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Abstract: The benthic matrix acts as a key natural archive where the memory of long-term timescale
environmental changes is recorded. Some ecological and chemical features of fjord sediments were explored
during the AREX cruise carried out in the Svalbard archipelago in summer 2021. The activity rates of the
enzymes leucine aminopeptidase (LAP), beta-glucosidase (GLU) and alkaline phosphatase (AP) and
community-level physiological profiles (CLPP) were studied with the aim of determining the functional
diversity of the benthic microbial community, while bacterial isolates were screened for their susceptibility to
antibiotic molecules in order to explore the role of these extreme environments as potential reservoirs of
antibiotic resistance. Enzyme activity rates were obtained by fluorogenic substrates, CLPP by Biolog Ecoplates;
antibiotic susceptibility assays were performed through the standard disk diffusion method. Spatial trends
observed in the functional profiles of the microbial community suggested the variability in the microbial
community composition, presumably related to the patchy distribution of organic substrates. Complex Carbon
sources, carbohydrates and amino acids were the organic polymers preferentially metabolized by the microbial
community. Multiple resistance to ampicillin, clindamycin and gentamycin was detected in all the sampled
sediments, excepting in the southern Hornsund area, stressing the role of sediments as a potential reservoir of
chemical wastes ascribable to antibiotic residuals. This study provides new insights on the health status of fjord
sediments of West Spitsbergen applying a dual ecological and biochemical approach. Microbial communities
in the fjord sediments showed globally a good functional diversity, suggesting their versatility to rapidly react
to changing conditions.

Keywords: sediments; heterotrophic bacteria; carbon substrates utilization profiles; antibiotic
resistance; svalbard fjords; functional diversity; health status

1. Introduction

Svalbard Archipelago is one of the regions of the Earth most vulnerable to climate warming, but
still unexplored in their microbiological features [1]. Fjord ecosystems are considered to be sensitive
sentinels of climate changes, affected by melting glaciers and warming marine water [2]. Marine
fjords influenced by active glacier freshwater inputs are key hot spots for organic matter burial in the
sediments and subsequent microbial mineralization [3]. Both freshwater supply and sedimentary
processes drive the physical characteristics of fjords, making them natural laboratories where the
effects of environmental changes can be detected and monitored. Particularly, fjord systems where
temperature, salinity, nutrient and light gradients occur can serve as suitable models to study the
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response of microbial communities to the environmental variability [4]. In this scenario, a clear
knowledge of the patterns of microbial taxonomical and functional diversity and their environmental
drivers is still lacking, while assessing how microbial structure and function are modulated by
freshwater, terrestrial and marine organic carbon inputs would be critical for understanding
microbial role in the whole fjord ecosystems’ functioning. Marine sediments act as the largest
reservoirs of organic carbon on the planet [5]; many natural compounds produced by the living biota
in the water column, as well as contaminants, are buried into the benthic compartment, stressing the
role of sediments as environmental archives.

Cultivable heterotrophic microorganisms represent the metabolically active fraction of the
microbial community, playing a pivotal role in the biogeochemical and energy fluxes [6]. The rapid
climate warming experienced by the Arctic region is expected to result in the mobilization/transport
of organic matter through glacier melting waters; currently, however, only fragmentary data are
available on the local contamination and the possible effects caused by contaminants derived from
the increased human pressure and industrial activity. In the continental Svalbard area, mining,
sewage wastes and dumpsites are the main sources of terrestrial contamination, that following runoff
may be discharged into the surrounding water bodies (including the sea), making the whole region
particularly vulnerable to potential impacts of anthropic activities [7,8]. In consideration of the role
of sediments as a conservative matrix, characterizing and quantifying the metabolic potential of
microbial communities in the benthic environments is of great interest to get insights on the
physiological role of prokaryotic assemblage in the carbon cycling: To this end, the Biolog Ecoplate
method provides a simple and rapid tool to determine the carbon substrates utilization patterns, and
to get a picture of physiological profiles at a community level, as documented by previous studies
performed in temperate and polar marine ecosystems [9-11]. This information on biogeochemical
role of microbial communities might have a crucial role for understanding how future changes in
benthic communities dynamics may influence the efficiency of the biological carbon pump and, in
ultimate, the overall ecosystem functioning.

During the AREX survey carried out in summer 2021 in Svalbard by the Institute of Oceanology
PAS (Sopot, Poland), a multidisciplinary set of physical-chemical and biological variables were
measured in order to get an updated picture of the environmental state. In this framework, a
quantitative and qualitative microbiological study was carried out in fjords differently affected by
natural and anthropogenic factors, with the objectives of:

(i) drawing a first characterization of the abundance and phenotypic characteristics of the benthic
heterotrophic microbial community;

(ii) determining microbial metabolic patterns through extracellular enzymatic activity rates and
community-level physiological profiles;

(iii) to assess the susceptibility of bacterial isolated strains to commonly used antibiotic molecules,
and the occurrence of (multiple) antibiotic resistant bacteria.

Our working hypothesis was that microbial functional patterns and antibiotic susceptibility
profiles varied differently in the various northern, central and southern areas of the West Spitsbergen
and therefore these microbial characteristics could be suitable descriptors of the health status of the
fjord sediments.

