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The activity of marine microorganisms depends on community composition, yet, in some

oceans, less is known about the environmental and ecological processes that structure

their distribution. The objective of this study was to test the effect of geographical

distance and environmental parameters on prokaryotic community structure in the

Southern Ocean (SO). We described the total (16S rRNA gene) and the active fraction

(16S rRNA-based) of surface microbial communities over a ∼6,500 km longitudinal

transect in the SO. We found that the community composition of the total fraction

was different from the active fraction across the zones investigated. In addition, higher

α-diversity and stronger species turnover were displayed in the active community

compared to the total community.Oceanospirillales, Alteromonadales, Rhodobacterales,

and Flavobacteriales dominated the composition of the bacterioplankton communities;

however, there were marked differences at the order level. Temperature, salinity, silicic

acid, particulate organic nitrogen, and particulate organic carbon correlated with the

composition of bacterioplankton communities. A strong distance–decay pattern between

closer and distant communities was observed. We hypothesize that it was related to

the different oceanic fronts present in the Antarctic Circumpolar Current. Our findings

contribute to a better understanding of the complex arrangement that shapes the

structure of bacterioplankton communities in the SO.
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INTRODUCTION

Although microbial marine communities are the essential players of the marine ecosystem
functioning, being the main drivers of the major marine biogeochemical cycles (Azam et al., 1983;
Karl, 2002; Pomeroy et al., 2007), little is known about the ecological and oceanographic drivers
that shape their distributions. Some known factors that affect the microbial community structure
include geographical position from tropical to polar regions (Fuhrman et al., 2008; Brown et al.,
2012; Ghiglione et al., 2012) and the physical-chemical parameters of the marine environment
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such as temperature, salinity, depth and chlorophyll-a (Chl-a)
concentration (Crump et al., 2004; DeLong, 2006; Falcón et al.,
2008; Campbell and Kirchman, 2013; Fortunato et al., 2013;
Sunagawa et al., 2015; Herlemann et al., 2016). Furthermore,
oceanographic features such as water masses, oceanic fronts, and
advection have also been described as physical barriers that can
limit the dispersal of microorganisms and, at the same time,
influence the structure of the communities at the ocean scale
(Galand et al., 2010; Agogué et al., 2011; Wilkins et al., 2013a).

The Southern Ocean (SO) plays an important role in global
ocean circulation, biogeochemical cycles, and climate (Broyer
and Koubbi, 2014). The surface of the SO is composed of
several distinct zones defined by transitions in surface water
temperatures and density (Orsi et al., 1995; Sokolov and Rintoul,
2002). The Antarctic Circumpolar Current (ACC) divides the SO
into three major zones: the Subantarctic Zone (SAZ), the Polar
Frontal Zone (PFZ), and the Antarctic Zone (AAZ) (Pollard
et al., 2002). These three major zones are separated from each
other from north to south by the Subtropical Front (STF), the
Subantarctic Front (SAF), the Polar Front (PF), and the Southern
Fronts (SF) (Whitworth and Nowlin, 1987; Orsi et al., 1995;
Sokolov and Rintoul, 2002). The Southern Fronts (SF) belonging
to the ACC are divided into (i) the southern ACC front (sACCf)
and (ii) the Southern Boundary of the ACC front (sbACC)
(Sokolov and Rintoul, 2002).

Oceanic fronts are regions where environmentally distinct
water masses meet, creating sharp physicochemical gradients
over fine spatial scales (Belkin et al., 2009). Therefore, each
zone and fronts possess characteristic temperature, salinity, and
productivity levels (Pollard et al., 2002; Sokolov and Rintoul,
2002) and tend to have distinctive biological communities
(Sokolov and Rintoul, 2002). However, as a consequence of
climate change, waters toward the pole side of the ACC waters
have become warmer and more saline, while those to the north
are cooler and fresher (Ning et al., 2008; Haumann et al., 2016).

The West Antarctic Peninsula (WAP) and the South Shetland
Islands in the AAZ are characterized by varied and complex
coastal ecosystems and oceanographic processes (Prezelin et al.,
2004; Schofield et al., 2010). This coastal ecosystem is subjected
to strong seasonal and interannual variability driven by global
atmospheric and oceanic changes (Morley et al., 2020). The
increasing atmospheric and ocean temperatures registered along
the Antarctic Peninsula (AP) have contributed to the collapse of
numerous ice shelves and the retreat of many glaciers (Kim and
Ducklow, 2016; Morley et al., 2020). Some of the consequences
of ice melting and the resulting freshwater input for the AP
coastal ecosystems include salinity decrease and stratification
of the water column, limited light penetration, increased iron
availability, and opening of new areas for primary production
(Schofield et al., 2010; Höfer et al., 2019; Hopwood et al., 2020;
Morley et al., 2020). More specifically, along King George Island,
many semi-enclosed embayments such as Maxwell Bay (MB) and
its tributary Marian Cove (MC) are exposed to freshwater input
from glaciers surrounding the bay and oceanic water exchange
with the Bransfield Strait (BS) (Llanillo et al., 2019). The evidence
indicates that this area is experiencing accelerated warming due
to the retreat of glaciers such as the glacier associated with MC,

which has retreated 1.7 km from 1956 to 2012 (Ahn et al., 2016).
As a consequence of the retreat of the MC glacier, the structure
and function of the megabenthic epifauna have been affected and
benthic diatom blooms have been recorded as unusual in this area
(Moon et al., 2015; Ahn et al., 2016).

Several studies of diversity and community structure on
bacterioplankton at regional scale have been carried out in
the SO (Piquet et al., 2011; Signori et al., 2014; Hernández
et al., 2015; Luria et al., 2016; Dinasquet et al., 2017; Picazo
et al., 2019; Alcamán-Arias et al., 2021). However, only a few
studies have reported results from a large-scale investigation
(Wilkins et al., 2013a,b; Luria et al., 2016), and none has targeted
the active fraction of the microbial communities. The seasonal
dynamics of some heterotrophic prokaryotic communities have,
for instance, been described in association with phytoplanktonic
blooms in nutrient-enriched areas of the SO (Obernosterer
et al., 2011; Kim and Ducklow, 2016; Luria et al., 2016; Liu
et al., 2019, 2020). In open oceanic areas, physical parameters
such as temperature, depth, ice melting, advection, oceanic
fronts, and water circulation have been described as the major
drivers shaping prokaryotic community structure (Piquet et al.,
2011; Wilkins et al., 2013a,b; Alcamán-Arias et al., 2021). In
some coastal areas of the Antarctic region such as bays and
fjords, the combination of environmental parameters, including
salinity, nutrients, and dissolved/particulate organic/inorganic
matter, are described as major structuring factors (Moreno-
Pino et al., 2016; Picazo et al., 2019; Kim et al., 2020). While
the composition of the bacterioplankton community in the
SO shows some variability across the different areas, members
of the classes Gammaproteobacteria, Alphaproteobacteria, and
Bacteroidetes tend to dominate the number of sequences (Abell
and Bowman, 2005; Ghiglione et al., 2012; Wilkins et al., 2013b;
Baltar et al., 2016; Liu et al., 2019; Logares et al., 2020). Among
Alphaproteobacteria, SAR11 often dominates in both coastal
and open ocean areas (López-García et al., 2001; Murray and
Grzymski, 2007; Giebel et al., 2009; Piquet et al., 2011; Ghiglione
et al., 2012). The clade is more abundant in Subantarctic and
PF areas where high nitrogen and low chlorophyll conditions
prevail, giving it a competitive advantage compared to the
Antarctic zone where phytoplankton blooms result in increased
concentrations of highmolecular weight dissolved organicmatter
that has been found to decrease their abundance (Giebel et al.,
2009; Ghiglione and Murray, 2012). For Gammaproteobacteria,
the order Alteromonadales includes heterotrophs with broad
substrate preferences (Bowman et al., 1997). Within this order,
Cowellia genera is a common member of polar systems with
adaptation to cold environments through the production of
cold active extracellular enzymes (Methe et al., 2005). Among
Bacteroidetes, members of the class Flavobacteria are the major
components of the planktonic communities in the SO, especially
prevalent in particle attached communities and in association
with phytoplankton blooms (Abell and Bowman, 2005). This
class has a well-described ability to degrade organic matter,
suggesting an important role in the remineralization of primary
production products (Kirchman, 2002). The predicted climate
changes in different areas that comprise the SO, such as water
temperature increase, ocean acidification, changes in salinity,
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and water stoichiometry among others, are expected to influence
the composition of the microbial communities in terms of
abundance and distribution (Pearce, 2008), demanding a better
understanding of the key patterns of microbial ecology and
biogeography as well as the specific ecosystem of the SO.

The objective of this study was to test how geographical
distance and environmental parameters shape prokaryotic
community composition in the SO.We explored the distribution,
abundance, and diversity of prokaryotic communities across
different oceanographic areas in the surface layer of the SO.
We then analyzed both the total and active fraction of the
communities, based on the 16S rRNA gene and 16S rRNA-based,
using samples collected over a spatial transect spanning over
6,500 km of the SO and the WAP continental shelf, terminating
in a coastal fjord system on King George Island. Our study
traverses large regions of the ocean but also includes small spatial
gradients (fjords), which should be able to identify the impact
of both physical (e.g., geographical distance, oceanic fronts)
and environmental barriers in the dispersal and structuring of
bacterioplankton communities in the SO.

MATERIALS AND METHODS

Study Area and Sampling
The field campaign was conducted from March to May 2018
aboard the icebreaker RV ARAON as a part of the expedition
ANA08D of the Korean Polar Research Institute (KOPRI).
Samples were taken along a transect from Christchurch New
Zealand to the WAP (SO, Figure 1A), through the BS into MC
fjord (Figures 1B,C) crossing the different oceanic fronts of the
SO (Supplementary Figure 1). For the SO transect, a total of 31
stations were sampled (Figure 1A). The first 20 stations were
sampled every 12 h, whereas the rest of the stations (from 21 to
31) were sampled every 6 h. The water was collected directly from
the ship’s clean seawater flow-through system, with intake located
7m below the ocean surface. For the BS - MC transect, a total
of 8 stations were sampled: 2 stations in the BS (Figure 1B), 3
stations in MB, and 3 stations in MC Fjord (Figure 1C). Seawater
from four different depths (0, 10, 25, and 50m) was collected
at each station from a rosette system with Niskin bottles. The
39 stations sampled on the SO transect were grouped into 7
zones according to their geographic location and oceanographic
parameters and oceanographic parameters (water masses, major
oceanographic fronts, and coastal vs. oceanic influence). The first
5 stations were named as Subantarctic zone (SA) (Figure 1A).
The subsequent 5 stations were grouped as Polar Front (PF)
zone, followed by 10 stations that were grouped as Amundsen
Sea (AS) zone (Figure 1A). The next 11 stations were grouped
as West Antarctic Peninsula (WAP) (Figure 1A) and the 2
stations sampled on the Bransfield Strait (BS) remain under
the same name (Figure 1B). Finally, the last 6 stations were
divided into Maxwell Bay (MB) zone and Marian Cove (MC)
zone (Figure 1C) (geographical location of each zone is provided
in Supplementary Material).

