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ABSTRACT

Questions: (1) What is the diversity and abundance of bacteria and Archaea in the surface
seawater off the Svalbard Archipelago? (2) What are some prokaryotic functions in this region?

Methods: We sampled five different locations in the Svalbard Sea (Arctic Ocean). We used
high-throughput sequencing based on 16S rRNA genes to investigate the diversity and abun-
dance of bacteria and Archaea. We also used PICRUSt analysis to determine the functional
sequence copies in the surface seawater.

Results: Proteobacteria were the dominant taxon in all samples, followed by Bacteroidetes,
Actinobacteria, Planctomycetes, Verrucomicrobia, Cyanobacteria, Chloroflexi, NKB19,
Acidobacteria, Firmicutes, and Armatimonadetes. α-Proteobacteria and γ-Proteobacteria
dominated among the Proteobacteria. At site BJ7, β-Proteobacteria and γ-Proteobacteria were
more abundant than the other Proteobacteria. Crenarchaeota was the most abundant phylum
of Archaea. Functional analyses showed that the copy reads of functional genes that pertain to
carbon cycling are the most abundant, with methane metabolism dominant; the fewest reads
appeared in phosphonate and phosphinate metabolism.
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INTRODUCTION

Prokaryotes play an important role in the marine ecosystem (Bacelar-Nicolau et al., 2003). They
have a huge impact on the metabolism and function of the ecosystem (Gasol and Duarte, 2000), as
well as its biogeochemical cycles (Tortell et al., 1999). Prokaryotes, as the main primary pro-
ducers, can influence climate change, control the transfer of nutrients and energy in marine
environments, provide medicine and food for humans, and impact global environmental
change (Kasting and Siefert, 2002). Prokaryotes are also crucial in the marine food chain and in
interactions in marine environments (Karl, 2002).

The Arctic Ocean, with its extreme environmental conditions, is one of the most distinc-
tive regions on Earth (Dong et al., 2016). This ocean is hydrographically complex, with double
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inflows of Pacific (through the Bering Strait) and Atlantic (through the Fram Strait) water
(Han et al., 2015). The Arctic Ocean has a permanent covering of sea ice, which is an obstacle to
studies of biodiversity and ecology (Bachy et al., 2011).

The Svalbard Archipelago lies at the intersection of the northern North Atlantic and
Arctic Ocean basins, where warm Atlantic water and cold, less saline Arctic Ocean water
mix. Throughout the Holocene, the relative locations of this significant boundary, along
with associated sea-ice feedbacks, has varied and influenced Svalbard’s climate (De Wet et al.,

2017).
In this study, our aims were to: (1) investigate the diversity and community structure of

bacteria and Archaea in Svalbard seawater at five different locations; (2) determine the
abundance and distribution of bacteria and Archaea at those same locations; and (3)
analyse prokaryotic functions in this region.

The Arctic is experiencing dramatic climate change and will be most affected by future
warming (ACIA, 2004). One, already visible sign of global warming is the rapid retreat of
glaciers. Glacial meltwater inflow, with its particulate matter and freshwater, affects
microbial community composition in Arctic fjords (Piquet et al., 2010; Urbanski et al., 2017). These
changes have implications for both science and human livelihoods. In recent years, intensive
development of no-till cultivation techniques has contributed significantly to the expansion
of knowledge on microbial diversity and community composition in the environment
(Zengler, 2009; Piquet et al., 2016). Sinha et al. (2017b) used high-throughput sequencing to examine
bacterial diversity in Kongsfjorden during the summer and fall of 2012. They assigned
11,999 operational taxonomic units (OTUs) to 19 known phyla and five genera incertae
sedis. Proteobacteria was the most abundant phylum (55.9–61.0%). Pedrós-Alió et al. (2015)

reviewed recent research on the diversity of planktonic microorganisms in the Arctic Ocean
based on the technique of high-throughput sequencing. They found that the Arctic Ocean is
similar to the other oceans in terms of the abundance and general composition of microbial
communities. However, bacterial communities in the Arctic vary significantly across regions
and seasons. Justifiably, the variety of microbial communities has attracted attention and
deserves further study.