2. Materials and Methods

2.1. Study Area and Sample Collection

Several fjords of the Svalbard Archipelago on the western side of Spitsbergen covering from
northernmost to the southernmost areas were investigated in this study: In the northern area,
Krossfjorden (with stations KL2, SGD30 and KF1, from the inner to the outer ones) and Kongsfjorden
(stations VI, KB3 and KB1) were studied; in the central area, sampling was performed in
Dicksonfjorden (station SGD14) and Isfjorden, with its branches of Nordfjorden (station WZEM?2),
Sassenfjorden (stations SGD9, ISF3, SGD 27), central Isfjorden (stations WZEM1 and ISA2),
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Adventfjorden (station SGD 11); Gronfjorden (station SGD18). In the southern area, Hornsund
(stations SGD3 H3, SGD2 H2 and SGD1 H1) was studied.

Krossfjorden and Kongsfjorden are two fjords located in the northern area on the western side
of the Spitsbergen; during summer both receive sediment inputs from glacial meltwater leading to
decreased surface salinity and increased turbidity, all these variables were found to affect the
distribution of the bacterial community in the water column [1,12].

Isfjorden, with a length of 100 km, a mean width of 24 km and length of 107 km, is the largest
fjord in the western Spitsbergen; it receives freshwater from tidewater glaciers as well as from rivers
fed by alpine glaciers and precipitation. Isfjorden seawater is of both Atlantic and Arctic origin. In
this fjord, local processes produce the Local Water and the Winter- Cooled Water; mixed water
masses such as the Intermediate Water and the Transformed Atlantic Water are also found [13].

Hornsund is a large 200 m-deep fjord located in the southernmost area of Spitsbergen, opening
to the Greeland Sea; it receives seasonal sediment inputs through melting water discharge from eight
major tidewater glaciers. Different sedimentation rates are observed inside this fjord and it is affected
by the Atlantic Core Water, Transformed Atlantic Water and Arctic Water[14].

The geographical coordinates of the sampled stations and the main characteristics of the
sediments are shown in Table 1 and Figure 1. Surface (1-2 cm) sediment samples were collected using
a van-Veen grab by the researchers of the Institute of Oceanology PAS (Sopot, Poland); for the
microbiological study, aliquots of the samples were stored in 50 mL sterile Falcon tubes at -20°C for
further processing, carried out at the arrival at the CNR-ISP laboratories in Messina (Italy).

Table 1. Geographical coordinates of the sampled stations and characteristics of the sediments.

sediment sediment

Station Area Latitude Longitude Depth (m)
type colour
KL2 Krossfjorden inner 79,3282 11,6341 174 clay grey
SGD30 Krossfjorden 79,2015 11,7395 282 clay grey
KF1 Krossfjorden outer 79,1261 11,8177 60 clay grey
KB1 Kongsfjorden outer 79,0112 11,4058 369 mud noir
KB3 Kongsfjorden 78,965 11,8994 347 clay grey
VI Konsfjorden inner 78,8933 12,4722 74 mud brown
SGD14 Dicksonfjorden 78,8097 15,3842 16 mud brown
WZEM2 Nordfjorden 78,5152 14,9392 144 mud noir
SGD9 Billefjorden 78,609 16,4805 141 clay grey
ISF3 Sassenfjorden 78,4479 16,078 94 mud noir
SGD27 Sassenfjorden 78,4003 16,3756 31 mud noir
WZEM1 Isfjorden 78,395 15,5663 202 mud noir
ISA2 Isfjorden 78,2657 15,1257 248 mud noir
SGD11 Adventfjorden 78,2372 15,636 58 mud noir
SGD18 Gronfjorden 78,0873 14,1221 122 mud noir
SGD1/H1 Hornsund West 77,0021 16,4646 125 mud noir
SGD2/H2 Hornsund inner 77,0019 16,0846 84 mud noir

SGD3/H3 Hornsund East 76,9664 15,7297 242 mud noir
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Figure 1. Location of the sampling sites.

2.2. Heterotrophic (Marine and Not-Marine) Bacterial Abundance

Volumes (100 uL) of sediment suspension (obtained by sediment dilution in sterile physiological
saline in a ratio 1:10 w/v) were spread onto Marine Agar 2216 and Triptic Soy Agar (Difco) plates in
duplicate, which were incubated at + 5 °C for at least 14 days in order to allow the growth of marine
and non-marine bacteria, respectively The colonies grown on both culture media were then counted.
Bacterial strains were isolated, by streaking on plates of the same culture media, until axenic cultures
were obtained. During the isolation, colonies showing different phenotypic characteristics (i.e.
morphology, size and pigmentation), and at least one colony per each typology were streaked, in
order to get a collection of bacterial isolates as much as possible representative of the whole culturable
bacterial community present in each sample.