For microbial biodiversity analysis, 2 L of water was filtered
sequentially onto the 3.0 and 0.22-µm pore size polycarbonate
membrane filters (MilliporeSigma, Massachusetts, USA) and

stored in RNAlater (Thermo Fisher Scientific, Massachusetts,
USA) at −80◦C (liquid nitrogen) until analysis. Hydrographical
data including salinity, photosynthetically active radiation (PAR),
and temperature were recorded using a Sea-Bird SBE 9 CTD (Sea
Bird Scientific, USA).

Samples for quantification of Chl-a and dissolved inorganic
nutrients were collected from 500ml of seawater filtered through
the 0.7-µm glass fiber filters (Whatman GF/F, MilliporeSigma,
Massachusetts, USA). For total Chl-a determination, 100–250ml
of seawater was filtered through GF/F Whatman glass fiber
filters, 0.7µm nominal pore size (Whatman R©, Maidstone,
UK), immediately frozen at −80◦C and stored overnight. Filters
were later extracted in 90% acetone at −20◦C and analyzed
via fluorometry (Turner Design TD-700, California, USA) at
Scripps Institution of Oceanography using standard protocols
(Holm-Hansen et al., 1965). Samples were calibrated using pure
Chl-a (Sigma Aldrich R©, Misuri, USA) in 90% acetone (ACS
grade), with concentration measured spectrophotometrically
(Jeffrey and Humphrey, 1975). For microbial abundances, two
separated samples (1,350ml) were taken in 2-ml cryovials, fixed
with glutaraldehyde (0.1% final concentration), and stored in
darkness at −80◦C until laboratory analysis at the Laboratory
for Oceanographic Processes and Climate (Universidad de
Concepción, Chile) by flow cytometry method (Marie et al.,
2000). To characterize dissolved organic carbon (DOC), seawater
samples were taken in duplicate and filtered through the 0.22-
µm pore size filters (Whatman R© NucleoporeTM, Maidstone,
UK) into pre-combusted (450◦C) glass flask and acidified with
hydrochloric acid at 37%. DOC samples were analyzed with
high-temperature oxidation (HTCO) method (Sugimura and
Suzuki, 1988) using a TOC-V system (Shimadzu, Kyoto, Japan).
To maintain quality control of the sample analyzed, a 5-point
calibration curve of seawater DOC reference standards was
made. In addition, seawater DOC reference standards produced
by the Hansell CRM program (http://www.rsmas.miami.edu/
groups/organic-biogeochem/crm.html) were also analyzed each
day. To maintain the highest quality data control, samples
were systematically checked against low-carbon water and deep
and surface reference waters every sixth analysis (Hansell
and Carlson, 1998). The between-day precision in the DOC
measurement was 1–2µm, or a CV of 2–3%. Dissolved nutrient
samples (phosphate, silicate, nitrite + nitrate, nitrogen, and
ammonium) were analyzed onboard ARAON vessel using a 4-
channel continuous Auto-Analyzer (QuAAtro, SEAL Analytical,
Southampton, UK) according to the manufacturer’s instruction
and standard colorimetric methods (Parsons, 2013). The
channel configurations and reagents were prepared according
to the “QuAAtro Applications.” Standard curves were run
with each batch of samples using freshly prepared standards
that spanned the range of concentrations in the samples.
Water samples for particulate organic carbon (POC) and
particulate organic nitrogen (PON) were filtered through the
25-mm GF/F filters (precombusted 450◦C, 4 h) (Whatman R©,
Maidstone, UK). POC samples were stored frozen at −20◦C
until analysis. To remove the dissolved inorganic carbon, the
filters were fumed with HCl overnight before analysis. Total
amount of POC or PON was measured using an Elemental
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FIGURE 1 | Study areas and sampling sites. (A) Transect Christchurch, New Zealand, to the West Antarctic Peninsula. (B) Bransfield Strait. (C) Transect from Maxwell

Bay to Marian cove fjord.

Analyzer at the stable isotope laboratory at the University of
Hanyang, Korea.

DNA and RNA Extraction and Sequencing
For nucleic acid extraction, the 0.2-µm frozen filters were cut
with sterilized scissors into small pieces and incubated for 45min
at 37◦ in 840 µl of lysis buffer (40 mmol L-1 EDTA, 50 mmol
L-1 Tris hydrochloride pH 8.3, and 0.75 mmol L-1 sucrose)
with 50 µl of lysozyme solution (20mg ml-1) (Thermo Fisher
Scientific, Massachusetts, USA), followed by a second incubation
with 50 µl of 20% sodium dodecyl sulfate (SDS) (Thermo
Fisher Scientific, Massachusetts, USA) and 10 µl of proteinase
K (20mg ml−1) (Thermo Fisher Scientific, Massachusetts, USA).
Extraction of DNA and RNAwas then performed simultaneously
from the lysate using an AllPrep DNA/RNA kit (Qiagen Inc,
Germantown, USA) following the manufacturer’s instructions.
Purified RNA was subjected to a DNAse treatment with a Turbo
DNAse kit (InvitrogenTM AmbionTM Thermo Fisher Scientific,
Massachusetts, USA) to remove residual traces of genomic
DNA (gDNA). The quality and the quantity of the extracted
DNA and RNAwere measured by spectrophotometry NanoDrop
2000 (Thermo Fisher Scientific, Massachusetts, USA). The
RNA samples were reverse-transcribed to cDNA with random
primers using the SuperScriptTM VILOTM cDNA synthesis kit
(InvitrogenTM, Thermo Fisher Scientific, Massachusetts, USA)

following the manufacturer’s protocol. For both the DNA and
cDNA, the V4-V5 region of the 16S rRNA gene was amplified
using universal primers 515FB- GTGYCAGCMGCCGCGGTAA
and 926R- CCGYCAATTYMTTTRAGTTT (Parada et al.,
2016). Amplification and sequencing on Illumina Miseq
(Illumina R©, California, USA) were conducted in the commercial
laboratory Integrated Microbiome Resource (IMR, Halifax,
Canada) according to the protocol published earlier (Comeau
et al., 2017).

Sequences Analyses
All the reads that had a mismatch with the 16S rRNA gene
primers contained ambiguous nucleotides (N) or were <300 bp
long beyond the forward primer were removed. In addition,
stringent quality trimming criterion were applied to remove
reads that had ≥10% of bases with Phred values <27. This
procedure is recommended to ensure that when clustering at
97% or more, the influence of erroneous reads is minimized
(Huse et al., 2010; Kunin et al., 2010). The sequences were
then de-replicated and clustered at a 99% sequence similarity
threshold using UCLUST (Edgar, 2010) for de novoOTUpicking.
Representative sequences were classified against the SILVA v.128
database (Quast et al., 2013). Sequence data analyses were
conducted with Pyrotagger pipeline (Kunin and Hugenholtz,
2010). Sequences selected for further analysis were compared
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FIGURE 2 | Environmental variables across the seven zones. Variables are ordered from Subantarctic to Marian Cove fjord. For the Bransfield Strait, Maxwell Bay and

Marian Cove zones an average of the values corresponding to each variable was used due to multiple depths sampled (0, 10, 25, and 50m). Variables are as follows:

temperature (◦C), ammonium (µm), inorganic nitrogen (NO3 + NO2) (µm), phosphate (µm), silicic acid (µm), bacterial abundance (cells/ml), chlorophyll-a (µg L−1),

dissolved organic nitrogen (µm), dissolved organic carbon (µm), particulate organic nitrogen (µm), and particulate organic carbon (µm).

manually to the GenBank database by BLAST. Putative chimeric
sequences were removed. They were identified as sequences
having the best BLAST alignment <90% of the trimmed read
length to the reference database and >90% sequence identity to
the best BLAST match.

Statistical Analyses
The Shannon index was calculated to compare community
diversity. The OTU sequence abundance table was transformed
with an Hellinger transformation (Legendre and Gallagher,
2001), and an non-metric multidimensional scaling (NMDS)
based on the Bray–Curtis dissimilarity was conducted to visualize
similarities in community composition between samples with
the Vegan package. These calculations were done with the
Vegan package (Oksanen et al., 2019) in R 3.5.3 (R Core Team,
2018). Significant differences in community structure among the

different variables were tested with permutational multivariate
analysis of variance (PERMANOVA) with the adonis function.
Indicator species analysis was conducted using the multipatt
function of the indicspecies package in R (De Cáceres et al.,
2012). To explore the impact of the environmental variables on
the OTU data set and control the possible effect of geographical
distance, a partial canonical correspondence analysis (CCA)
was computed with the function “cca” from the Vegan
package. Distance–decay relationship between community
assemblages was quantified using a linear model (function
lm), based on the pairwise Bray–Curtis dissimilarity and the
geographical distance separating each pair of communities.
The geosphere package (Hijmans et al., 2017) was used to
calculate the geographical distance among communities with the
function distHaversine.
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FIGURE 3 | Non-metric multidimensional scaling ordination (NMDS) based on Bray–Curtis dissimilarity of microbial communities across the seven zones. Colors

represent zones. (A) Corresponds to 16S rRNA-based fraction and (B) to 16S rRNA gene fraction. (A) Stress = 0.14, (B) stress= 0.13.