MATERIALS AND METHODS

Sample collection

We collected samples during a 2014 expedition (24–31 July) from five locations around the
Svalbard archipelago (Fig. 1). These sites are located between 11�05�–15�36�E and 78�12�–
79�33�N (Table 1). The samples, labelled BJ2, BJ5, BJ6, BJ7, and BJ8, were subpackaged
and stored in airtight sterile plastic bottles in a −20�C freezer during the expedition and then
at −80�C upon our return to the laboratory.

DNA extraction, amplification and sequencing

We filtered the samples through 0.22-µm pore-size polycarbonate nucleopore membranes
(Merck Millipore Ltd., Billerica, MA) using a vacuum pump suction filter, at a vacuum of
20 kPa (Porter and Feig, 1980). We then extracted DNA from the filters using the extraction
protocol for the MOBIO PowerWaterfi DNA Isolation Kit (No filters) (Mo Bio
Laboratories, Carlsbad, CA). All operational steps were carried out in accordance with

Liu et al.408



the manufacturer’s instructions. Using a protein nucleic acid detector (Bio-Rad, Hercules,
CA), we measured the concentration of purified DNA. The last elution step of the
extraction protocol for DNA resulted in five tubes containing 60 µL of DNA extract for
each sample. We sent the DNA extractions to the Novogene Company for amplification
and sequencing. They performed Amplicon PCR on variable regions 4 and 5 of the
16S rRNA gene. The bacterial 16S rRNA gene of the extracted DNA was amplified
using the universal primers 519F (5�-GTGCCAGCMGCCGCGGTAA-3�) and 915R
(5�-CCGTCAATTCCTTTGAGTTT-3�) (Xiao et al., 2016). The archaeal 16S rRNA gene
was amplified using primers 519F (5�-CAGCCGCCGCGGTAA-3�) and 915R (5�-
GTGCTCCCCCGCCAATTCCT-3�) (Masoud et al., 2011).

Sequence analysis

Sequence data were quality filtered using the QIIME 1.9.1 script split_libraries_fastq.py
(Caporaso et al., 2010). De novo OTU picking (Hauptmann et al., 2014) in QIIME was done by assigning
similar sequences to a single OTU at a 97% similarity threshold. We used the results for the
subsequent diversity and function analyses. The diversity analyses included counts of OTUs
(number of unique tag sequences) and estimates of the number of species, rarefaction
curves, community structures and heatmap.

For analyses, we used the Shannon (Shannon-Wiener diversity) index, Simpson index,
and the Abundance Coverage Estimator (ACE) (Thompson et al., 2017). We used the Simpson
index and ACE (Rosenzweig et al., 2010; Wang et al., 2017) to estimate the number of species. The
Shannon index measures not only the number of species but also the evenness of their
abundances (Thompson et al., 2017). PD_whole_tree was used to obtain averages of the phylo-
genetic diversity (Faith, 1992).

Fig. 1. Map of sampling sites around the Svalbard Archipelago.
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To display the community structures of bacteria and Archaea at the five locations, we
used Origin 9.0 to draw the composition plot at different levels. The heat map was compiled
using the VEGAN package in R (Oksanen et al., 2009). In order to analyse the microbial pre-
dictive functions, PICRUSt (phylogenetic investigation of communities by reconstruction
of unobserved states) was used to detect 16S rRNA marker gene sequences.

RESULTS

Microbial sequence information

We obtained 266,840 and 279,497 qualified reads from bacteria and Archaea respectively
(Table 1). At site BJ8, bacteria yielded the largest number of qualified reads, Archaea
the least.