2.3. Extracellular Enzymatic Activities (Leucine Aminopeptidase, LAP, Beta-Glucosidase, Beta-GLU and
Alkaline Phosphatase, AP)

Microbial ectoenzymatic activity measurements were performed to estimate the potential
activity rates of leucine aminopeptidase (LAP), b-glucosidase (GLU) and alkaline phosphatase (AP),
enzymes involved in the decomposition mediated by the microbial community of proteins,
polysaccharides and organic phosphates respectively [1]. The enzymatic assay relies on the
hydrolysis of specific fluorogenic substrates, L-leucine-7 amido-4-methylcoumarin hydrochloride
(Leu-MCA), 4-methylumbelliferyl-b-d-glucoside and methylumbelliferyl phosphate, respectively,
that are derivatives of methylcoumarin (MCA) and of methylumbelliferone (MUF), following the
method reported by Hoppe [15]. Increasing amounts (from 20 to 400 umol) of substrates were added
to 10 ml sub-volumes of sediment supernatant and fluorometric measurements were performed at
the initial time and after incubation at ‘in situ’ temperature for 2 h. Through calibration with the
standard curves obtained with known amounts of MCA for LAP and MUF for GLU and AP, the
enzymatic values were expressed in term of maximum velocity of hydrolysis (Vmax, in nmol of
substrate hydrolysed per gram and per hour, nmol/g/h).

2.4. Community-Level Physiological Profiles (CLPP) by Biolog Ecoplates
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Microbial community metabolism was studied through the analysis of the carbon substrate
utilization patterns [16-18]. Biolog Ecoplates (Rigel Life Sciences, Rome, Italy) were used to determine
the differences of the metabolic potentials of microbial assemblages hosted in the samples. Each plate
is a 96-well microtiter plate, containing 31 carbon substrates and a control in triplicate together with
the redox dye tetrazolium violet. Biolog plates were inoculated with 150 ul of sample and incubated
at 22 °C in the dark under aerobic conditions. The oxidation of the carbon substrates into formazan
was quantified by absorbance measurements at 590 nm using a compact plate reader Byonoy
Absorbance 9 (Hamburg, Germany). The optical density (OD) of the reaction product was measured
at time zero (T0, namely immediately after inoculation), and at fixed times intervals until 35 days of
incubation. The colour development as violet pigment in each plate well was expressed in terms of
the averaged well colour development (AWCD), which was calculated using the formula

AWCD = £ [(R-C)/31], 1)

where R is the averaged absorbance of the three wells with substrate and C is the averaged
absorbance of the control wells (without substrate) (according to Sala et al. [17]).

The absorbance percentages of each substrate were determined in agreement with Sala et al. [18],
setting a value of 2% absorbance of the total absorbance measured per plate as a threshold for
substrate utilisation.

The carbon substrates were grouped into the following six guilds: complex carbon sources
(polymers), carbohydrates, phosphate carbon sources, carboxylic and acetic acids, amino acids and
amines.

2.5. Phenotypic and Biochemical Characterization of Bacterial Isolates

Bacterial isolates were phenotypically characterized for their presumptive identification, and
classified according to cell morphology, Gram’s staining, pigment production, oxidase production,
colony morphology, catalase test [19]. Biochemical characterization of isolates such as sugar
fermentation tests on Triple Sugar Iron agar for glucose, lactose and sucrose utilization was also
performed.

2.6. Antibiotic Susceptibility Profiles of Bacterial Isolates

The screening of bacterial isolates for their susceptibility to antibiotics was performed according
to the procedure reported by Lagana et al. [20]. Briefly, the bacterial isolates were screened for
antibiotic susceptibility by the Bauer’s test [21], performed with three replicates per each isolate. The
isolates were grown for 48 h on plates of Tryptic Soy Agar (TSA, Oxoid), harvested and then
suspended in sterile water adjusted to a 0.5 McFarland turbidity standard (bioMérieux),
corresponding to 1.5 x 108 CFU mL-. The inoculum was streaked onto plates of Mueller-Hinton agar
using a cotton swab; the produced diameters of inhibition were measured after 48 h of incubation at
5 °C and averaged. Commercially available antibacterial disks (Oxoid) were used to determine the
resistance patterns of the isolates against 34 different antibacterials (dose/disk as found in the
common reagents), grouped into the following categories according to their mechanisms of action:

- Cell wall antibiotics such as beta-lactams, including penicillins [ampicillin (10 pg, code

CTO0003B)],

- Nucleic acid inhibitors: fluoroquinolones [enrofloxacin (5 pg, CT0639B)],
- Protein synthesis inhibitors: 1) Aminoglycoside antibiotics [gentamycin (10 pg, CT0024B)]; 2)
lincosamides [clindamycin (2 ug, CT0064B)] 3) Tetracyclines [tetracycline (30 pug, CT0054B)],

The diameter of the zone of inhibition around each antibiotic disk was measured with a precision
calliper (Mitutoyo, Andover, UK). Each bacterial isolate was classified as resistant (R) or sensitive (S)
according to the breakpoints established by EUCAST [22].

3. Results
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According to a spatial scale, the results of the microbiological characterization of fjord sediments
are reported referring to northern, central and southern areas separately.