RESULTS

Environmental Parameters
The differences in environmental conditions were observed
across the seven zones through the SO transect (Figure 2).
Temperature decreased from 12 to −1.4◦C from SA to MC
zones (−1.4◦C). Chl-a concentrations varied from 0.06 to 3
µg L−1, with the lowest values generally found in the first
3 zones of the transect (SA, PF, and AS), and the highest
values in MB and MC. Chl-a concentrations showed the highest
variability in the BS zone, with values ranging from 0.06 to 2.3
µg L−1. Salinity showed comparatively lower variability across
the zones with values ranging from 33.1 to 34.1 and maxima
in salinity found in the BS, MB, and MC zones. Ammonium
concentrations were generally low (<1µm) except for the WAP
zone where values fluctuated from 2.2 to 5.8µm. For inorganic
nitrogen (NO3+NO2), an increment in the concentrations was
observed across the transect from SA to MC zones (13.25–
22µm, respectively) with the highest average value recorded
for the MB zone (23.5µm). Phosphate concentrations did not
show strong variations across the transect (ca. 1.5µm). A sharp

increase in the concentrations of silicic acid was observed across
the transect, with the lowest values for the SA zone (0.8µm)
and the highest values for the MC zone (∼70µm). An opposite
pattern in concentration was noticed for PON and POC with the
highest values of PON (∼17–10µm) associated with the main
SO transect (SA to WAP zones), and highest POC values (∼13–
8µm) associated with the final part of the transect (BS to MC).
Dissolved organic nitrogen (DON) concentration values ranged
from ∼24 to 33µm across the transect with the highest values
measured for the PF zone. Finally, DOC concentrations varied
between 45 and 80µm across the transect.

Overall 16S RRNA Gene and 16S
RNA-Based Community Composition and
Diversity
We obtained a total of 3,185,567 16S rRNA-based/16S rRNA
gene sequences of Bacteria and Archaea, from 63 samples
(Supplementary Table 1). A total of 95,515 different OTUs were
obtained, of which 91,860 were assigned to Bacteria and 665
to Archaea.
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TABLE 1 | PERMANOVA testing the effects of variable zones (Subantarctic, PF, AS, AP, BS, MB, and MC) and depth (0, 10, 25, and 50m) in each of the fractions (16S

rRNA gene/ 16S rRNA-based).

Samples Fraction Source of variation Df MS F R2 P

All set of samples 16S rRNA gene Zones (all) 5 0.691 3.838 0.356 0.001

16S rRNA-based Zones (all) 6 0.859 3.950 0.351 0.001

16S rRNA gene Zones (BS, MB, MC) 2 0.487 3.106 0.175 0.001

Costal samples with different depths Depth (0, 10, 25, 50) 3 0.287 1.832 0.155 0.030

16S rRNA-based Zones (BS, MB, MC) 2 0.627 3.418 0.235 0.001

Depth (0, 10, 25, 50) 3 0.280 1.528 0.158 0.053

16S rRNA gene Zones (BS, MB, MC) 2 0.348 2.153 0.234 0.001

Surface costal samples Depth (0, 10) 1 0.220 1.361 0.148 0.023

16S rRNA-based Zones (BS, MB, MC) 2 0.456 2.523 0.272 0.001

Depth (0, 10) 1 0.239 1.325 0.143 0.100

Key to abbreviations and column headings: D.f, degrees of freedom; MS, mean square; F, F ratio; R2, coefficient of determination; P, p-value; BS, Bransfield Strait; MB, Maxwell Bay;

MC, Marian Cove. Significant results are in bold.

We compared the microbial community composition
between zones based on both the active fraction of the
community (16S rRNA-based) and the total fraction of
the community (16S rRNA gene). The 16S rRNA-based
and 16S rRNA gene fractions were separated on the
NMDS ordination (PERMANOVA, p = 0.001) (Figure 3,
Supplementary Figure 2, and Supplementary Table 2). The
dissimilarity between fractions was highest in the zones AS
and PF (Supplementary Figure 3). However, both fractions
evidenced significant variation in the composition of the
communities among zones (PERMANOVA, p = 0.001) (Table 1
and Supplementary Table 2).

The Shannon diversity index (α-diversity) showed a higher
diversity for the 16S rRNA-based community compared to the
16S rRNA gene community in almost all the zones (Figure 4).
In general, the distribution of the α-diversity in the 16S rRNA-
based community was less variable (H = ∼9) compared to
the distribution of α-diversity observed for the 16S rRNA gene
community (Figure 4). 16S rRNA gene communities in the PF
and AS zones showed a high range of α-diversity values (H
= 7–8.4) compare to the values of α-diversity exhibited in the
16S rRNA-based community (H = ∼9) (Figure 4). The SA zone
showed the lowest values of α-diversity in the 16S rRNA-based
community (H= 8.3); however, these values were similar to those
observed for the SA zone in the 16S rRNA gene community with
a very similar median (H= 8.4) (Figure 4). The highest values of
α-diversity for the entire data set were obtained in the MC zone
for the 16S rRNA-based community (H= 9.2) (Figure 4).

When comparing the community composition of the coastal
samples (BS, MB, and MC) with different depths (0, 10, 25, and
50m), the variable depth was not significant at the 5% level in the
16S rRNA-based fraction (PERMANOVA, p = 0.053) compared
to the 16S rRNA gene fraction where variation in depths was
significant (PERMANOVA, p = 0.03) (Table 1). Additionally,
in the 16S rRNA-based fraction, no significant variation in
depth was found when only surface (0 and 10m) coastal
samples (BS, MB, and MC) were considered (PERMANOVA,
p= 0.1; Table 1).

We focused the remainder of our analysis on the surface
(0, 7, and 10m) 16S rRNA-based fraction because it included
data for all seven sampled zones, as opposed to the 16S
rRNA gene fraction where the data for the WAP zone were
missing. However, 16S rRNA gene analysis can be found in
Supplementary Material.

Environmental and Distance Effects on
Active Community Composition
The partial CCA between the 16S rRNA-based community
composition distance matrix and environmental variables,
controlling for the effect of geographical distance, showed
that 27% of the community variability was explained by
environmental variables (i.e., salinity, temperature, ammonium,
inorganic nitrogen, Chl-a, phosphate, silicic acid DOC, DON,
POC, and PON), whereas 10% could be attributed to a
geographical distance effect (Supplementary Table 3). The
variables structured the samples along the first axis (CCA1)
separating them into two groups, (i) main SO transect (SA,
PF, AS, and WAP) and (ii) costal samples (BS-MB-MC).
Communities in first group were strongly correlated with
temperature (r = 0.79) and PON (r = 0.72), whereas the
communities in the second group correlated strongly with silicic
acid (r = −0.71), salinity (r = −0.66), and POC (r = 0.66)
(Supplementary Figure 4 and Supplementary Table 4).

The distance effect detected with the partial CCA was
explored by comparing the geographical distance separating two
samples against the dissimilarity in community composition
(Bray–Curtis) (Figure 5). An overall comparison showed no
significant linear relationship between geographical distance and
community composition. However, when comparing specifically
the different zones against each other, there was a significant
correlation in 17 of the 21 comparisons (Figure 5 and
Supplementary Table 5). The strongest relationships were for
the more remote combinations such as SA vs. WAP (r = 0.76),
BS vs. SA (r = 0.8), MB vs. SA (r = 0.84), MB vs. AS (r
= 0.75), MC vs. SA (r = 0.88), and MC vs. AS (r = 0.7)
(Supplementary Table 5). However, some strong and significant
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FIGURE 4 | Shannon α-diversity index across seven zones, comparing 16S rRNA gene and 16S rRNA-based fractions of the microbial community from surface

samples (0, 7, and 10m).

distance–decay patterns were also detected in closer zones such
as SA vs. PF (r = 0.87), AS vs. WAP (r = 0.65), and BS vs. AS (r
= 0.62) (Supplementary Table 5).

Taxonomic Composition of the Active
Fraction
The taxonomy composition at order level showed that across
the entire data set, the Oceanospirillales (28%), Alteromonadales
(15.9%), Rhodobacterales (16%), and Flavobacteriales (13.9%)
were the dominant orders (Figure 6). The ubiquitous SAR11
(8%)was found as amajor component of the community in all the
zones, showing the larger percentage on the WAP zone (12.6%).

However, distinct taxonomic compositions were also observed
in each zone. The SA zone was dominated in its first two
sampling points by Cyanobacteria (20%), Bacteroidales (18%),
and Lactobacillales (9.7%) (Figure 6). The orders Rickettsiales
(4%), Thiotrichales (1.6%), and Methylophilales (2.2%) increased
in relative abundance in the PF zone (Figure 6). MGI
(Thaumarchaeota) dominated in one of the samples of AS zone
(32.6%) (Figure 6). Desulfobacterales (1.2%), Rhodosporilalles
(1.1%), and SAR324 (1.9%) increased in relative abundance in
the AS zone. The WAP zone was dominated by Oceanospirillales
(35.9%), meanwhile, in the same zone, Alteromonadales (6.1%)
exhibited the lowest values found across the entire transect.

The last 3 zones, BS, MB, and MC, showed a similar
taxonomic composition dominated by Alteromonadales (29.2%),
Oceanospirillales (24.5%), and Rhodobacterales (13.4%) with a
marked decrease of SAR11 (5.1%) as dominant taxa (Figure 6).
Some differences were seen also for less abundant taxa in BS zone
with an increase in Pseudomonadales (3.8%), Desulfobacterales
(1.8%), and Methylophilales (1.6%) (Figure 6). In contrast to
all the other zones, Campylobacterales (2.1%) had a higher
relative abundance in all sampling points in the MC zone
(Figure 6). Finally, an increase in the number of sequences was

observed for the Sphingomonadales order at MB (1.9%) and MC
zones (Figure 6).

We identified the OTUs that were responsible for the
significant difference in community composition observed
across the transect with the indicspecies R package. A
total of 695 OTUs were selected as the strong indicator
species for the 16S rRNA-based data set (p = 0.001; stat
> 0.82; IV > 0.8) (Supplementary Table 6). The order
Cyanobacteria characterized the indicator OTUs for the SA,
being the most abundant indicator OTU (56%) followed
by Rhodobacterales (17%) and Flavobacteriales OTU (9.8%)
(Figure 7 and Supplementary Table 6). However, OTUs of
the order Cyanobacteria were not restricted to this zone.
They were also found in the PF zone, but with a very low
percentage of abundance (0.23%) in relation to other indicator
OTUs (Supplementary Table 6). The PF zone hosted the
highest number of indicators OTUs (316) dominated by
members of the Oceanospirillales (56.8%) and Alteromonadales
(20.8%) orders (Figure 7 and Supplementary Table 6).
Rhodobacterales (4.3%) was the third most dominant order
in the PF zone (Supplementary Table 6), and OTUs from the
order Pseudomonadales were selected as exclusive indicators
of this zone (Figure 7 and Supplementary Table 6). AS
zone, which had the lowest number of indicators OTUs
(Supplementary Table 6), was dominated by Oceanospirillales
(65%) followed by Rhodobacterales (34%) (Figure 7 and
Supplementary Table 6).

