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Abstract

The Southern Ocean constitutes about 10% of the global oceans’ volume and is characterized by high pri-

mary production. Particulate organic matter (POM) is exported from the photic zone to the deep ocean and

sustains life of particle associated (PA) and free-living (FL) bacterial communities in the dark realm. Little is

known about the composition and diversity of PA and FL bacterial communities below the photic zone and

how they differ among various regions of the Southern Ocean. Therefore, we investigated the composition of

small (3–8 lm) and large (> 8 lm) PA and FL (0.2–3 lm) bacterial communities between 500 m and 3600 m

in the Bransfield Strait, Drake Passage, and the south Atlantic Ocean featuring also Southern Ocean water

masses. PA bacterial communities had a higher OTU richness and evenness than FL ones. Taxonomic analysis

revealed a different community composition between FL and PA bacteria. A large number of OTUs belonging

to diverse phyla (Bacteroidetes, Planctomycetes, Betaproteobacteria, Deltaproteobacteria, and Verrucomicro-

bia) were significantly enriched on particles; in contrast very few bacterial lineages were FL specialists. Life-

style (FL vs. PA) and region (Bransfield basin vs. other regions) strongly influenced bacterial communities.

Depth explained only marginal fraction of the total variation (� 12%), suggesting that selective processes

driven by depth have a smaller effect in the Southern Ocean when compared to life-style (25%) and region

(31%). Overall these data indicate a strong influence of isolated water masses such as the basin of the Brans-

field Strait on the composition of bacterial communities in the dark ocean.

The Southern Ocean is an environmentally isolated biome

but sustains a large diversity and biomass of phytoplankton

and bacterioplankton communities (Griffiths 2010; De Mon-

te et al. 2013; Wilkins et al. 2013c; Cavicchioli 2015). This

oceanic region plays a major role in marine carbon cycling

(Kirchman et al. 2009), in particular in the downward flux of

particulate organic matter (POM), as large proportions of

sinking POM and biogenic silica reach the sea floor (Falkow-

ski et al. 1998). The low temperature strongly limits bacterial

metabolism and growth (Simon et al. 1999; Bidle et al. 2002;

Kirchman et al. 2009), thus shifting degradation of sinking

POM to below the mixed layer and even to the sea floor

(Treguer et al. 1995; Simon et al. 2004). The Bransfield Strait,

between the Antarctic Peninsula and the South Shetland

Islands, is one of the most productive regions in the South-

ern Ocean and exhibits a high export production (Kim et al.

2005; Manganelli et al. 2009; Teira et al. 2013).

Bacterial communities in the meso- and bathypelagic zone

are usually linked to the epipelagic zone as the major inputs of

energy and substrates originate from phytoplankton primary

production and sinking POM (Herndl and Reinthaler 2013;

Worden et al. 2015). This is particularly true for productive

oceanic regions with high amounts of sinking POM, such as

large areas in the Southern Ocean (see above), but other sour-

ces of energy and substrates and even advection may contrib-

ute as well (Herndl and Reinthaler 2013; Wilkins et al. 2013b;

Frank et al. 2016). Organic aggregates and fecal pellets, the

major form of sinking POM, are hot spots of microbial activity

(Smith et al. 1992; Azam and Long 2001; Simon et al. 2002)
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and undergo biogeochemical changes while sinking (Benner

and Amon 2015). They are partly mineralized but also solubi-

lized thus fueling the pool of dissolved organic matter (DOM)

and leading eventually to disaggregation. The high microbial

activities of POM-associated (PA) bacteria are reflected by their

enhanced cell-specific rates of polymer hydrolysis and sub-

strate uptake relative to the free-living (FL) bacteria in the sur-

rounding water (Simon et al. 2002; Grossart et al. 2007). Both

communities also exhibit a different composition. PA-bacterial

communities were found to be relatively enriched in polymer-

degrading bacteria such as Flavobacteria and Gammaproteo-

bacteria and in Planctomycetes and Verrucomicrobia whereas

the FL bacterial communities were enriched in Alphaprotebac-

teria (Mohit et al. 2014; Bizic-Ionescu et al. 2015; Milici et al.