3.1. Heterotrophic Bacterial (Marine and Non-Marine) Abundance

Heterotrophic bacterial abundance varied between 9.6 x 10° and 7.64 x 10* CFU/g of sediment
for marine bacteria (MA) and between 4.05 x 10° and 7.44 x 10* CFU/g of sediment for non-marine
bacteria (TSA), with mean + standard deviation values of 4.56 x 10* + 1.71 x 10* CFU/g and 2.43 x 10*
+2.28 x 10* CFU/g, respectively (Figure 2).
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Figure 2. Marine (MA) and non-marine (TSA) bacterial concentrations (in Colony-Forming Units per
g of sediment) recorded in the sediments collected in northern, central and southern Svalbard regions
separately.

The spatial distribution of marine and non-marine bacteria pointed out high abundances of both
microorganisms in the northern and central areas (increasing from SDG9 to WZEM1), while lower
abundances detected in the Hornsund region. Within Krossfjorden and Konsfjorden, non marine
bacteria increased from the outer to the inner zone of the fjords (stations KL2 and V1, respectively).
While marine and non-marine bacteria occurred in similar quantitative ratios in the sediments of the
northern and central areas (1.07 + 0.08 and 1.06 + 0.05, respectively), an abrupt decrease in the
abundance of marine bacteria was observed in the southern Hornsund fjord (with a ratio of 0.74 +
0.07), especially at its western station SGD1/H1.

3.3. Enzymatic Activities

The measured enzyme activity rates (Figure 3a—c) were generally in the order of magnitude
LAP>AP>GLU, with average values + sd of 4.618 + 6.058 umol/g/h, 1.574 + 4.198 umol/g/h and 0.021
+ 0.027 umol/g/h respectively.
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Figure 3. (a-c). Leucine aminopeptidase (LAP, a), beta-glucosidase (GLU, b) and alkaline phosphatase
(AP, c) activity rates measured in the sampled sediments.

LAP ranged from 0.296 to 21.27 umol/g/h, measured at stations ISA2 and ISF3, respectively.
Enhanced proteolytic activity was observed in the central area at the inner Isfjorden stations SGD9
and ISF3, while similar levels of proteolytic activity were found in the Krossfjorden-Kongsfjorden
and Hornsund fjords, where LAP peaked at station SGD30 and at the inner station (SGD2/H2),
respectively. An abrupt decrease of microbial metabolism was recorded in the central area at stations
ISA2, SGD11, WZEM1, WZEM2 and SGD14.

GLU was comprised between 0.0011 and 0.109 umol/g/h, recorded at stations WZEM1 and
SGD9Y, respectively. Like LAP, the spatial patterns of this glycolytic enzyme depicted high metabolic
rates in the central area at the inner Isfjorden stations SGD9 and ISF3, and a decreasing trend moving
towards stations WZEM1 and WZEM2. Low activity rates were measured in the southern Hornsund
fjord, where GLU decreased across a western-eastern gradient, as well as in the northern area at
Kongsfjorden. At the entrance and in the central part of Krossfjorden GLU was still more active, while
this enzyme reached minima at the stations of the central area (ISA2, SGD11, SGD14).

AP varied from 0.008 to 17.54 umol/g/h, measured respectively at stations SGD11 and SGD30.
Excepting for the high activity rates observed in the northern and central areas at stations SGD30 and
ISE3 respectively, AP values were generally <1 umol/g/h, with minimal enzyme activity at stations
ISA2, SGD11 and SGD14. In the southern Horsund area, the eastern station was characterised by the
lowest AP activity, like what observed for LAP and GLU.

3.4. Community-Level Physiological Profiles (CLPP) by Biolog Ecoplates

The Average Well Colour Development (AWCD), expressed as absorbance values (Figure 4a—c),
showed that during the incubation, the absorbance values gradually increased, reaching after 25 days
a peak value sometimes followed by a plateau until the end of the readings (35 days).
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Figure 4. (a-c). Trend of the Average Well Color Development (as Absorbance values) recorded
during the incubation period in the sediments collected from the Northern (a), Central (b) and
Southern (c) areas of the Svalbard archipelago.

To compare the levels of microbial metabolism recorded at the different stations, only the peak
values of absorbance recorded during the incubation were considered. CLPP pointed out a
generalized spatial variability (Figures 5a—c), with the lowest activity levels recorded at station
SGD14 and the highest ones at stations SGD18, SGD11 and ISA2. In the northern area (Kongsfjorden),
microbial metabolism decreased from inner to outer stations. In Hornsund, the inner station
displayed the highest microbial metabolism. Considering the main guilds of carbon substrates,
complex Carbon sources, carbohydrates and amino acids were the substrates sources preferentially
metabolized, while amines, carboxylic acids and phosphate-Carbon compounds were the less
utilized ones (Figure 5a—c).

The heatmap graphs (Figure 6a-c) highlighted the occurrence of peaks in the utilization of
complex C sources at stations WZEM1, SGD3/H3 and VI, while of carbohydrates at stations SGD3/H3
and VI. Amino acids utilization was moderate in all the three areas, peaking at stations SGD2/H2 and
KB3. Carboxylic acids were metabolized at stations SGD30 and KB3, everywhere in the central area
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(Isfjorden) and at station SGD2/H2. Amines were also utilized with high efficiency at stations VI and
SGD14, while a limited utilization of Phosphate-Carbon compounds was recorded, mostly at stations
SGD1/H1, ISF3 and SGD27.