Indicator OTUs from the order Caulobacterales were selected
as the exclusive indicator OTU for the WAP zone (Figure 7
and Supplementary Table 6). The order Rickettsiales (SAR116)
was characterized the BS zone with 77% of the indicator
OTUs sequences (Figure 7 and Supplementary Table 6).
Puniceicoccales was the second major OTUs indicator in the
MB zone (31%), being mostly restricted to this zone and the SA
zone where it was found in less abundance among the indicators
OTUs (0.67%) (Figure 7 and Supplementary Table 6). MC was
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FIGURE 5 | Relationship between pairwise geographical distance (km) and pairwise Bray–Curtis dissimilarity of 16S rRNA-based community composition from

surface (0, 7, and 10m) among zones.

FIGURE 6 | Relative abundance of taxonomical groups at the order level in the 16S rRNA-based fraction of each zone in the upper water layer (0, 7, and 10m).

the second zone that presented a high number of indicators
OTUs (281 OTUs). Furthermore, OTUs from the order
Campylobacterales were selected as exclusive indicator OTUs for
this zone (Figure 7 and Supplementary Table 6).

DISCUSSION

Our study reports the biogeography of marine microbes in
a vast and sparsely studied area of the SO. The patterns of
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FIGURE 7 | Relative abundance of most abundant indicator OTUs99% at the order level in the 16S rRNA-based fraction of each zone in the upper water layer (0, 7,

and 10m combined).

community composition show that both the active fraction
and the standing stock of bacterioplankton assemblages are
structured by both key environmental parameters (temperature,
salinity, POC, PON, and silicic acid) (27% of the variance) and
by geographical distance (10% of the variance). The estimated
amount of variance in our study was similar to the values
reported in a review by Hanson et al. (2012). They point out
that the average variance explained by environmental effect is
27% compared to 10% for a distance effect, highlighting that
the contemporary selection may turn out to have a greater
effect on microbial composition than historical processes on the
biogeography of microorganisms. Among the factors that could
have explained microbial community composition but that we
could not measure in this study, the selection, drift, dispersal,
and diversification (mutation) are the fundamental ecological
processes (Hanson et al., 2012; Nemergut et al., 2016). Dispersal
and drift have been identified as the important ecological
processes in biogeographical studies conducted in marine
environments (Lindström and Langenheder, 2012; Wilkins et al.,
2013b).

Spatial distance has been proposed as a barrier for
dispersal in marine microorganisms (Cho and Tiedje, 2000;
Ramette and Tiedje, 2007). In most of the combinations
tested in this study, dissimilarity increased as the geographical
distance between communities increased (Figure 5). This strong
distance–decay relationship can be associated with decreasing
similarity in environmental parameters and hydrography with
the increasing geographical distance. However, the amount
of variance explained by distance vs. environmental factors
will depend on the sampling scale (Martiny et al., 2006). A
large spatial geographical distance was covered in our study
(∼6,500 km) for which distance would be expected to dominate
over the environmental variation. However, the environmental
characteristics of each sampled zone were stronger in driving
the variability of the bacterioplankton communities, pointing out

that the observed biogeographical patterns are a combination of
both distance and environmental factors.

Strong distance–decay patterns were also encountered in
communities that were not geographically distant. This was
the case for SA vs. PF zones, AS vs. WAP zones, and BS
vs. AS zones, all of them separated by <250 km of distance.
Several studies indicate that oceanographic properties of water
masses and fronts play a significant role in the structure of
bacterioplankton communities (Galand et al., 2010; Wilkins
et al., 2013a; Baltar et al., 2016; Djurhuus et al., 2017). The
strong shift in community composition observed here within
short distances could be due to the presence of different water
masses. In particular, some samples obtained within the SA
zone were collected in the southern branch of SAF and PF;
meanwhile, the majority of the samples from the PF zone
were obtained in the sACCf (Supplementary Figure 1). Likewise,
the samples collected for the AS zone did not cross any
front, unlike those collected in the WAP zone, which mostly
established themselves in the sbACC (Supplementary Figure 1).
In the case of BS, the samples obtained were located within
the sACCf. This result demonstrates that SO fronts can act
as significant biogeographical boundaries, generating significant
changes in the community composition of spatially near
bacterioplankton communities.

The bacterioplankton communities were heterogeneously
distributed along the SO gradient being structured by the
environmental parameters of each zone (Figure 8). According
to the environmental parameters, the bacterioplankton
communities of the seven zones were divided into two major
groups: (i) oceanic areas of the SO transect composed of SA, PF,
AS, and WAP zones and (ii) coastal areas of the SO composed of
BS, MB, and MC.

The temperature was the main environmental factor
that correlated with community composition among the
zones possibly restricting the abundance of bacteria such as
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FIGURE 8 | Conceptual description of major taxonomic changes in the upper layer (0, 7, and 10m) of 16S rRNA-based microbial communities in relation to key

physical and chemical environmental parameter and oceanographic features that drive community changes along the spatial transect from Christchurch-New Zealand

to South Shetland Islands. Variable abbreviations: T◦, temperature ◦C; PON, particulate organic nitrogen; Salinity, Chlo-a, total chlorophyll; POC, particulate organic

carbon; Si, silicic acid. Site abbreviations: SA, Subantarctic; PF, Polar Front; AS, Amundsen Sea; WAP, West Antarctic Peninsula; BS, Bransfield Strait; MB, Maxwell

Bay; MC, Marian Cove. Current abbreviations: SAF, Subantarctic Front; PF, Polar Front; sACCf, southern Antarctic Circumpolar Current front; sbACC, southern

boundary Antarctic Circumpolar Current.

Alteromonadales and SAR11 (Supplementary Table 4) while
promoting the appearance of Cyanobacteria (Figure 8). In
agreement with these findings, it has been shown that the
distribution of SAR11 (a globally distributed bacteria) can be
significantly affected by temperature changes (Brown et al.,
2012). The low temperatures recorded in BS, MB, and MC could
act as a growth factor for SAR11 for which high abundances
are found at temperatures above 0◦C (Brown et al., 2012).
Conversely, Alteromonadales are cold-adapted heterotrophs that
are normally found in cold waters of the SO related to ice melt
(Piquet et al., 2011). This may explain their high abundance as
indicator taxa in the last part of the transect, a zone associated
with ice formation and with the lowest temperatures registered
(Figure 8). Furthermore, one of the species that contributed
most to the differentiation of the SA community from the
rest of the zones was Cyanobacteria, which dominated in this
zone despite being a minor taxonomic component (0.57%)
of the entire data set (Figure 8). The first sample of the SA,
where the number of sequences of Cyanobacteria was the most
abundant, was collected in waters belonging to the southern

branch of the SAF (−52.1400◦S) (Figure 8). High abundances
of Cyanobacteria have previously been reported further north of
the STF where subtropical waters exhibit higher temperature and
salinity (Wilkins et al., 2013a; Liu et al., 2019). Additionally, water
surface temperature has been reported as a determining factor
in the distribution of Cyanobacteria in the SO (Marchant et al.,
1987). The water temperature at which the highest abundance of
Cyanobacteria was found corresponds to 12◦C, which represents
the highest water temperature recorded in the entire transect,
suggesting that the presence of Cyanobacteria is related to
the water temperature in accordance with the characteristics
described for the SAF.

The bacterioplankton communities of the PF, AS, and AP
zones were mainly structured by variations in the concentrations
of silicic acid, POC, and PON (Figure 8) and second, Chl-
a, DON, and ammonium concentrations. The most important
nutrients for phytoplankton abundances are nitrogen and
phosphorus and, in particular, silicate for diatoms (Sidabutar,
xbib2016). However, ammonium has been described to be an
important nutrient able to alleviate the photoinhibition or the
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light-limitation at which phytoplankton is exposed in Antarctic
waters (Agustí et al., 2009). Elevated ammonium concentrations
(∼3.3µm) were recorded for the AP zone compared to the
rest of the transect. Ammonium concentrations are seasonally
variable in the WAP with peak concentrations (>3.5µm)
recorded in early autumn (March–May) (Henley et al., 2017).
Previous studies have established successional patterns between
phytoplankton blooms and some specific bacterioplankton
members (Abell and Bowman, 2005; Obernosterer et al., 2011;
Kim et al., 2014; Choi, 2016; Luria et al., 2016; Liu et al., 2019).
In the PF, AS, and AP zones, the generalist Oceanospirillales,
Rhodobacterales, and Flavobacteriales dominated the indicator
taxa. Flavobacteria, Rhodobacterales, and Oceanospirillales have
been positively correlated with the abundance of large and
small diatoms in the SO (Kim et al., 2014; Luria et al., 2016;
Liu et al., 2019). Considering the environmental parameters
and the indicator OTUs selected, it is possible to indicate
that the composition of the bacterioplankton community
in the AS and AP are tightly related and structured by
phytoplankton blooms.

In BS, MB, and MC, the community structure of
bacterioplankton was mainly driven by salinity, POC,
and silicic acid (Figure 8, Supplementary Figure 4, and
Supplementary Table 4). The BS is characterized by a mixture
of different bodies of water coming from different sectors of
the WAP. The surface layer during winter is characterized
by temperatures lower than 1◦C and salinity of 34.0 which is
defined by Antarctic Surface Water (Hofmann et al., 1996).
Meanwhile, MB and MC fjord present a typical estuarine
circulation with superficial colder and less saline water (Llanillo
et al., 2019). Furthermore, MC registered high concentrations
of silicic acid and POC probably associated with meltwater
streams with terrigenous particles that persisted until late
March (Yoo et al., 2015). The bacterioplankton community
composition observed for BS, MB, and MC zones were similar
to the composition reported by other studies in the same area,
relating the differences in the composition to the environmental
gradients rather than spatial distance (Zheng et al., 2011;
Moreno-Pino et al., 2016; Kim et al., 2020). In particular,
Campylobacterales (Epsilonproteobacteria) and Puniceicoccales
(Verrucomicrobiales) were selected as the indicator taxa of MC
and MB, respectively. Campylobacterales was detected in MC
from head to mouth and from 0 to 25m unlike that reported by
Kim et al. (2020), who report a higher abundance of this order in
areas near the mouth of the fjord influenced by water from MB.
Furthermore, Verrucomicrobiales and Campylobacterales have
been described as the common members of particle-associated
communities having the ability to degrade particulate organic
carbon sources ((Crespo et al., 2013; Fontanez et al., 2015; Duret
et al., 2019)). Differences in the hydrographical properties of
the water column, such as melt water input or mixed wind can
lead to variation in the microbial community composition of
adjacent zones (Zheng et al., 2011; Moreno-Pino et al., 2016).
Consequently, differences in the morphological characteristic,
sediment load, and meltwater discharge could be responsible for
the observed differences in community composition between the
zones BS, MB, and MC.