2016a). The great majority of these studies have been carried

out in the sun-lit near surface waters and only few reports are

available from the dark ocean. In the Mediterranean Sea at

500 m depth the PA bacterial community was found to be rela-

tively enriched in Bacteroidetes, Planctomycetes, Verrucomi-

crobia and Firmicutes, whereas the FL communities were

enriched in Deferribacteres (Crespo et al. 2013). In the Pacific

sector of the Southern Ocean, pronounced differences were

found between PA and FL bacterial communities in the meso-

and bathypelagic regions (Wilkins et al. 2013a,b). A recent

global study of PA and FL bacterial communities in the deep

ocean basins showed that particles harbor basin-specific com-

munities while FL bacteria were similar worldwide (Salazar

et al. 2016). By calculating the PAN (particle associated niche)

index of OTUs these authors showed a clear preference for one

of these micro-environments with little overlap between them,

and this preference appeared to be conserved in evolution, sug-

gesting that complex genomic adaptations are required for the

PA vs. FL bacterial lifestyle (Salazar et al. 2015). There is, in

fact, accumulating evidence that bacterial communities in the

deep ocean are enriched with taxa and genomic features typi-

cal for a particle and surface associated copiotrophic lifestyle,

whereas the FL bacterial communities are enriched with taxa

of an oligotrophic life-style and streamlined genomes (DeLong

et al. 2006; Lauro et al. 2009; Eloe et al. 2011; Herndl and Rein-

thaler 2013; Giovannoni et al. 2014; Thrash et al. 2014).

In the Southern Ocean, the great majority of the small

number of studies on the composition of prokaryotic com-

munities using state of the art molecular approaches deals

with the near-surface waters down to a depth of 200 m

(Manganelli et al. 2009; Ghiglione and Murray 2012; Cavic-

chioli 2015; Yu et al. 2015; Landa et al. 2016). Only very

scarce information is available from mesopelagic and bathy-

pelagic waters (Lopez-Garcia et al. 2001; Wilkins et al.

2013b). In order to expand our knowledge on this realm we

investigated the composition of PA and FL bacterial commu-

nities in the Bransfield Strait between the Antarctic Peninsu-

la and the South Shetland Islands and in the Drake Passage.

As reference a station in the temperate south Atlantic Ocean

east of the Patagonian shelf, featuring also Antarctic water

masses, was included. Given the importance of the dark

oceans’ bacterial communities for mineralizing sinking POM

and DOM and the necessity to understand the mechanisms

controlling particle export to the deep ocean in more detail,

we asked how these communities are influenced by regional

and water mass-specific environmental conditions.

Materials and methods

Sampling and bacterial abundance

Samples were collected during cruises ANT-28/4 and ANT

28/5 between 16 March 2012 and 13 April 2012, with RV

Table 1. Number, sampling date, latitude, longitude, region, water mass, sampling depth, and bacterial abundance of stations
investigated.

Station no.

Date of sampling

Water depth

(m)

Latitude

(S)

Longitude

(W) Region

Water

mass

Sampling

depth (m)

Bact abundance

(104 mL21)

193 2095 618 26.30 558 06.50 Bransfield Strait ASUW 500 9.78

18 Mar 12 ASUW? 1000 7.54

AABW 2000 8.09

287 3644 608 18.00 558 18.60 Drake Passage ASUW 500 9.29

04 Apr 12 AIW 1000 4.98

AABW 2500 4.13

AABW 3600 4.05

179 4210 578 35.90 628 22.80 Drake Passage ASUW 500 12.40

16 Mar 12 AAIW 1000 5.68

298 2954 4580 5.70 588 09.80 South Atlantic ASUW 500 14.10

13 Apr 12 AIW 1000 8.90

AAIW 1500 5.75

AABW 2000 4.70

ASUW, Atlantic Subarctic Upper Water; AABI, Antarctic Bottom Water; AIW, Arctic Intermediate water; AAIW, Antarctic Intermediate Water.

