psychrotolerant members
isolated from the terrestrial system (Table 5). Com-
parison between the psychrophilic and psychrotolerant
representatives of the genus Cryobacterium (C. psy-
chrotolerans, C. roopkundense, C. luteum) indicated
distinct metabolic capabilities for different species

Table 4 Community level Physiological profiling results for
each sediment sample incubated at 4 and 20 °C temperature
incubations

Sample AWCD H R

4°C 20°C 4°C 20°C 4°C 20°C
VB 0.78 1.01 297 298 22 20
BR 0.46 1.43 283 313 16 26

KNBR 0.63  0.65 313 272 26 14
KNS1 0.69 1.04 3.06 3.07 24 22
KNS9 0.67  0.67 3.21 2.70 25 14

belonging to the same genera isolated from the same
environment.

We could also observe that at4 °C incubation, maximum
number of bacterial isolates have utilized N-acetyl-D-
glucosamine > Sucrose > Tween 80 > D-mannitol = D-
galacturonic acid = L-serine = L-glutamic acid > Cellu-
lose = D-cellobiose. Similarly, at 20 °C, we found maxi-
mum utilization of Tween80 > D-mannitol > D-
galacturonic acid > N-acetyl-D-glucosamine > D-cel-
lobiose > D-glucose = D-lactose. This corroborates well
with the Ecoplate results wherein substrates such as
N-acetyl-D-glucosamine, D-mannitol, and Tween 80 were
utilized by all the sediment communities irrespective of 4 °C
and 20 °C incubations suggesting the ecological importance
of these substrates in the Arctic sedimentary environments.

Similar to the community metabolic response, we
could note significant differences in the bacterial
growth yields (in terms of total cell count) towards
different carbon substrates between the terrestrial and

Table 5 List of retrieved bacterial isolates selected for the experiment with their temperature range and number of substrates utilized

for growth at 4 °C and 20 °C incubation

Bacterial Isolates chosen

Temperature optimum and range

No. of substrates utilized

4 °C 20 °C

Terrestrial

Flavobacterium degerlachei (4VBSedT3) 15-20 °C (4-25 °C) 3 0
Arthrobacter ginsengisoli (4VBSedA?2) 20 °C (4-35 °0) 19 8
Janthinobacterium lividum (4BR1SedT2) 15 °C (4-30 °C) 7 4
Polymorphobacter fuscus (20BRSedZ4) 10 °C (4-15 °C) 3 1
Cryobacterium roopkundense (4VBSedR1) 20 °C (4-35 °C) 19 8
Cryobacterium luteum (20VBSedR2) 25 °C (4-30 °C) 2 0
Cryobacterium psychrotolerans (4BR2SedZ2) 10 °C (4-15 °C) 2 0
Flavobacterium omnivorum (20VBSedRS5) 15 °C (4-20 °C) 2 1
Polaromonas glacialis (4VBSedT8) 10 °C (4-20 °C) 1 0
Cellulomonas cellasea (4BR1SedT3) 15 °C (10-20 °C) 0 0
Fjord

Flavobacterium degerlachei (AKNS1SedZ1) 15 °C (4-30 °C) 4 3
Psychrobacter glaciei (4KNS1SedA4) 30 °C (4-35 °C) 18 6
Paracoccus sediminilitoris 20KNBRSedZ3) 10 °C (4-25 °C) 12 0
Planococcus halocryophilus (AKNS9SedZ1) 25 °C (4-35 °0O) 0 8
Psychrobacter fozii (AKNS1SedAA3) 25 °C (4-35 °CO) 4 3
Photobacterium frigidiphilum (4AKNS9SedR2) 25 °C (4-35 °0) 9 5
Paeniglutamicibacter antarcticus (4AKNS9SedAl) 20 °C (4-35 °CO) 2 3
Psychrobacter nivimaris (20KNBRSedR?2) 20 °C (4-35 °C) 5 8
Psychrobacter cryohalolentis (AKNS9SedA2) 15 °C (4-20 °C) 0 0
Flavobacterium frigoris (4KNS1SedA3) 15 °C (4-30 °C) 4 1
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Fig. 5 a Bacterial growth yield results expressed in terms of
bacterial cell count (*10”cells/mL) for both terrestrial and fjord
isolates grown in the presence of selected carbon substrates at
4 °C incubation observed at 12th day of growth, b Bacterial
growth yield results for terrestrial and fjord isolates grown in the
presence of selected carbon substrates at 20 °C incubation
observed at 12th day of growth. Terrestrial isolates are marked
as T1-T10 while fjord isolates are marked as F1-F10 along with
the respective phylum details described in brackets as Bactero-
Bacteroidetes, Actino-Actinobacteria, Proteo-Proteobacteria
and Firmi-Firmicutes. Details of the isolates: T1-Flavobac-
terium degerlachei (4VBSedT3), T2-Arthrobacter ginsegisoli
(4VBSedA2), T3-Janthinobacterium lividum (4BR1SedT2),
T4-Polymorphobacter fuscus (20BRSedZ4), TS-Cryobacterium