When we focused on observed OTUs, we found differing results. We obtained a total of
5043 bacterial OTUs from the five samples. Site BJ5 yielded the largest number of OTUs,
while BJ2 yielded the second largest. There was no significant difference between the rest
of the sites. The rarefaction curves of bacteria (Fig. 2) show the same result; the curves of

Fig. 2. Rarefaction curves of bacteria from the five sampling sites.

Table 1. Sample locations, sequence information and raw diversities in the Arctic Ocean Survey

Locations Bacteria Archaea

Site Longitude Latitude Qualified reads Observed OTUs Qualified reads Observed OTUs

BJ2 11�55�01″E 78�55�01″N 53,509 1471 61,339 6
BJ5 13�49�58″E 78�12�00″N 53,708 1868 60,162 7
BJ6 12�01�01″E 78�57�00″N 51,148 787 51,287 7
BJ7 11�22�58″E 79�50�60″N 45,895 326 57,319 9
BJ8 11�39�00″E 79�19�58″N 62,580 591 49,390 8
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BJ2 and BJ5 rise much more steeply than those of the other three. In Archaea, most reads
were bacterial, or unassigned and filtered with QIIME (these data are not shown).
Altogether, we obtained 37 OTUs for Archaea. Site BJ7 had the most (nine) and BJ2 had
the least (six). Site BJ5 yielded the largest number of OTUs (1868), while BJ2 yielded
the second largest (1471). There was no significant difference between the rest of the sites
(Table 1).

Measures of diversity

Table 2 shows the results of microbial diversity for each of the sampling sites. No dominant
pattern emerges. In both bacteria and Archaea, both the Shannon index and the Simpson
index were highest at site BJ2 and lowest at BJ8. The Abundance Coverage Estimator
(ACE) was highest at BJ5 and lowest at BJ7. The phylogenetic diversity of bacteria was also
highest at site BJ5 and lowest at BJ7. In contrast, the phylogenetic diversity of Archaea was
highest at BJ2 and lowest at BJ8.

Bacterial community structure

We found bacterial sequences belonging to 12 known phyla (Fig. 3): Proteobacteria
(62.13%), Bacteroidetes (32.23%), Actinobacteria (1.91%), Planctomycetes (1.25%),
Verrucomicrobia (1.04%), Cyanobacteria (0.25%), Chlamydiae (0.18%), NKB19 (0.15%),
Acidobacteria (0.15%), Firmicutes (0.13%), Armatimonadetes (0.10%), and others (0.49%).
The group ‘others’ included bacteria that were unassigned and less than 0.1% of the
total. Proteobacteria included α-Proteobacteria (71.40%), β-Proteobacteria (7.60%), γ-
Proteobacteria (20.5%), δ-Proteobacteria (0.45%), and ε-Proteobacteria (0.05%). Even
though the major component of each site was not the same, Proteobacteria and
Bacteroidetes always dominated. Among the Proteobacteria, α-Proteobacteria was the
major component except at site BJ7, where β-Proteobacteria and γ-Proteobacteria both
exceeded α-Proteobacteria. Other phyla like Cyanobacteria, NKB19, Acidobacteria, and
Armatimonadetes were absent from some samples.

The bacterial heatmap (Fig. 4) confirms the results shown in Fig. 3. Most phyla had low
diversity except Proteobacteria and Bacteroidetes. Furthermore, the heatmap also reveals
the relationships of these five sites. They could be divided into three groups: BJ5 and BJ6;
BJ2 and BJ8; and BJ7.

Table 2. Indices and estimates of microbial diversity

Bacteria Archaea

Site Shannon Simpson ACE PD_whole_tree Shannon Simpson ACE PD_whole_tree

BJ2 5.75 0.94 4330 72.55 2.50 0.92 2500 1.79
BJ5 4.91 0.83 5967 96.15 2.17 0.79 3118 1.56
BJ6 4.59 0.85 2001 48.46 1.53 0.81 1906 1.41
BJ7 3.51 0.84 909 22.29 2.38 0.81 1101 1.62
BJ8 3.50 0.80 1610 35.86 1.28 0.77 1532 1.81
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Archaeal community structures

We obtained just 37 archaeal OTUs from all qualified reads, i.e. reads after we deleted 2741
OTUs of bacteria and unassigned species. All 37 OTUs belonged to one of three phyla:
Crenarchaeota, Euryarchaeota, and Parvarchaeota. All Archaea could be divided into six
orders. Table 3 displays the details.