Milici et al. Bacteria in the deep Southern Ocean

1081



Polarstern at three stations in the Southern Ocean and one

in the South Atlantic Ocean, east of the Patagonian Shelf,

between 61 and 458S (Table 1; Fig. 1). Water masses were

identified based on their hydrographic properties, i.e., tem-

perature and salinity, according to Emery (2003). At all sta-

tions, samples were collected from the mesopelagic (500–

1000 m) and from the bathypelagic zone (1000–3600 m,

Table 1). Sampling was carried out with 12 L Niskin bottles

mounted on a CTD rosette (Sea-Bird Electronics Inc. SBE

911 plus probe) equipped with double temperature and con-

ductivity sensors, a pressure sensor, altimeter, chlorophyll

fluorometer, and transmissometer. CTD data were validated

during the cruise through regular reference measurements

of water samples applying standard methods. Immediately

after retrieval on deck, 10 mL subsamples were withdrawn

from the bottles to determine bacterial abundance by flow

cytometry (within the next 2 d) as described in Osterholz

et al. (2015). For assessing the bacterial community compo-

sition 12 L of water from one bottle was transferred to 20 L

wide-mouth barrels, and filtered with three peristaltic

pumps (Ismatec, IDEX Health & Science GmbH, Wertheim

Germany) through three successive stainless steel filtration

devices (Druckfiltrationsger€at Edelstahl Typ 1627, Omnilab

Laborzentrum, Braunschweig, Germany) equipped with the

following membrane filters (diameter 142 mm): 8 lm

(mixed cellulose ester SCWP14250, Millipore, Darmstadt,

Germany), 3 lm (mixed cellulose ester SSWP14250, Milli-

pore, Darmstadt, Germany), and 0.22 lm (polyethersulfone

GPWP14250, Millipore, Darmstadt, Germany). After filtra-

tion, membranes were immediately stored at 2808C until

DNA isolation. In total 39 samples were collected (Support-

ing Information Table S1).

DNA isolation and bioinformatic analyses

Total DNA was isolated with a combined chemical and

mechanical procedure using the UltraClean Soil DNA Isola-

tion KIT (MO BIO Laboratories, Carlsbad, California, U.S.A.)

with modifications as described previously (Milici et al.

2016b,c). Library preparation was performed as described

(Camarinha-Silva et al. 2014; Milici et al. 2016b,c) and 16S

rDNA amplicons covering the V5-6 hypervariable region

were subjected to 250 bp paired-end sequencing on the Illu-

mina MiSeq platform. Bioinformatic analyses of raw reads

were performed as previously described (Camarinha-Silva

et al. 2014) with some modifications. Briefly, forward and

reverse raw reads were merged (Cole et al. 2014) and subse-

quently aligned using MOTHUR (gotoh algorithm using the

SILVA reference database version 123 NR) prior to pre.clus-

tering (diffs 5 2). Obtained phylotypes that exhibited an

abundance of�3 counts were considered for follow-up anal-

ysis. Raw sequences are available at the European Nucleotide

Archive (ENA) under the accession number PRJEB14709.

Data analysis

Taxonomic classification was assigned using the SINA

aligner (Pruesse et al. 2012) (version 1.2.11) employing the

reference database SILVA (Pruesse et al. 2007) (version 123

NR). The OTUs were aligned and classified against a maxi-

mum of 100 sequences that had a minimum of 97% similari-

ty with the query sequence, using the lowest common

ancestor method (LCA). All OTUs that were not assigned to

the domain bacteria were excluded from the analysis. Resam-

pling, Kruskal–Wallis test and rarefaction analysis were per-

formed in R (http://www.Rproject.org/, v. 3.0.1) with the

library vegan: Community Ecology Package. Box plot analy-

sis and calculation of alpha diversity indexes were performed

in PRIMER (v.7.0.6, PRIMER-E, Plymouth Marine Laboratory,

Plymouth, UK).

Fold change was calculated for each OTU using the factor

filter size with R (http://www.Rproject.org/, v. 3.0.1) using

the package edgeR (Empirical Analysis of Digital Gene

Expression Data in R). Briefly, a generalized exact binomial

test was performed after normalization using the weighted

trimmed mean of M-values (Robinson and Oshlack 2010) on

rarefied OTU counts. Only OTUs that had fold change values

higher than log2 2 (absolute value) with a false discovery

rate lower than 0.001 were included in the data

representation.

PRIMER (v.7.0.6, PRIMER-E, Plymouth Marine Laboratory,

Plymouth, UK), with the add-on PERMANOVA1 (v. 1.0.6

PRIMER-E, Plymouth Marine Laboratory, Plymouth, UK) was

Fig. 1. Sampling stations in the Southern Ocean and temperate south
Atlantic. For details see Table 1.
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used for beta diversity analysis (PERMANOVA, ANOSIM as

well as PCO analysis).

Map representation was performed with Ocean Data View

version 4.7.2 (Schlitzer, R., Ocean Data View, http://odv.awi.

de, 2015).