At a single substrate level, within complex Carbon sources, tween 80 was the preferentially
metabolized substrate, with peaks of utilization at stations VI, WZEM1 and SGD3/H3 in the northern,
central and southern areas respectively. Within carbohydrates, D-cellobiose was utilized mostly at
stations VI and SGD14, while a-D-lactose at station SGD1/H1. With respect to amino acids, L-
threonine was the amino acid preferentially utilized at stations KB3 and SGD2/H2 in the northern
and southern areas, respectively, while L-asparagine was the one utilised in the central area at station
WZEM1 Within the phosphate-Carbon compounds, Glucose-1-phosphate was the most metabolised
substrate, especially at stations WZEM1 and ISF3 in the central area and SGD1/H1 in the southern
one. Within the carboxylic acids, y-hydroxy butyric acid was actively used at stations KB3 and ISA2
in the northern and central areas, respectively. Putrescine was the most metabolized amine at station
VIin the northern area.
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Figure 5. (a-c). Community-level physiological profiles (as % of the total) of the sediments collected
from the Northern (a), Central (b) and Southern areas (c) of the Svalbard archipelago.
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Figure 6. (a-c). Heatmaps showing the utilization patterns of the different organic substrates
(carbohydrates, phosphate carbon sources, carboxylic and acetic acids, amino acids and amines) (left)
and of each substrate assayed by the Biolog Ecoplates (right) in the sediments of the Northern (a),
Central (b) and Southern areas ( c) of the Svalbard archipelago.

The diversity indices calculated from CLPP (Table 2) suggested that microbial communities in
the sediment had a good functionality, being able to utilize more than 29 carbon sources in the
northern area (in Krossfjorden and Kongsfiorden station KB1), as well as in the inner and outer parts
of the central area (Isfjorden stations SGD27, SGD18 and ISE3). High nutritional versatility was
observed at the inner station of the southern Hornsund area (station SGD2/H2). The Shannon-Weaver
diversity index reflected this trend too.

Table 2. Diversity indices.

RichnessShannon-Weaver

Northern area

SGD30 28 3.054
KF1 28 3.171
KB1 29 3.162
KB3 24 3.012

VI 19 2.875

Central area
SGD14 23 2.965
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WZEM2 25 3.108
SGD9 28 3.127
ISF3 29 3.191
SGD27 31 3.251
WZEM1 21 2.935
ISA2 26 3.001
SGD11 28 3.180
SGD18 31 3.251
Southern area

SGD1/H1 26 3.048
SGD2/H2 31 3.177
SGD3/H3 27 2.999

3.5. Antibiotic Susceptibility Profiles of Bacterial isolates

Phenotypic and biochemical tests of bacterial isolates (n=66 in total) pointed out that bacterial
isolates were mostly oxidase and catalase positive microorganisms. Glucose fermenting strains were
also found (accounting for <30% of the total of isolates). The majority belonged to Pseudomonas spp.
(glucose not fermenting bacteria), followed by Flavobacterium spp. (pigmented bacteria) and Vibrio
spp. (glucose fermenting bacteria); only 6 strains produced hydrogen sulphide and were identified
as Pseudomonas putrefaciens (Figure 7).

Pseud.
putrefaciens
9%

Figure 7. Presumptive identification of retrieved bacterial isolates (n=66).

With respect to the spatial distribution of bacterial species, lower diversity in species
composition was observed in Krossfjorden compared to other sites (Table 3).

Table 3. Presumptive identification of the bacterial strains isolated per each sampling area according
to the phenotypic and biochemical tests.

Pseudomonas Pseud. Flavobacterium Vibrio  Total of

spp- putrefaciens spp- spp. isolates
Northern area Krossfjorden 4 5 9
Kongsfjorden 3 5 1 3 12
Central area Isfjorden 17 4 13 34
Southern area  Hornsund 2 1 7 1 11
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Total of isolated

. 26 6 17 17 66
strains

The antibiotic susceptibility profiles of the bacterial isolates are shown in Table 4 and Figure 8,
where 0 indicates that the strain was resistant to the assayed antibiotic, while 1 indicates that it was
sensitive. All the isolates were sensitive to enrofloxacin, while resistance to tetracycline was observed
in a percentage of 60.60% of the total. The majority of the strains were resistant to ampicillin,
clindamycin and gentamycin. Regarding the geographical distribution of antibiotic susceptibility, the
highest occurrence of strains sensitive to tetracycline was observed in the central area, particularly in
Adventfjorden (100% of the total isolates), followed by Dicksonfjorden (80%), Sassenfjorden (50%),
Hornsund (36%). Multiple antibiotic resistance to ampicillin, clindamycin and gentamycin was
detected in the bacterial strains isolated from the sediments collected in the northern and in the
central areas.

100
80 [
60
40 T
20
: [
N

@ Ampicillin @ Clindamycin 0 Gentamycin [ Tetracyclin ~ ® Enrofloxacin

% of the total of bacterial isolates

Figure 8. Antibiotic susceptibility test of bacterial isolates; the strains whose growth was inhibited by
the antibiotic were scored as negative.