Figure 5 displays the community structure of Archaea at order level. Nitrososphaerales
and Halobacteriales dominated. The two orders appeared at all sites, although their

Fig. 3. Composition structure of bacteria from five Arctic seawater sites. Community information to
the level of phylum (e.g. Bacteroidetes) and class (e.g. α-Proteobacteria).

Table 3. Archaeal taxonomic ranks from five sites

Phylum Class Order

Crenarchaeota (63.14%) Thaumarchaeota (63.14%) Cenarchaeales (1.33%)
Nitrososphaerales (61.81%)

Euryarchaeota (34.01%) Halobacteria (33.32%) Halobacteriales (33.32%)
Methanobacteria (0.69%) Methanobacteriales (0.69%)

Parvarchaeota (2.84%) Parvarchaea (2.84%) WCHD3-30 (2.50%)
YLA114 (0.34%)
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proportional abundances did vary from site to site. Nitrososphaerales predominated at sites
BJ2, BJ5, and BJ6. But at BJ8 it formed a much smaller proportion of the Archaea. There,
Halobacteriales dominated. At BJ7, Halobacteriales and Nitrososphaerales contributed
equally.

Function prediction of microbiome

We further tested and optimized the genome prediction step of PICRUSt using additional
information from sequenced reference genomes. The total number of functional genes
was 330, with 217 different metabolism-related genes. We selected eight metabolism genes,
including carbon cycling (contained genes relating to the carbon fixation pathway in
prokaryotes, methane metabolism, starch and sucrose metabolism, and photosynthesis),
nitrogen cycling, and other often discussed elements that contribute to biochemical cycling.
Copy reads of functional genes relating to carbon cycling and nitrogen cycling were the
most abundant (Fig. 6). Methane metabolism had the most reads, followed by carbon
fixation pathways in prokaryotes. The fewest reads were obtained for phosphonate and
phosphinate metabolism. Among all the sites, BJ8 had the most functional copies and BJ6
had the least.

Fig. 4. Heatmap of bacteria at the five sampling sites.
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DISCUSSION

The diversity and community structure of bacteria

Of the bacterial communities, Proteobacteria, Bacteroidetes, and Actinobacteria were the
dominant phyla at all five studied sites. Several other papers have also shown these three
types of bacteria dominate around the Svalbard Archipelago, although their percentages
were found to differ (Górniak et al., 2017; Papale et al., 2017; Sinha et al., 2017a).

In our study, Proteobacteria were found to predominate, with α-Proteobacteria (71.40%)
and γ-Proteobacteria (20.5%) most common. Similar results have been reported in Arctic
water, ice, and sediments (Han et al., 2015; Soltwedel et al., 2016; Conte et al., 2018). These studies

Fig. 5. Composition of Archaea at the five sampling sites.

Fig. 6. Microbial gene functions based on 16S rRNA gene sequences related to KEGG pathways.
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all indicated that α-Proteobacteria were abundant in many Arctic ecosystems, accounting
for more than 50% of the bacterial biomass. This result is not unexpected since α-
Proteobacteria are among the most abundant and ecologically relevant marine bacteria (Geng

and Belas, 2010). The phylum Proteobacteria has been reported to dominate in oil-contaminated
seawater (Gomes et al., 2016; Dong et al., 2018). Proteobacteria (especially the γ-subclass) was
identified as the key organism, playing a major role in the degradation of petroleum hydro-
carbons (Harayama et al., 2004; Mapelli et al., 2017; Shinde et al., 2017). This raises the possibility that our
sampling sites might have been polluted by oil (Vergeynst et al., 2018).