Results

Stations and sequencing overview

All stations exhibited Atlantic Subarctic Upper Water

(ASUW) at 500 m depth but different water masses below

this depth (Table 1). Station 193, situated in the Bransfield

Strait between the Antarctic Peninsula and the South Shet-

land Islands with an isolated basin of 2100 m depth, fea-

tured also ASUW at 1000 m but Antarctic Bottom Water

(AABW) at 2000 m depth. Stations 287 and 179, in the Drake

Passage south and north of the Polar Front, featured Arctic

Intermediate Water (AIW) and Antarctic intermediate water

(AAIW) at 1000 m, respectively. Station 298 in the south

Atlantic was characterized by AAIW at 1000 and 1500 m and

AABW at 2000 m depth. More detailed information on sam-

pling location, day of sampling and sampling depth are

reported in Table 1. Bacterial numbers at 500 m ranged

between 9.29 3 104 and 14.10 3 104 mL21 (Table 1). Below

500 m depth there was a strong decrease to less than 50% of

the numbers at 500 m except at station 193 in the Bransfield

Strait, where the cell numbers remained practically

unchanged. The samples for the assessment of the bacterial

community composition were serially filtered onto three

membranes: 8 lm, 3 lm, and 0.22 lm. The fraction

0.22–3 lm was named free-living (FL), the fraction 3–8 lm

small particle associated (SPA), and the fraction>8 lm large

particle associated (LPA) bacterial community.

Overall more than 1.5 million raw reads were generated

in our study, of which roughly 1.2 million were affiliated to

the domain Bacteria (Supporting Information Table S1). An

average of 32.681 6 15.197 sequences per sample was

obtained and a total of 4492 OTUs were identified. Rarefac-

tion analysis showed that an adequate sequencing depth was

reached (Fig. 2); all curves had overcome the exponential

phase indicating that the vast majority of the phylotypes

was detected.

Higher species richness and evenness on particles

Rarefaction analysis showed that samples belonging to

the PA communities had a higher diversity in terms of OTUs

recruited when compared to the FL fraction (Fig. 2C). We

therefore investigated diversity patterns of the three size frac-

tions. After resampling of the original data we calculated the

species number (S) and Pielou index of evenness (J�). For both

indices we observed a gradual increase from the FL commu-

nity towards the LPA community, with the SPA community

in the middle (Fig. 2A,B). Differences between groups were

tested with Kruskal–Wallis test (999 permutations) and were

found to be highly significant (p<0.001) for both alpha

diversity indexes (S and J�). When further comparing differ-

ences between each of the three size classes (pairwise tests)

we found that for species richness (S) all pairwise tests were

highly significant (p<0.001), while for the Pielou (J�) index

of evenness only the pairwise test between FL and LPA was

significant, and the other tests (FL vs. SPA and SPA vs. LPA)

were not (p>0.05).

The data show that most of the OTUs in the deep South-

ern Ocean and South Atlantic Ocean are adapted to live on

particles, and furthermore that OTUs present on particles are

more evenly distributed in terms of relative abundances

compared to the free-living ones, where a small number of

OTUs are dominating the community.

Analysis of the unique number of OTUs indicated a core

community of the three bacterial size fractions of 43.6%, but

roughly 25% of the OTUs were detected in only one of

them. The LPA community contributed 17% unique OTUs,

the FL community 5.6%, and the SPA community 3.1% (Fig.

2D). The SPA and LPA size fractions shared a larger propor-

tion with each other than each of them with the FL fraction

(Fig. 2D).

Impact of life-style and oceanic region on bacterial

community composition

In order to assess the impact of size fraction and region

on the bacterial community composition (BCC), we carried

out a Principal Coordinate Analysis (Fig. 3). Along the first

principal component samples were distinguished according

to the region, with all samples from station 193 in the Brans-

field Strait separated from the other stations in the Drake

Passage and south Atlantic Ocean. Along the second princi-

pal component, samples were separated according to the fil-

ter size, i.e., lifestyle. Overall these data suggest that bacterial

community composition was distinguishable by filter size as

well as region while little effect of depth was shown. PERMA-

NOVA test confirmed these observations: A statistically sig-

nificant effect (p<0.001) of region and filter size was

observed, with 24.4% and 31.5% of the total variation

explained, respectively (Supporting Information Table S2).

Surprisingly, we found that the effect of depth (p<0.004)

was secondary and explained only 11.6% of the total varia-

tion. These results were confirmed and consistent with the

ANOSIM test (Analysis of similarity) which showed a weak

effect of realm (R 5 0.2, p<0.008) compared to the much

larger effect of filter size (R 5 0.7, p<0.001) and region

(R 5 0.9, p<0.001).

Distinct particle-associated bacterial communities in the

Bransfield Strait

A total of 30 phyla (Proteobacteria were divided at the

class level) were identified, of which only 10 phyla had a

total relative abundance above 1% and only five contributed

more than 5% to the total number of sequences (Fig. 4A).

Almost half of the sequences were affiliated to Gammapro-

teobacteria, underlining the primary role of this class of
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Proteobacteria in the dark ocean. Alphaproteobacteria, Bac-

teroidetes, and Marinomicrobia all had relative abundances

close to 10%.