Finally, our results indicate the differences between the
total (16S rRNA gene) and active (16S rRNA-based) microbial
community composition among the complete data set. The
16S rRNA-based fraction appeared to be more resolutive for
describing and explaining the bacterioplankton assemblages
of each community compared to the 16S rRNA gene. In
addition, in our study, higher α-diversity values were observed
for the active community compared to the total community
(Figure 4). Furthermore, a higher degree of dissimilarity
between the two fractions was observed across the transect
(Supplementary Figure 3). The high compositional dissimilarity
between the 16S rRNA gene and 16S rRNA-based community
may be due to differential changes in the relative abundance
of certain OTUs. Traditionally, ribosomal RNA genes are used
to identify microorganisms present in a specific environment
regardless of their metabolic state, whereas ribosomal RNA
has been consistently used to characterize the growth state or
activity of microorganisms in cultured and mixed microbial
communities (Campbell et al., 2009; Gaidos et al., 2011; Campbell
and Kirchman, 2013; Hunt et al., 2013). This is because a
positive relationship between the response of bacteria to resource
availability and the number of rRNA operons has been shown
(Klappenbach et al., 2000), and ribosomal content has been found
positively correlated with the growth rate for many bacterial
groups (DeLong et al., 1989; Schäfer et al., 2001; Troussellier
et al., 2002). The number of 16S rRNA gene operons has been
described as the variable in bacteria reflecting different ecological
strategies of growth and activity (Moeseneder et al., 2005; Rastogi
et al., 2009). However, the number of ribosomes can be even
more abundant than rRNA operons depending on the growth
rate of the bacteria (Kerkhof andWard, 1993). Therefore, it could
be assumed that in oligotrophic marine environments, such as
SO, where bacteria tend to show a slow growth rate and a low
number of rRNA operons, some marine bacteria might not be
detected at the rRNA gene level but could be still detected at
the rRNA level (Fegatella et al., 1998; Moeseneder et al., 2005).
This could explain the higher α-diversity observed in the active
fraction compared to the total fraction. Furthermore, it has been
described that in heterogeneous environments, such as estuaries,
environmental variables such as salinity and Chl-a may affect the
differential growth rate but not the abundance of individual taxa
(Campbell and Kirchman, 2013). Accordingly, we can expect that
the bacterioplankton communities in heterogenous gradients will
show higher differences between the active and total community
in comparison with bacterioplankton communities living in
more stable environmental gradients.

CONCLUSION

In conclusion, our results show that there were differences
in the bacterioplankton community composition across the
SO transect from New Zealand to WAP. The differences
in taxonomic composition among the seven zones analyzed
were strongly correlated with environmental parameters and
with geographical distances. The bacterioplankton community
turnover was mainly mediated by temperature, silicic acid, PON,
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salinity, and POC. However, ocean fronts also shaped microbial
community composition by increasing physicochemical and
biological dissimilarities within restricted geographical areas and
thus promoting distinct communities within short distances.
Consequently, the biogeographical patterns observed in our
study originate from a combination of environmental gradients
and oceanographical discontinuities produced by oceanic fronts.
In summary, the main contribution of this study is to unveil
the complex spatial patterns of the SO marine bacterioplankton
communities, at small and large geographical scales (from
fjord to ocean), based on the RNA analysis. RNA appeared
as a useful tool to explore bacterioplankton community
composition across contrastedmarine areas. It provided a precise
description of complex microbial community dynamics in a
changing environment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material. The genomic data
presented in the study are available at the European Nucleotide
Archive database (ENA) under project identification number
PRJEB45020 and sample accession numbers ERS6476988 and
ERS6442804.

AUTHOR CONTRIBUTIONS

CM-M, PG, and HG wrote the original draft. JI and
CM-M collected the microbial diversity samples. JI contributed
to review the manuscript. CM-M prepared and processed
the 16s rRNA sequencing data. CM-M and PG performed
the statistical analysis. S-YH, BL, and I-YA collected and
processed the physicochemical water parameters. MC collected

the chlorophyll samples and reviewed the manuscript. MV
processed the chlorophyl samples and contributed to review the
manuscript. CF provided the resources for sampling collection
and contributed to review themanuscript. HG and I-YA provided
funding and resources for field campaign. All authors have read
and agreed to the published version of the manuscript.

FUNDING

This research was conducted as a part of the project Carbon
cycle change and ecosystem response under the Southern
Ocean warming (PE22110) and supported by the Korea
Polar Research Institute (KOPRI), Incheon. JI and CM-
M were partially supported by the National Agency for
Research and Development (ANID) through project FONDAP-
IDEAL [Grant No. 15150003]. CM-M was also financed
through Ph.D. ANID Scholarship Doctorado Nacional 2016
[N◦21160201]. MV and MC were funded by the US National
Science Foundation – Office of Polar Programs [Award No.
1822289]. The data presented are part of the Ph.D. Thesis
of CM-M.

ACKNOWLEDGMENTS

We are grateful to the ARAON crew for their assistance technical
and logistical support and to Jared Zapata for their assistance
with image editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.862812/full#supplementary-material

REFERENCES

Abell, G. C. J., and Bowman, J. P. (2005). Ecological and biogeographic
relationships of class Flavobacteria in the Southern Ocean. FEMS Microbiol.

Ecol. 51, 265–277. doi: 10.1016/j.femsec.2004.09.001
Agogué, H., Lamy, D., Neal, P. R., Sogin, M. L., and Herndl, G. J.

(2011). Water mass-specificity of bacterial communities in the North
Atlantic revealed by massively parallel sequencing. Mol. Ecol. 20, 258–274.
doi: 10.1111/j.1365-294X.2010.04932.x

Agustí, S., Duarte, C. M., Llabrés, M., Agawin, N. S. R., and Kennedy, H. (2009).
Response of coastal Antarctic phytoplankton to solar radiation and ammonium
manipulation: An in situ mesocosm experiment. J. Geophys Res: Bigeosci. 114.
doi: 10.1029/2008JG000753

Ahn, I.-Y., Moon, H.-W., Jeon, M., and Kang, S.-H. (2016). First record of massive
blooming of benthic diatoms and their association with megabenthic filter
feeders on the shallow seafloor of an Antarctic Fjord: does glacier melting fuel
the bloom? Ocean Sci. J. 51, 273–279. doi: 10.1007/s12601-016-0023-y

Alcamán-Arias, M. E., Fuentes-Alburquenque, S., Vergara-Barros, P., Cifuentes-
Anticevic, J., Verdugo, J., Polz, M., et al. (2021). Coastal bacterial community
response to glacier melting in theWestern Antarctic Peninsula.Microorganisms

9:88. doi: 10.3390/microorganisms9010088
Azam, F., Fenchel, T., Field, J., Gray, J., Meyer-Reil, L., and Thingstad, F. (1983).

The ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser.

10, 257–263. doi: 10.3354/meps010257

Baltar, F., Currie, K., Stuck, E., Roosa, S., and Morales, S. E. (2016). Oceanic
fronts: transition zones for bacterioplankton community composition: fronts
delimit bacterioplankton communities. Environ. Microbiol. Rep. 8, 132–138.
doi: 10.1111/1758-2229.12362

Belkin, I. M., Cornillon, P. C., and Sherman, K. (2009). Fronts in large
marine ecosystems. Prog. Oceanogr. 81, 223–236. doi: 10.1016/j.pocean.2009.
04.015

Bowman, J. P., McCammon, S. A., Brown, M. V., Nichols, D. S., and
McMeekin, T. A. (1997). Diversity and association of psychrophilic
bacteria in Antarctic sea ice. Appl. Environ. Microbiol. 63, 3068–3078.
doi: 10.1128/aem.63.8.3068-3078.1997

Brown, M. V., Lauro, F. M., DeMaere, M. Z., Muir, L., Wilkins, D., Thomas, T.,
et al. (2012). Global biogeography of SAR11 marine bacteria. Mol. Syst. Biol.

8:595. doi: 10.1038/msb.2012.28
Broyer, C. de, and Koubbi, P. (2014). Biogeographic Atlas of the Southern Ocean.
Campbell, B., Yu, L., Straza, T., and Kirchman, D. (2009). Temporal changes in

bacterial rRNA and rRNA genes in Delaware (USA) coastal waters. Aquat.
Microb. Ecol. 57, 123–135. doi: 10.3354/ame01335

Campbell, B. J., and Kirchman, D. L. (2013). Bacterial diversity, community
structure and potential growth rates along an estuarine salinity gradient. ISME

J. 7, 210–220. doi: 10.1038/ismej.2012.93
Cho, J.-C., and Tiedje, J. M. (2000). Biogeography and degree of endemicity

of fluorescent Pseudomonas strains in soil. Appl. Environ. Microbiol. 66,
5448–5456. doi: 10.1128/AEM.66.12.5448-5456.2000

Frontiers in Microbiology | www.frontiersin.org 13 May 2022 | Volume 13 | Article 862812

https://www.frontiersin.org/articles/10.3389/fmicb.2022.862812/full#supplementary-material
https://doi.org/10.1016/j.femsec.2004.09.001
https://doi.org/10.1111/j.1365-294X.2010.04932.x
https://doi.org/10.1029/2008JG000753
https://doi.org/10.1007/s12601-016-0023-y
https://doi.org/10.3390/microorganisms9010088
https://doi.org/10.3354/meps010257
https://doi.org/10.1111/1758-2229.12362
https://doi.org/10.1016/j.pocean.2009.04.015
https://doi.org/10.1128/aem.63.8.3068-3078.1997
https://doi.org/10.1038/msb.2012.28
https://doi.org/10.3354/ame01335
https://doi.org/10.1038/ismej.2012.93
https://doi.org/10.1128/AEM.66.12.5448-5456.2000
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Maturana-Martínez et al. Southern Ocean Prokaryotic Communities