Table 4. Profiles of susceptibility to the assayed antibiotics of the bacterial strains isolated in this
study.

Susceptibility to:

Station AmpicillinClindamycinGentamycin  Tetracycline  Enrofloxacin

Northern area

Krossfjorden ~ SGD 30 0 0 0 1 1
SGD 30 0 0 0 0 1

SGD 30 0 0 0 0 1

SGD 30 0 0 0 0 1

SGD 30 0 0 0 0 1

KF1 0 0 0 0 1

KF1 0 0 0 1 1

KF1 0 0 0 1 1

KF1 0 0 0 0 1

Total =9 0 0 0 3 9
Kongsfjordem KB1 0 0 0 0 1
KB1 0 0 0 0 1

KB1 0 0 0 0 1
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KB3 0 0 0 0 1

KB3 0 0 0 0 1

KB3 0 0 0 0 1

KB3 0 0 0 0 1

KB3 0 0 0 0 1

VI 0 0 0 0 1

VI 0 0 0 1 1

VI 0 0 0 1 1

VI 0 0 0 1 1

Total n=12 0 0 0 3 12

Northern area n=21 0(0.00%) 0(0.00%) 0 (0.00%) 6 (28.60%) 21 (100.00%)

Central area

Dicksonfjorden SGD 14
SGD 14
SGD 14
SGD 14
SGD 14
Total n=5
Nordfjorden = WZEM2
WZEM2
WZEM2
Total n=3
Sassenfjorden ~ SGD9
SGD9
SGD9
ISF 3
ISF 3
ISF 3
ISF 3
SGD 27

SGD 27
SGD 27
SGD 27
SGD 27
WZEM1
WZEM1
WZEM1
WZEM1
Total n=16
Isfjorden ISA 2
ISA 2
ISA 2
ISA 2
Total n=4
Advemtfjorden SDGI11
SDGI11
SDGI11
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Total n= 0 0 0 3 3
Gronfjorden = SGD 18 0 0 0 0 1
SGD 18 0 0 0 0 1
SGD 18 0 0 0 1 1
Total n=3 0 0 0 1 3
Central area n=34 0 (0.00%) 0 (0.00%) 0 (0.00%) 16 (47.06%) 34 (100.00%)
Southern area

Hornsund SGD1/H1 0 0 0 0 1
SGD1/H1 0 0 0 0 1
SGD1/H1 0 0 0 0 1
SGD1/H1 1 1 1 1 1
SGD1/H1 0 0 0 0 1
SGD2/H2 0 0 0 0 1
SGD2/H2 0 0 0 0 1
SGD3/H3 0 0 0 0 1
SGD3/H3 0 0 0 1 1
SGD3/H3 0 0 0 1 1
SGD3/H3 0 0 0 1 1

Southern area n=11 1(0.09%) 1 (0.09%) 1 (0.09%) 4 (36.40%) 11 (100%)

4. Discussion

This study contributed to depict on several different fjords of the west Spitsbergen a
comprehensive picture of the health status of the sediments. To this end, a dual ecological and
biochemical approach was used, looking at the metabolic activity rates and physiological profiles of
the benthic microbial community and at the presence and distribution of antibiotic-resistant bacteria
as potential bioindicators of pollution, respectively. The microflora hosted into the sediments is
driven by complex processes affecting both the community composition and structure [23]. Besides
ocean currents [24], important factors in shaping benthic microbial community are the sediment age
and its diagenetic state [3] and terrestrial inputs [25]. The role of marine sediments as an organic
carbon reservoir is crucial in fjords with active glacier discharges, which act as hot spots for organic
matter burial in the benthic domain and subsequent microbial mineralization [26]. Bacterial
communities associated with Arctic sediments showed different physiological properties and
metabolic functions driven by substrates’ availability [27,28]. Through the microbial extracellular
enzymatic activity measurements and the carbon substrates utilization (by Biolog Ecoplates) new
quantitative and qualitative insights on the metabolism of the benthic microbial community were
obtained in our research.

4.1. Culturable Heterotrophic Bacterial Abundance and Organic Matter Decompostiion by Enzyme Activities

A quite homogeneous abundance of viable heterotrophic bacteria was observed in the fjord
sediments examined in this study, suggesting that fjords hosted a heterotrophic component capable
of utilizing a broad range of organic substrates. The abundance of viable heterotrophic bacteria
measured in our sediment samples was in the same magnitude order as that found within the
Kongsfjorden by Conte et al. [7], with a mean value of 60.7 x 10° CFU/g and ranging from 1.1 to 184.8
x 10° CFU/g. The increase of non-marine bacterial abundance towards the inner of Krossfjorden and
Kongsfjorden suggested the presence of allochthonous organic matter as a substrate for these
microorganisms.

Svalbard fjord sediments are affected by the different physical-chemical properties
(temperature, nutrient content, light and dissolved oxygen) and hydrodynamic patterns of the
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overlaying water column, which in turn affect the species composition of the bacterial community
[29,30]. In the water column of Hornsund fjord, higher bacterial numbers and biomass than in
Kongsfjorden were reported [31], suggesting a better adaptation of Arctic bacteria to the low water
temperatures and availability of organic substrates. At a sediment level, the microbial community
hosted in Hornsund was considered mostly of Arctic origin [32], compared to the one inhabiting the
Kongsfjorden sediments, more affected by the Atlantic influence [2,33].