Bacteroidetes and Actinobacteria are also well distributed across our sampling sites.
Bacteroidetes included mainly Flavobacteria, Cytophagia, and Sphingobacteria.
Flavobacteria are found in a number of aquatic environments. They have several cold-active
enzymes (Reddy et al., 2009) and display biodegradative activity (Markúsdóttir et al., 2013). Thus
these bacteria offer good prospects for further research. However, the community of
Flavobacteria can shift with changes in temperature, light, dissolved organic matter
(DOM), and other factors (Bunse and Pinhassi, 2017). Sphingobacteria can produce sphingolipids
(Boone et al., 2001; Lindstrom, 2002). This class can be found in multidrug-resistant water (Narcisodarocha

and Manaia, 2016) and polluted seawater (Nagaraj et al., 2017). We believe that people have influenced
and polluted the Arctic Ocean. Actinobacteria are widely distributed in marine environ-
ments, and are believed to be an important source of bioactivators and potential drug
compounds (Bull et al., 2005). The appearance of all these species indicates that the sampling
regions may have been polluted by humans. Greater attention must be paid to environ-
mental change.

The diversity and community structure of Archaea

In this study, Crenarchaeota was the most abundant archaeal phylum in seawater (account-
ing for 63.14%), followed by Euryarchaeota (34.01%). This result is similar to that of
Galand et al. (2008), who found that in the Arctic shelf ecosystem almost all archaeal reads
in seawater belonged to the Crenarchaeota. Gantner (2011) found that the clone libraries
featured both Euryarchaeota and Crenarchaeota in variable proportions in the Arctic
Ocean. Galand et al. (2008) showed that these two kinds of Archaea are cosmopolitan.
Massana et al. (2000) compared the phylogenetic compositions of marine planktonic
archaeal populations in different marine provinces. They collected samples from eight
different environments at two depths (surface and aphotic zone) and found that most of
the archaeal clones were affiliated with one of the two groups of marine Archaea: group I
Crenarchaeota and group II Euryarchaeota. Recent studies have identified that charac-
teristic Crenarchaeota might be the most abundant Archaea in the marine environment
(Madigan and Martinko, 2005), especially in the cold, deep ocean (Karner et al., 2001). Their ability to
oxidize ammonia has major implications for global biogeochemical cycling (Könneke et al.,

2005; Wuchter et al., 2006). The numerical and functional importance of Archaea in the
ocean demands better understanding of the factors structuring their diversity.

Nitrososphaerales and Halobacteriales are the most prominent orders in cold environ-
ments. Makhalanyane et al. (2016) found that Nitrososphaerales dominated in both Antarctic
and Arctic soils. Nitrososphaerales has a high affinity for concentrations of ammonia and
oxygen (Ferrera and Sánchez, 2016). So the appearance of Nitrososphaerales might indicate
eutrophic and oxygen-deficient conditions in this region. Meanwhile, according to Antony
et al. (2016), archaeal sequences in the coastal snow pack are dominated by Halobacteriales.
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The presence of Halobacteriales could be a result of low oxygen (Bandekar et al., 2017). Thus the
prominence of Nitrososphaerales and Halobacteriales in our samples might indicate anoxic
marine environments. We found Euryarchaeota and Crenarchaeota to be dominant in the
Arctic Ocean, the most abundant orders being Nitrososphaerales and Halobacteriales. We
suspect that these prokaryotes are cold adapted.