Choi, S. -B. (2016). Cultivation and biochemical characterization of heterotrophic
bacteria associated with phytoplankton bloom in the Amundsen sea polynya,
Antarctica. Deep Sea Res Part III: Top. Stud. Oceanograph. 123, 126–134.
doi: 10.1016/j.dsr2.2015.04.027

Comeau, A. M., Douglas, G. M., and Langille, M. G. I. (2017). Microbiome helper:
a custom and streamlined workflow for microbiome research. mSystems 2,
00127–16. doi: 10.1128/mSystems.00127-16

Crespo, B. G., Pommier, T., Fernández-Gómez, B., and Pedrós-Alió, C. (2013).
Taxonomic composition of the particle-attached and free-living bacterial
assemblages in the Northwest Mediterranean Sea analyzed by pyrosequencing
of the 16S rRNA.Microbiol. Open 2, 541–552. doi: 10.1002/mbo3.92

Crump, B. C., Hopkinson, C. S., Sogin, M. L., and Hobbie, J. E. (2004). Microbial
biogeography along an estuarine salinity gradient: combined influences of
bacterial growth and residence time. Appl. Environ. Microbiol. 70, 1494–1505.
doi: 10.1128/AEM.70.3.1494-1505.2004

De Cáceres, M., Legendre, P., Wiser, S. K., and Brotons, L. (2012). Using species
combinations in indicator value analyses. Methods Ecol. Evol. 3, 973–982.
doi: 10.1111/j.2041-210X.2012.00246.x

DeLong, E. F. (2006). Community genomics among stratified
microbial assemblages in the ocean’s interior. Science 311, 496–503.
doi: 10.1126/science.1120250

DeLong, E. F., Wickham, G. S., and Pace, N. R. (1989). Phylogenetic stains:
ribosomal RNA-based probes for the identification of single cells. Science 243,
1360–1363. doi: 10.1126/science.2466341

Dinasquet, J., Richert, I., Logares, R., Yager, P., Bertilsson, S., and Riemann, L.
(2017). Mixing of water masses caused by a drifting iceberg affects bacterial
activity, community composition and substrate utilization capability in the
Southern Ocean: iceberg influence on bacterioplankton. Environ. Microbiol. 19,
2453–2467. doi: 10.1111/1462-2920.13769

Djurhuus, A., Boersch-Supan, P. H., Mikalsen, S. -O., and Rogers, A. D. (2017).
Microbe biogeography tracks watermasses in a dynamic oceanic frontal system.
R. Soc. Open Sci. 4, 170033. doi: 10.1098/rsos.170033

Duret, M. T., Lampitt, R. S., and Lam, P. (2019). Prokaryotic niche partitioning
between suspended and sinking marine particles. Environ. Microbiol. Rep. 11,
386–400. doi: 10.1111/1758-2229.12692

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Falcón, L. I., Noguez, A. M., Espinosa-Asuar, L., Eguiarte, L. E., and Souza,
V. (2008). Evidence of biogeography in surface ocean bacterioplankton
assemblages.Mar. Genomics 1, 55–61. doi: 10.1016/j.margen.2008.06.005

Fegatella, F., Lim, J., Kjelleberg, S., and Cavicchioli, R. (1998). Implications
of rRNA operon copy number and ribosome content in the marine
oligotrophic ultramicrobacterium Sphingomonas sp. strain RB2256. Appl.

Environ. Microbiol. 64, 4433–4438. doi: 10.1128/AEM.64.11.4433-4438.1998
Fontanez, K. M., Eppley, J. M., Samo, T. J., Karl, D. M., and DeLong,

E. F. (2015). Microbial community structure and function on sinking
particles in the North Pacific Subtropical Gyre. Front. Microbiol. 6,
469. doi: 10.3389/fmicb.2015.00469

Fortunato, C. S., Eiler, A., Herfort, L., Needoba, J. A., Peterson, T. D., and
Crump, B. C. (2013). Determining indicator taxa across spatial and seasonal
gradients in the Columbia River coastal margin. ISME J. 7, 1899–1911.
doi: 10.1038/ismej.2013.79

Fuhrman, J. A., Steele, J. A., Hewson, I., Schwalbach, M. S., Brown, M. V.,
Green, J. L., et al. (2008). A latitudinal diversity gradient in planktonic marine
bacteria. Proc. Nat. Acad. Sci. U.S.A. 105, 7774–7778. doi: 10.1073/pnas.08030
70105

Gaidos, E., Rusch, A., and Ilardo, M. (2011). Ribosomal tag pyrosequencing
of DNA and RNA from benthic coral reef microbiota: community
spatial structure, rare members and nitrogen-cycling guilds: pyrosequencing
tags of benthic coral reef microbes. Environ. Microbiol. 13, 1138–1152.
doi: 10.1111/j.1462-2920.2010.02392.x

Galand, P. E., Potvin, M., Casamayor, E. O., and Lovejoy, C. (2010). Hydrography
shapes bacterial biogeography of the deep Arctic Ocean. ISME J. 4, 564–576.
doi: 10.1038/ismej.2009.134

Ghiglione, J.-F., Galand, P. E., Pommier, T., Pedros-Alio, C., Maas, E. W.,
Bakker, K., et al. (2012). Pole-to-pole biogeography of surface and deep
marine bacterial communities. Proc. Nat. Acad. Sci. U.S.A. 109, 17633–17638.
doi: 10.1073/pnas.1208160109

Ghiglione, J. F., and Murray, A. E. (2012). Pronounced summer
to winter differences and higher wintertime richness in coastal
Antarctic marine bacterioplankton: temporal variation in Southern
Ocean coastal bacterioplankton. Environ. Microbiol. 14, 617–629.
doi: 10.1111/j.1462-2920.2011.02601.x

Giebel, H.-A., Brinkhoff, T., Zwisler, W., Selje, N., and Simon, M. (2009).
Distribution of Roseobacter RCA and SAR11 lineages and distinct bacterial
communities from the subtropics to the Southern Ocean. Environ. Microbiol.

11, 2164–2178. doi: 10.1111/j.1462-2920.2009.01942.x
Hansell, D. A., and Carlson, C. A. (1998). Net community production of dissolved

organic carbon.Glob. Biogeochem. Cycles 12, 443–453. doi: 10.1029/98GB01928
Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C., andMartiny, J. B. H. (2012).

Beyond biogeographic patterns: processes shaping the microbial landscape.
Nat. Rev. Microbiol. 10, 497–506. doi: 10.1038/nrmicro2795

Haumann, F. A., Gruber, N., Münnich, M., Frenger, I., and Kern, S. (2016). Sea-
ice transport driving Southern Ocean salinity and its recent trends. Nature 537,
89–92. doi: 10.1038/nature19101

Henley, S. F., Tuerena, R. E., Annett, A. L., Fallick, A. E., Meredith, M. P.,
Venables, H. J., et al. (2017). Macronutrient supply, uptake and recycling in
the coastal ocean of the west antarctic peninsula. Deep Sea Res Part III: Top.

Stud. Oceanograph. 139, 58–76. doi: 10.1016/j.dsr2.2016.10.003
Herlemann, D. P. R., Lundin, D., Andersson, A. F., Labrenz, M., and Jürgens,

K. (2016). Phylogenetic signals of salinity and season in bacterial community
composition across the salinity gradient of the Baltic Sea. Front. Microbiol.

7:1883. doi: 10.3389/fmicb.2016.01883
Hernández, E. A., Piquet, A. M.-T., Lopez, J. L., Buma, A. G. J., and Mac

Cormack, W. P. (2015). Marine archaeal community structure from Potter
Cove, Antarctica: high temporal and spatial dominance of the phylum
Thaumarchaeota. Polar Biol. 38, 117–130. doi: 10.1007/s00300-014-1569-8

Hijmans, R. J., Williams, E., Vennes, C., and Hijmans, M. R. J. (2017). Package
‘Geosphere’ Spherical Trigonometry 1.

Höfer, J., Giesecke, R., Hopwood, M. J., Carrera, V., Alarcón, E., and González,
H. E. (2019). The role of water column stability and wind mixing in the
production/export dynamics of two bays in the Western Antarctic Peninsula.
Prog. Oceanogr. 174, 105–116. doi: 10.1016/j.pocean.2019.01.005

Hofmann, E. E., Klinck, J. M., Lascara, C. M., and Smith, D. A. (1996). “Water
mass distribution and circulation west of the antarctic peninsula and including
bransfield strait,” in Antarctic Research Series, eds E. E. Hofmann, R. M. Ross,
and L. B. Quetin (Washington, DC: American Geophysical Union), 61–80.
doi: 10.1029/AR070p0061

Holm-Hansen, O., Lorenzen, C. J., Holmes, R. W., and Strickland, J. D. (1965).
Fluorometric determination of chlorophyll. ICES J. Mar. Sci. 30, 3–15.
doi: 10.1093/icesjms/30.1.3

Hopwood, M. J., Carroll, D., Dunse, T., Hodson, A., Holding, J. M., Iriarte,
J. L., et al. (2020). Review article: how does glacier discharge affect marine
biogeochemistry and primary production in the Arctic? Cryosphere 14,
1347–1383. doi: 10.5194/tc-14-1347-2020

Hunt, D. E., Lin, Y., Church, M. J., Karl, D. M., Tringe, S. G., Izzo, L.
K., et al. (2013). Relationship between abundance and specific activity of
bacterioplankton in open ocean surface waters. Appl. Environ. Microbiol. 79,
177–184. doi: 10.1128/AEM.02155-12

Huse, S. M., Welch, D. M., Morrison, H. G., and Sogin, M. L. (2010). Ironing out
the wrinkles in the rare biosphere through improved OTU clustering. Environ.
Microbiol. 12, 1889–1898. doi: 10.1111/j.1462-2920.2010.02193.x

Jeffrey, S. W., and Humphrey, G. F. (1975). New spectrophotometric
equations for determining chlorophylls a, b, c1 and c2 in higher plants,
algae and natural phytoplankton. Biochem. Physiol. Pflanz. 167, 191–194.
doi: 10.1016/S0015-3796(17)30778-3