Benthic microbial communities play a critical role in driving the biogeochemical processes,
including carbon, nitrogen, phosphorus, and sulfur cycles [34,35]. Therefore, measurements of the
organic matter turnover mediated by hydrolytic enzymes, although in terms of potential activities,
are a key step for the understanding of organic matter processing carried out by the microbial
assemblage [1]. The fjord sediments examined in the present study were characterized by the
predominance of LAP and AP compared to GLU. The spatial enzyme activity patterns recorded in
the sediments suggested that in the central area, especially at the inner Isfjorden (stations ISF3 and
SGD9) the organic matter pool was rich in proteins and mucopolysaccharides, as shown by high LAP
and GLU activity rates. Inner areas of Arctic fjords were found to be characterized by high dissolved
organic matter (DOM) and the prevalence of Bacteroidetes [1,36]; this microbial group, especially
with Cytophaga-Flavobacteria members, is known to contribute effectively to the turnover of detritus
and more generally in carbon cycling within aquatic ecosystems [37]. Diversified spectra of
polysaccharide hydrolases were detected in Svalbard sediments by Teske et al. [38], who attributed
the occurrence of these enzyme activities to members of the Chloroflexi genus. Conversely, low GLU
activities (around 0.01 mmol ml* d') were measured in surface sediments from the LTER Hausgarten
station, in the Fram Strait [39].

Organic phosphate esters were more abundant in the northern (Krossfjorden station SGD30) and
central areas. The southern Hornsund area and the outer stations of the Isfjorden (SDG11 and SDG18)
were characterized by low activity rates for all the three examined enzymes; this could indicate that
sediment organic pool was quite refractory or hardly prone to active microbial decomposition, as also
suggested by the low heterotrophic bacterial abundance found in this area.

4.2. Microbial Community Metabolism (CLPP)

While extracellular enzyme activities provide information on the microbial ability to hydrolyse
complex molecules, Biolog Ecoplates give additional information on the utilization of single
monomers or oligomers (i.e. amino acids, sugars, complex carbon substrates) at a community level,
providing an index of the metabolic complexity of the microbial community [17,18]. Complex Carbon
sources, carbohydrates and amino acids were the main categories of organic substrates preferentially
metabolized by the benthic microbial assemblage in our fjord sediments. Distinct CLPP were
detected, with complex Carbon sources actively metabolized in all the three areas, particularly in the
central and southern areas, amino acids in the northern and southern areas and carbohydrates in the
southern Hornsund fjord. Variable metabolic patterns suggested the active role played by the
microbial community in driving carbon and nutrient cycling and also the quality of the benthic
organic matter pool. Indeed, in Arctic fjords, terrestrial runoff, water mass exchanges and glaciers’
melting waters coexist, creating contrasting environmental conditions, and their interplay is complex
especially during the summer season, when the biological activities are more enhanced and detritus
released from melting ice accumulates into deep matrices [1,12,40]. Furthermore, on a spatial scale
the metabolic diversification probably reflected a variable community structure, like what reported
in other Svalbard fjord sediments, strongly affected by changing glacial, marine and terrestrial inputs
[7].

The diversity indices suggested that in the sediments of the central (Isfjorden, stations SGD27
and SGD18) and in the southern area (Hornsund fjord, station SGD2/H2) the microbial community
was able to metabolise the highest number of carbon substrates. The presence of a muddy sediment
was a common trait of these three stations; nevertheless, even where clay sediments were found (i.e.
in Krossfjorden, at station KB3 in Kongsfjorden and at station SGD?9 in Isfjorden), CLPP showed the
presence of a metabolically active microbial community in sediments unless of their granulometry,
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in agreement with Hargrave et al. [41]. Moreover, functional spectra of the benthic microbial
community did not seem to relate to a glacio-marine transition pattern; indeed, the functional
diversity of sediments collected from outer fjord stations did not differ significantly from that of inner
ones.

The use of a wide range of organic compounds as carbon sources - as shown by the Biolog
Ecoplates data - confirmed the metabolic complexity and versatility of the microbial community; on
the other hand, this latter is closely linked to the synthesis of extracellular enzymes. From an
ecological point of view, the presence of a complex metabolism indicates the high nutritional
versatility of the microbial community and of its large adaptation to diversified ecological niches;
conversely, a simple metabolism suggests that microorganisms have a limited capacity of adaptation
and thus can colonize only specific ecological niches [42].

Looking at the single substrates metabolized by the microbial community, within complex
Carbon sources, the widespread utilization of tween 80 was related to the presence of specific
enzymes like lipases or esterases; lipases are, after proteinases, one of the most spread enzymes in
marine ecosystems [43]. Within carbohydrates, a-D-glucose was preferentially used by the microbial
community; this result was not surprising, since this sugar is the principal substrate utilized to obtain
pyruvate [42]. Other well metabolized carbohydrates were mannitol and a-D-lactose.