Microbial predictive functions and ecology

The copy reads of carbon cycling (including genes relating to the carbon fixation pathway in
prokaryotes, methane metabolism, starch and sucrose metabolism, and photosynthesis)
were the most abundant. In light of rapid climate change, the carbon cycle in the Arctic
Ocean is of global importance. Such processes as regional warming, wind-induced mixing,
and higher inputs of terrigenous organic matter perturb the region’s carbon cycle in
unquantified ways (MacGilchrist et al., 2014). Some studies have shown that terrigenous carbon
(Dittmar and Kattner, 2003; Oleg et al., 2012; Harris et al., 2018) and algal blooms (Chen et al., 2017) that occur in
the Arctic play important roles in the carbon cycle. So carbon cycle components could be
one to two orders of magnitude higher than previously thought. Anthropogenic CO2

increase results from fossil fuel consumption and land use. The increase causes glaciers to
melt and release carbon (Retelletti Brogi et al., 2018), resulting in changes to seawater chemistry
(Matsuoka et al., 2017), ocean pH levels (Rérolle et al., 2016), and biological communities (Conte

et al., 2018). Based on all this research, it is unsurprising that the number of carbon cycle-
related gene copies is so high.

Note that the copies of methane metabolism and carbon fixation in the carbon cycle
function were dominant. Methane (CH4) is a critical atmospheric greenhouse gas. Methane
emissions from Arctic environments had been predicted to increase with a warmer climate,
thus acting as a positive feedback to global warming (Douglas et al., 2016; Piskozub, 2017). Zhang
et al. (2014) found that several episodic oil and gas spill events increased surface methane
concentration and raised the local methane outgassing rate. Olefeldt et al. (2013) showed that
rising temperatures lead to increases in methane production and additional carbon release
from permafrost-affected soils. All of these activities could increase the methane content,
influencing methane metabolism in the ocean. Methane metabolism was also related to
microbial communities. Studies have shown that methanogens (Barbier et al., 2012) – such as
Methanobacteriales in our study – and methanotrophs (Martineau et al., 2014) – including γ-
Proteobacteria, α-Proteobacteria, and Verrucomicrobia in our study – are crucial in
methane metabolism. Such results offer an explanation for the predominance of methane
metabolism genes.

Prokaryotic carbon fixation was also a major component of the carbon cycle. Carbon
fixation utilizes CO2 through several CO2 assimilation pathways, converting CO2 into value-
added chemicals or inducing calcium carbonate (CaCO3) precipitation (Hicks et al., 2017).
Currently, there are six known pathways of CO2 fixation (Hügler and Sievert, 2011). It is known
that several prokaryotes have the ability to assimilate CO2, including Proteobacteria, Acti-
nobacteria, Firmicutes, Cyanobacteria, Chloroflexi, Euryarchaeota, and Crenarchaeota.
Those prokaryotes have different carbon fixation pathways (Berg, 2011; Håvelsrud et al., 2013;

Hicks et al., 2017). Berg (2011) found that some prokaryotes, such as γ-Proteobacteria and
Euryarchaeota, have two different autotrophic pathways, presumably giving them an
advantage in varying environmental conditions. The Proteobacteria, Actinobacteria,
Planctomycetes, and Firmicutes that we detected in this survey have the potential ability
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to fix CO2 via various pathways (Wang and Sun, 2018). Furthermore, some heterotrophic
bacteria in the ocean could fix CO2 through various carboxylation reactions (Moran et al., 2004).
A wide variety of bacteria and Archaea might incorporate CO2 in the dark as part of their
metabolism, including chemoautotrophs, heterotrophs, and even the photosynthetic
bacteria (Zhou et al., 2017). To date we are yet to discover other carbon pathways in marine
ecosystems (Berg et al., 2010; Hügler and Sievert, 2011). All of this knowledge (from our work
and previous work) helps to explain the large amount of carbon-fixation pathway copies.

Conclusions

We used high-throughput and PICRUSt approaches to investigate the diversity, abundance,
and function of Arctic bacteria and Archaea. Proteobacteria were the dominant taxon in all
samples, with α-Proteobacteria and γ-Proteobacteria the most abundant subtypes. The
phylum Crenarchaeota was the most abundant archaeal community. The copy reads of
functional genes leading to carbon and nitrogen cycling were the most abundant.
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