Karl, D. M. (2002). Hidden in a sea of microbes. Nature 415, 590–591.
doi: 10.1038/415590b

Kerkhof, L., andWard, B. B. (1993). Comparison of nucleic acid hybridization and
fluorometry for measurement of the relationship between RNA/DNA ratio and
growth rate in a marine bacterium. Appl. Environ. Microbiol. 59, 1303–1309.
doi: 10.1128/aem.59.5.1303-1309.1993

Kim, H., and Ducklow, H. W. (2016). A Decadal (2002–2014) Analysis
for dynamics of heterotrophic bacteria in an antarctic coastal ecosystem:
variability and physical and biogeochemical forcings. Front. Mar. Sci. 3:214.
doi: 10.3389/fmars.2016.00214

Frontiers in Microbiology | www.frontiersin.org 14 May 2022 | Volume 13 | Article 862812

https://doi.org/10.1016/j.dsr2.2015.04.027
https://doi.org/10.1128/mSystems.00127-16
https://doi.org/10.1002/mbo3.92
https://doi.org/10.1128/AEM.70.3.1494-1505.2004
https://doi.org/10.1111/j.2041-210X.2012.00246.x
https://doi.org/10.1126/science.1120250
https://doi.org/10.1126/science.2466341
https://doi.org/10.1111/1462-2920.13769
https://doi.org/10.1098/rsos.170033
https://doi.org/10.1111/1758-2229.12692
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1016/j.margen.2008.06.005
https://doi.org/10.1128/AEM.64.11.4433-4438.1998
https://doi.org/10.3389/fmicb.2015.00469
https://doi.org/10.1038/ismej.2013.79
https://doi.org/10.1073/pnas.0803070105
https://doi.org/10.1111/j.1462-2920.2010.02392.x
https://doi.org/10.1038/ismej.2009.134
https://doi.org/10.1073/pnas.1208160109
https://doi.org/10.1111/j.1462-2920.2011.02601.x
https://doi.org/10.1111/j.1462-2920.2009.01942.x
https://doi.org/10.1029/98GB01928
https://doi.org/10.1038/nrmicro2795
https://doi.org/10.1038/nature19101
https://doi.org/10.1016/j.dsr2.2016.10.003
https://doi.org/10.3389/fmicb.2016.01883
https://doi.org/10.1007/s00300-014-1569-8
https://doi.org/10.1016/j.pocean.2019.01.005
https://doi.org/10.1029/AR070p0061
https://doi.org/10.1093/icesjms/30.1.3
https://doi.org/10.5194/tc-14-1347-2020
https://doi.org/10.1128/AEM.02155-12
https://doi.org/10.1111/j.1462-2920.2010.02193.x
https://doi.org/10.1016/S0015-3796(17)30778-3
https://doi.org/10.1038/415590b
https://doi.org/10.1128/aem.59.5.1303-1309.1993
https://doi.org/10.3389/fmars.2016.00214
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Maturana-Martínez et al. Southern Ocean Prokaryotic Communities

Kim, J. -G., Park, S. -J., Quan, Z. -X., Jung, M. -Y., Cha, I. -T., Kim, S. -
J., et al. (2014). Unveiling abundance and distribution of planktonic
Bacteria and Archaea in a polynya in Amundsen Sea, Antarctica:
Prokaryotic communities in Antarctic polynya. Environ. Microbiol. 16,
1566–1578. doi: 10.1111/1462-2920.12287

Kim, S., Kim, J. -H., Lim, J. -H., Jeong, J. -H., Heo, J. -M., and Kim, I. -N.
(2020). Distribution and control of bacterial community composition inmarian
cove surface waters, king george island, antarctica during the summer of 2018.
Microorganisms 8, 1115. doi: 10.3390/microorganisms8081115

Kirchman, D. L. (2002). The ecology of Cytophaga–Flavobacteria
in aquatic environments. FEMS Microbiol. Ecol. 39, 91–100.
doi: 10.1016/S0168-6496(01)00206-9

Klappenbach, J. A., Dunbar, J. M., and Schmidt, T. M. (2000). rRNA operon copy
number reflects ecological strategies of bacteria. Appl. Environ. Microbiol. 66,
1328–1333. doi: 10.1128/AEM.66.4.1328-1333.2000

Kunin, V., Engelbrektson, A., Ochman, H., and Hugenholtz, P. (2010).
Wrinkles in the rare biosphere: pyrosequencing errors can lead to
artificial inflation of diversity estimates. Environ. Microbiol. 12, 118–123.
doi: 10.1111/j.1462-2920.2009.02051.x

Kunin, V., and Hugenholtz, P. (2010). PyroTagger: a fast, accurate pipeline for
analysis of rRNA amplicon pyrosequence data. Open J. 1, 1–8. Availalbe online
at: https://theopenjournal.org/toj_articles/1

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful
transformations for ordination of species data. Oecologia 129, 271–280.
doi: 10.1007/s004420100716.

Lindström, E. S., and Langenheder, S. (2012). Local and regional factors
influencing bacterial community assembly. Environ. Microbiol. Rep. 4, 1–9.
doi: 10.1111/j.1758-2229.2011.00257.x

Liu, Y., Blain, S., Crispi, O., Rembauville, M., and Obernosterer, I. (2020).
Seasonal dynamics of prokaryotes and their associations with diatoms in the
Southern Ocean as revealed by an autonomous sampler. Environ. Microbiol.

22, 3968–3984. doi: 10.1111/1462-2920.15184
Liu, Y., Debeljak, P., Rembauville, M., Blain, S., and Obernosterer, I.

(2019). Diatoms shape the biogeography of heterotrophic prokaryotes in
early spring in the Southern Ocean. Environ. Microbiol. 21, 1452–1465.
doi: 10.1111/1462-2920.14579

Llanillo, P. J., Aiken, C. M., Cordero, R. R., Damiani, A., Sepúlveda, E.,
and Fernández-Gómez, B. (2019). Oceanographic variability induced by
tides, the intraseasonal cycle and warm subsurface water intrusions in
Maxwell Bay, King George Island (West-Antarctica). Sci. Rep. 9:18571.
doi: 10.1038/s41598-019-54875-8

Logares, R., Deutschmann, I. M., Junger, P. C., Giner, C. R., Krabberød, A. K.,
Schmidt, T. S. B., et al. (2020). Disentangling the mechanisms shaping the
surface ocean microbiota.Microbiome 8:55. doi: 10.1186/s40168-020-00827-8

López-García, P., López-López, A., Moreira, D., and Rodríguez-Valera, F. (2001).
Diversity of free-living prokaryotes from a deep-sea site at the Antarctic Polar
Front. FEMSMicrobiol. Ecol. 36, 193–202. doi: 10.1016/S0168-6496(01)00133-7

Luria, C. M., Amaral-Zettler, L. A., Ducklow, H.W., and Rich, J. J. (2016). Seasonal
succession of free-living bacterial communities in coastal waters of theWestern
Antarctic Peninsula. Front. Microbiol. 7:1731. doi: 10.3389/fmicb.2016.
01731

Marchant, H. J., Davidson, A. T., and Wright, S. W. (1987). The Distribution

and Abundance of Chroococcoid Cyanobacteria in the Southern Ocean.

Available online at: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.
589.1578&rep=rep1&type=pdf

Marie, D., Simon, N., Guillou, L., Partensky, F., and Vaulot, D. (2000).
“Flow cytometry analysis of marine picoplankton,” in In Living Color,
eds R. A. Diamond and S. Demaggio (Berlin; Heidelberg: Springer).
doi: 10.1007/978-3-642-57049-0_34

Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, J. A.,
Green, J. L., et al. (2006). Microbial biogeography: putting microorganisms on
the map. Nat. Rev. Microbiol. 4, 102–112. doi: 10.1038/nrmicro1341.

Methe, B. A., Nelson, K. E., Deming, J. W., Momen, B., Melamud, E., Zhang, X.,
et al. (2005). The psychrophilic lifestyle as revealed by the genome sequence of
Colwellia psychrerythraea 34H through genomic and proteomic analyses. Proc.
Nat. Acad. Sci. U.S.A. 102, 10913–10918. doi: 10.1073/pnas.0504766102

Moeseneder, M. M., Arrieta, J. M., and Herndl, G. J. (2005). A comparison
of DNA- and RNA-based clone libraries from the same marine

bacterioplankton community. FEMS Microbiol. Ecol. 51, 341–352.
doi: 10.1016/j.femsec.2004.09.012

Moon, H.-W., Wan Hussin, W. M. R., Kim, H.-C., and Ahn, I.-Y. (2015).
The impacts of climate change on Antarctic nearshore mega-epifaunal
benthic assemblages in a glacial fjord on King George Island: responses and
implications. Ecol. Indic. 57, 280–292. doi: 10.1016/j.ecolind.2015.04.031

Moreno-Pino, M., De la Iglesia, R., Valdivia, N., Henríquez-Castilo, C., Galán,
A., Díez, B., et al. (2016). Variation in coastal Antarctic microbial community
composition at sub-mesoscale: spatial distance or environmental filtering?
FEMS Microbiol. Ecol. 92, fiw088. doi: 10.1093/femsec/fiw088

Morley, S. A., Abele, D., Barnes, D. K. A., Cárdenas, C. A., Cotté, C., Gutt, J.,
et al. (2020). Global drivers on Southern Ocean ecosystems: changing physical
environments and anthropogenic pressures in an earth system. Front. Mar. Sci.

7:547188. doi: 10.3389/fmars.2020.547188
Murray, A. E., and Grzymski, J. J. (2007). Diversity and genomics of

Antarctic marine micro-organisms. Phil. Trans. R. Soc. B 362, 2259–2271.
doi: 10.1098/rstb.2006.1944

Nemergut, D. R., Knelman, J. E., Ferrenberg, S., Bilinski, T., Melbourne, B., Jiang,
L., et al. (2016). Decreases in average bacterial community rRNA operon copy
number during succession. ISME J. 10, 1147–1156. doi: 10.1038/ismej.2015.191

Ning, C. W. B., Dispert, A., Visbeck, M., Rintoul, S. R., and Schwarzkopf, F. U.
(2008). The response of the Antarctic Circumpolar Current to recent climate
change. Nat. Geosci. 1, 864–869. doi: 10.1038/ngeo362

Obernosterer, I., Catala, P., Lebaron, P., and West, N. J. (2011). Distinct
bacterial groups contribute to carbon cycling during a naturally iron fertilized
phytoplankton bloom in the Southern Ocean. Limnol. Oceanograph. 56,
2391–2401. doi: 10.4319/lo.2011.56.6.2391

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et
al. (2019). vegan: Community Ecology Package. R package version 2.5–6.