Within carboxylic acids, y-hydroxybutyric acid is involved in the metabolism of fatty acids and
amino acids [10]. These organic substrates are normal constituents of hydrophobic molecules. With
respect to amino acids, L-threonine and L-asparagine were the most metabolised molecules; both
amino acids play a key role in the cell metabolism.

The diversity indices (both richness and Shannon-Weaver) suggested that the microbial
assemblage was metabolically well adapted to cope with changing conditions such as variable
nutrient inputs coming from terrestrial runoff and glacier melting.

4.3. Antibiotic Resistant Bacteria

Marine sediments represent natural reservoirs of pollutants originating from surface runoff,
oceanic transport, sea ice transport and atmospheric deposition. Most of organic and inorganic
contaminants can also undergo transformation processes along the trophic web, accumulating into
organisms. Previous studies from Svalbard and Bjerneya documented in sediment cores the
pollutants” presence more than 100 years back in time [44,45]. A better understanding of the
contaminant distribution within fjord environment is important since global changes are affecting
the strength and directions of contaminant transport processes. Due to melting of glaciers, ice cover,
and permafrost, contaminants accumulated on glacier surfaces for many decades contaminants can
be discharged to marine ecosystem.

Despite their recalcitrant nature, organic contaminants such as polychlorinated biphenils (PCBs)
can be transformed into chemical substances by different microbial metabolic pathways, both aerobic
and anaerobic, facilitating further metabolization. Bacteria can also adsorb, accumulate and
transform heavy metals; heavy metals-resistance has been reported for a number of different bacterial
genera and sometimes the co-occurrence of antibiotic and metal resistances has been shown [46].

Extreme environments represent important pristine ecosystems to study the evolution of
antibiotic-resistance genes (ARGs) and the spread of antibiotic-resistant bacteria (ARB) in the
presence/absence of pollution from antibiotics [47]. Several studies have reported the occurrence in
polar environments of both ARB and ARGs; this has been related to the mobilization of antibiotic
residues as chemical contaminants accumulated in sediments or sea ice as a consequence of climate
warming [48,49]. Moreover, plastic debris, frequently sinking into sediments, may act as a reservoir
of ARB and ARGs [50]. Although antibiotic resistance is a global problem, the diversity and spread
of ARB and ARGs and generally of the aquatic resistome in Arctic environments are strongly
understudied [51]. Even though Norway is characterised by a lower use of antibiotics for humans'
health, animal husbandry and food production compared with many other countries [52,53], there is
still a gap of current data on the usage of antimicrobial agents in humans and animals [54] making
not possible to predict the effects of these pollutants on the environment and the local wildlife.
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Contaminants may be transported in the Arctic from several remote and local sources across
different pathways, including biological transport driven by migrating animals, in addition to the sea
presence and impact of Contamir}ants in polar regions are still fragmentary.

Since a first detection of multidrug-resistant bacteria in Arctic [56] reports on the spread of this
phenomenon have exponentially increased. Bacterial isolates showing multiple antibiotic resistance
patterns were detected in the Pasvik river (Arctic Norway [20]). Kalinowska et al. [57] evidenced the
role of wastewater discharge in the dissemination of antibiotic-resistant Enterococcus spp. in two
Arctic lakes (a water supply system affected by birds and a wastewater close to the Polish Polar
Station) in the West Spitsbergen. In ice, water and sediments samples from Longyearbyen and
Adventfjorden, the most populated area of Svalbard, class 1 integrons — as markers of anthropogenic
pollution- were detected in ARB isolates. Antibiotic resistance and virulence genes were found in the
variable regions of integrons; the relative abundance of intl1 genes was higher in the wastewater
outflow site and correlated also with the abundance of the heavy metals genes, suggesting that
Svalbard resistome was affected by both natural (melting glaciers) and human (wastewater
discharge) drivers. The presence of ARB and integrons in the marine environment may potentially
cause a threat due to the potential transfer of ARBs and integrons to humans and the environment.

5. Conclusions

The metabolic potential of microbial communities is a helpful criterion to understand their role
in complex environments like Arctic marine sediments. CLPP determined in our research indicate a
nutritional versatility of the benthic microbial community to adapt to changing scenarios, and this
characteristic is of paramount importance to enable microbial survival under extreme conditions.
Although the functional spectra of sediment bacterial communities occurring in the fjords of the
Svalbard archipelago did not seem to clearly reflect a glacio-marine transition, on a spatial scale,
community metabolism was more diversified in the inner central Isfijorden area, probably in response
to the availability of organic detritus made available by glacier melting and terrestrial inputs.

Multiple resistance to ampicillin, clindamycin and gentamycin was detected in all the sampled
sediments, excepting in the southern Hornsund area, stressing the role of sediments as a potential
reservoir of chemical wastes ascribable to antibiotic residuals, although no evident environmental
risks were pointed out from this preliminary screening, given the widespread occurrence of a
resistome in many natural environments.

Overall, microbial functional patterns and antibiotic susceptibility profiles varied differently in
the various northern, central and southern areas of the West Spitsbergen, suggesting the suitability
of these microbial characteristics as potential descriptors of the health status of the fjord sediments.
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