fjord isolates at both 4 °C and 20 °C incubations
(p value < 0.05). Figure 5a and b indicate a decline in
bacterial growth in terms of total cell count (¥10 -
cells/ml) towards different carbon sources at 20 °C
incubation as compared to 4 °C incubation. An
exception was noted for the isolates F4 (Planococcus
halocryophilus) and F7  (Paeniglutamicibacter
antarcticus), wherein they yielded higher cell counts
at 20 °C in the presence of different carbohydrates,
polymers, and amino acid substrates. There was a
noticeable temperature selection particularly for the
terrestrial isolates i.e. 4 °C incubation found to have
higher growth yields for different substrates than
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roopkundense
(20VBSedR?2),
(4BR2SedZ2), T8-Flavobacterium omnivorum (20VBSedR5),
T9-Polaromonas glacialis (4VBSedT8) and T10-Cellulomonas

(4VBSedR1), T6-Cryobacterium  luteum
T7-Cryobacterium psychrotolerans

cellasea (4BR1SedT3). Fl-Flavobacterium degerlachei
(4KNS1SedZ1), F2-Psychrobacter glaciei (4KNS1SedA4),
F3-Paracoccus sediminilitoris 20KNBRSedZ3), F4-Planococ-
cus halocryophilus (4KNS9SedZ1), F5-Psychrobacter fozii

(4KNS1SedAA3), F6-Photobacterium frigidiphilum
(4KNS9SedR2), F7-Paeniglutamicibacter antarcticus
(4KNS9SedAl), F8-Psychrobacter nivimaris
(20KNBRSedR?2), F9-Psychrobacter cryohalolentis

(4KNS9SedA2), F10-Flavobacterium frigoris (AKNS1SedA3)

20 °C incubation. Production of cold-adapted
enzymes having high level of specific activity at low
temperatures might have enhanced their affinity to
utilize different substrates at lower temperature (Stru-
vay and Feller 2012). This needs further evidence
through experiments involving varying temperatures
and varying substrate concentrations as well as whole-
genome based studies on the psychrotolerant isolates
which can shed light on the different mechanisms
involved in high metabolic activity at temperatures
much below their temperature optima for growth.
Another aspect of our study was to check whether
phylogenetically related bacterial members exhibit
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similar growth response to varying substrates and
varying temperature incubations or whether they are
influenced by the sediment-type. For this, isolates
belonging to the species Flavobacterium degerlachei,
one retrieved from the terrestrial sediment and one
from the fjord sediment were included in the study.
Similarly, different bacterial species belonging to the
same genera were also considered for the experiment
(Cryobacterium  roopkundense, Cryobacterium
luteum, and Cryobacterium psychrotolerans from the
terrestrial sediments, Psychrobacter glaciei, Psy-
chrobacter fozii, Psychrobacter nivimaris and Psy-
chrobacter cryohalolentis from the fjord sediments).
Our results indicated a clear distinction in the growth
response of different isolates irrespective of their
phylogenetic relatedness (Table 5 and Supp Table 4a,
b). Similar results were reported by Poniecka et al.
(2020) wherein they observed striking differences in
the metabolic capabilities of closely related isolates
assigned to the same OTU. Since bacterial strains/
species can adjust their substrate utilization profiles
according to condition changes, the phylogenetic
origin seems to be a less important structuring
component of sediment bacterial communities (Freese
et al. 2010). Detailed whole-genome level studies
could further give insights into the metabolic path-
ways in phylogenetically similar bacterial species
from terrestrial and fjord environments.

Conclusion

Significant differences in the carbon substrate utiliza-
tion profiles between the terrestrial and fjord sedi-
ments at both 4 °C and 20 °C incubations (p < 0.005)
implies the adaptive responses of bacterial members to
utilize the available substrates in the varying natural
environment. The dominance of class y-proteobacteria
observed in the fjord sediments along with the
preferential utilization of carbohydrates and complex
polymers in the metabolic profile of bulk sediments
indicated their potential role in complex organic
matter degradation in the fjord sediments. Higher
taxonomic diversity with the presence of diverse rare
taxa noted in the terrestrial sediment VB along with
the higher affinity to utilize amino acids, amines and
amides need to be emphasized further for a better
understanding of their ecological role in the glacier-
influenced terrestrial environment. Utilization of

D-mannitol, N-acetyl-D-glucosamine, and Tween 80
by both terrestrial and fjord sediment communities as
well as by the cultivated bacterial fraction indicates
the readily available nature of such carbon substrates
in the Arctic sedimentary environments, promoting
survivability of bacteria in the extremely cold envi-
ronments. The significant influence of temperature on
the growth response of terrestrial and fjord isolates
towards different carbon substrates was indicated in
our study, with phylogeny found to be a less important
structuring component of bacterial metabolic poten-
tial. Thus, our polyphasic approach contributes to a
better understanding of the taxonomic and metabolic
diversity of bacteria associated with the terrestrial and
fjord sedimentary system, which could be a base to
understand bacterial-environmental interactions and
underlying ecological processes.
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