Orsi, A. H., Whitworth, T., and Nowlin, W. D. (1995). On the meridional extent
and fronts of the Antarctic Circumpolar Current.Deep Sea Res. Part I Oceanogr.
Res. Pap. 42, 641–673. doi: 10.1016/0967-0637(95)00021-W

Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters:
assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18,
1403–1414. doi: 10.1111/1462-2920.13023

Parsons, T. R. (2013). A Manual of Chemical & Biological Methods for Seawater

Analysis. Amsterdam: Elsevier.
Pearce, D. A. (2008). Climate change and the microbiology of the Antarctic

Peninsula Region. Sci. Prog. 91, 203–217. doi: 10.3184/003685008X332534
Picazo, A., Rochera, C., Villaescusa, J. A., Miralles-Lorenzo, J., Velázquez,

D., Quesada, A., et al. (2019). Bacterioplankton community composition
along environmental gradients in lakes from Byers Peninsula (Maritime
Antarctica) as determined by next-generation sequencing. Front. Microbiol.

10:908. doi: 10.3389/fmicb.2019.00908
Piquet, A. M.-T., Bolhuis, H., Meredith, M. P., and Buma, A. G. J. (2011). Shifts in

coastal Antarctic marine microbial communities during and after melt water-
related surface stratification: Melt water and Antarctic marine microorganisms.
FEMS Microbiol. Ecol. 76, 413–427. doi: 10.1111/j.1574-6941.2011.
01062.x

Pollard, R. T., Lucas, M. I., and Read, J. F. (2002). Physical controls on
biogeochemical zonation in the Southern Ocean. Deep Sea Res. Part II Top.

Stud. Oceanogr. 49, 3289–3305. doi: 10.1016/S0967-0645(02)00084-X
Pomeroy, L., leB.Williams, P., Azam, F., and Hobbie, J. (2007). Themicrobial loop.

Oceanog. 20, 28–33. doi: 10.5670/oceanog.2007.45
Prezelin, B. B., Hofmann, E. E., Moline, M., and Klinck, J. M. (2004). Physical

forcing of phytoplankton community structure and primary production in
continental shelf waters of the Western Antarctic Peninsula. J. Mar. Res. 42,
419–460. doi: 10.1357/0022240041446173

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

R Core Team. (2018). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. Available online at:
https://www.R-project.org/

Ramette, A., and Tiedje, J. M. (2007). Biogeography: an emerging cornerstone for
understanding prokaryotic diversity, ecology, and evolution. Microb. Ecol. 53,
197–207. doi: 10.1007/s00248-005-5010-2

Frontiers in Microbiology | www.frontiersin.org 15 May 2022 | Volume 13 | Article 862812

https://doi.org/10.1111/1462-2920.12287
https://doi.org/10.3390/microorganisms8081115
https://doi.org/10.1016/S0168-6496(01)00206-9
https://doi.org/10.1128/AEM.66.4.1328-1333.2000
https://doi.org/10.1111/j.1462-2920.2009.02051.x
https://theopenjournal.org/toj_articles/1
https://doi.org/10.1007/s004420100716.
https://doi.org/10.1111/j.1758-2229.2011.00257.x
https://doi.org/10.1111/1462-2920.15184
https://doi.org/10.1111/1462-2920.14579
https://doi.org/10.1038/s41598-019-54875-8
https://doi.org/10.1186/s40168-020-00827-8
https://doi.org/10.1016/S0168-6496(01)00133-7
https://doi.org/10.3389/fmicb.2016.01731
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.589.1578&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.589.1578&rep=rep1&type=pdf
https://doi.org/10.1007/978-3-642-57049-0_34
https://doi.org/10.1038/nrmicro1341.
https://doi.org/10.1073/pnas.0504766102
https://doi.org/10.1016/j.femsec.2004.09.012
https://doi.org/10.1016/j.ecolind.2015.04.031
https://doi.org/10.1093/femsec/fiw088
https://doi.org/10.3389/fmars.2020.547188
https://doi.org/10.1098/rstb.2006.1944
https://doi.org/10.1038/ismej.2015.191
https://doi.org/10.1038/ngeo362
https://doi.org/10.4319/lo.2011.56.6.2391
https://doi.org/10.1016/0967-0637(95)00021-W
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.3184/003685008X332534
https://doi.org/10.3389/fmicb.2019.00908
https://doi.org/10.1111/j.1574-6941.2011.01062.x
https://doi.org/10.1016/S0967-0645(02)00084-X
https://doi.org/10.5670/oceanog.2007.45
https://doi.org/10.1357/0022240041446173
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://doi.org/10.1007/s00248-005-5010-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Maturana-Martínez et al. Southern Ocean Prokaryotic Communities

Rastogi, R., Wu, M., DasGupta, I., and Fox, G. E. (2009). Visualization of
ribosomal RNA operon copy number distribution. BMC Microbiol. 9:208.
doi: 10.1186/1471-2180-9-208

Schäfer, H., Bernard, L., Courties, C., Lebaron, P., Servais, P., Pukall, R.,
et al. (2001). Microbial community dynamics in Mediterranean nutrient-
enriched seawater mesocosms: changes in the genetic diversity of bacterial
populations. FEMSMicrobiol. Ecol. 34, 243–253. doi: 10.1111/j.1574-6941.2001.
tb00775.x

Schofield, O., Ducklow, H. W., Martinson, D. G., Meredith, M. P., Moline,
M. A., and Fraser, W. R. (2010). How do polar marine ecosystems
respond to rapid climate change? 328, 1520–1523. doi: 10.1126/science.
1185779

Sidabutar, T. (2016). The abundance of phytoplankton and its relationship
to the N/P ratio in Jakarta Bay, Indonesia. Biodiversitas 17, 673–678.
doi: 10.13057/biodiv/d170241

Signori, C. N., Thomas, F., Enrich-Prast, A., Pollery, R. C. G., and Sievert, S.
M. (2014). Microbial diversity and community structure across environmental
gradients in Bransfield Strait, Western Antarctic Peninsula. Front. Microbiol.

5:647. doi: 10.3389/fmicb.2014.00647
Sokolov, S., and Rintoul, S. R. (2002). Structure of Southern Ocean

fronts at 140jE. J. Mar. Syst. 34, 151–184. doi: 10.1016/S0924-7963(02)
00200-2

Sugimura, Y., and Suzuki, Y. (1988). A high-temperature catalytic oxidation
method for the determination of non-volatile dissolved organic carbon in
seawater by direct injection of a liquid sample. Mar. Chem. 24, 105–131.
doi: 10.1016/0304-4203(88)90043-6

Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar, G.,
et al. (2015). Structure and function of the global ocean microbiome. Science
348:1261359. doi: 10.1126/science.1261359

Troussellier, M., Schäfer, H., Batailler, N., Bernard, L., Courties, C., Lebaron,
P., et al. (2002). Bacterial activity and genetic richness along an estuarine
gradient (Rhone River plume, France). Aquat. Microb. Ecol. 28, 13–24.
doi: 10.3354/ame028013

Whitworth, T., and Nowlin, W. D. (1987). Water masses and currents of
the Southern Ocean at the Greenwich Meridian. J. Geophys. Res. 92:6462.
doi: 10.1029/JC092iC06p06462

Wilkins, D., Lauro, F. M., Williams, T. J., Demaere, M. Z., Brown, M. V.,
Hoffman, J. M., et al. (2013a). Biogeographic partitioning of Southern
Ocean microorganisms revealed by metagenomics: biogeography of
southern ocean microorganisms. Environ. Microbiol. 15, 1318–1333.
doi: 10.1111/1462-2920.12035

Wilkins, D., van Sebille, E., Rintoul, S. R., Lauro, F. M., and Cavicchioli,
R. (2013b). Advection shapes Southern Ocean microbial assemblages
independent of distance and environment effects. Nat. Commun. 4:2457.
doi: 10.1038/ncomms3457

Yoo, K .-C., Kyung Lee, M., Il Yoon, H., Il Lee, Y., and Yoon Kang, C.
(2015). Hydrography of Marian Cove, King George Island, West Antarctica:
implications for ice-proximal sedimentation during summer. Antartic Sci. 27,
185–196. doi: 10.1017/S095410201400056X

Zheng, Q., Zhang, R., KoblíŽek, M., Boldareva, E. N., Yurkov, V., Yan,
S., et al. (2011). Diverse arrangement of photosynthetic gene clusters
in aerobic anoxygenic phototrophic bacteria. PLoS ONE 6, e25050.
doi: 10.1371/journal.pone.0025050

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Maturana-Martínez, Iriarte, Ha, Lee, Ahn, Vernet, Cape,

Fernández, González and Galand. This is an open-access article distributed under

the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 May 2022 | Volume 13 | Article 862812

https://doi.org/10.1186/1471-2180-9-208
https://doi.org/10.1111/j.1574-6941.2001.tb00775.x
https://doi.org/10.1126/science.1185779
https://doi.org/10.13057/biodiv/d170241
https://doi.org/10.3389/fmicb.2014.00647
https://doi.org/10.1016/S0924-7963(02)00200-2
https://doi.org/10.1016/0304-4203(88)90043-6
https://doi.org/10.1126/science.1261359
https://doi.org/10.3354/ame028013
https://doi.org/10.1029/JC092iC06p06462
https://doi.org/10.1111/1462-2920.12035
https://doi.org/10.1038/ncomms3457
https://doi.org/10.1017/S095410201400056X
https://doi.org/10.1371/journal.pone.0025050
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Biogeography of Southern Ocean Active Prokaryotic Communities Over a Large Spatial Scale
	Introduction
	Materials and Methods
	Study Area and Sampling
	DNA and RNA Extraction and Sequencing
	Sequences Analyses
	Statistical Analyses

	Results
	Environmental Parameters
	Overall 16S RRNA Gene and 16S RNA-Based Community Composition and Diversity
	Environmental and Distance Effects on Active Community Composition
	Taxonomic Composition of the Active Fraction

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