Several phyla were strongly enriched or depleted in the FL

relative to the LPA communities. Furthermore, BCC was dif-

ferent between the Bransfield Strait and the rest of the sam-

ples (Fig. 4A,B).

Marinomicrobia, almost entirely represented by the

SAR406 clade, accounted for almost 20% of the total com-

munity in the FL bacterial communities of all samples, and

were strongly reduced in their relative abundances on

particles. A similar pattern was observed for the Chloroflexi

and Gemmatimonadetes, with a sharp reduction in their rel-

ative abundance in the LPA community. Gammaproteobac-

teria showed a similar trend at station 193 and at the other

stations at depths of 500 m and 1000 m. Below 1000 m they

consistently accounted for 40–50% of the total sequences in

all three size fractions. By contrast, other taxa were depleted

in the FL community and almost entirely present in the LPA

community. Clear examples of this pattern were the Plancto-

mycetes, which accounted for more than 20% of the total

sequences in the LPA bacterial community of the stations in

Fig. 2. Diversity and evenness of FL, SPA, and LPA bacterial communities. (A) OTU richness (S), (B) Pielous index of evenness ( J‘). (C) Rarefaction
analysis, (D) Venn diagram of shared OTUs between the three size fractions.
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the Bransfield Strait and only 1% in the FL bacterial commu-

nity. This pattern was conserved also at the other stations

where the Planctomycetes amounted for about 10% in the

LPA size fraction and only 2% in the FL bacterial community

(Fig. 4A,B). Similar trends were observed for other phyla,

e.g., Bacteroidetes, Betaproteobacteria, Verrucomicrobia, Par-

cubacteria, Firmicutes and Deltaproteobacteria, indicating

that a wide range of phyla inhabiting the deep ocean have a

preference for the particle attached life-style, although these

patterns were also distinct for the region of sampling (Brans-

field Strait vs. other regions).

Further investigations at the clade and genus level con-

firmed the profound differences between the two lifestyles

(FL vs. PA) as well as the region of sampling (Bransfield Strait

vs. other regions). Members of genome streamlined clades

like SAR11, SAR86, and SAR406 were among the most abun-

dant groups in the FL fraction at all stations (Fig. 4C). By

contrast, lineages belonging to Betaproteobacteria (Delftia

and Janthinobacterium), Gammaproteobacteria (Marinobacter

and Alteromonas), and to some Alphaproteobacteria (Thalas-

sospira, Brevundimonas, and Sphingobium) were more abun-

dant on the particles in the Drake Passage and south

Atlantic Ocean. Other genera were more abundant on the

particles at the station in the Bransfield Strait, e.g., the Bac-

teroidetes (NS9 marine group, Reichenbachiella), Loktanella

(Alphaproteobacteria/Roseobacter) and Planctomycetes (OM190).

Some lineages were more abundant in the SPA communities,

namely the genera Acinetobacter, Rhodococcus, Rhodopirellula, and

the group Arctic97B-4, the latter in particular in the Bransfield

Strait.

Evidence of dispersal limitation in the Bransfield Strait

Our taxonomic analysis revealed that samples collected in

the Bransfield Strait were significantly dissimilar from the

rest of the samples, although they belonged to the same

water masses. In order to understand the possible effect of

dispersal limitation we performed a taxonomy independent

analysis (Fig. 5). Our investigation, based on those OTUs

contributing more than 0.1% to the total sequences of the

study, suggests that similar water masses harbor distinct

communities within the Bransfield Strait and in the rest of

the Southern Ocean. Several sets of OTUs were either

enriched or depleted in the Bransfield Strait and not found

anywhere else. To further explore these differences we per-

formed a core analysis (including the rare biosphere) of the

Bransfield Strait against the rest of the samples and surpris-

ingly found that 39.7% of the OTUs retrieved in this study

were endemic of the Bransfield Strait. By contrast, only 5.6%

of the total OTUs were exclusively retrieved in the other

samples of the Southern Ocean water masses. These data

Fig. 3. PCO analysis of beta-diversity. OTU abundances were square root transformed and standardized to the total number of sequences per sample.
Bray–Curtis similarity was calculated and displayed with a principal coordinate analysis (PCO). Color code indicates the different size fractions of the

plankton while different symbols distinguish the Bransfield strait from the other samples.
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Fig. 4. Community composition of the three bacterial size fractions. OTUs were grouped at the level of phylum (class for the Proteobacteria) in (A
and B). Only those phyla or classes that contributed more than 0.1% of the total sequences are displayed. The remaining groups are reported in Sup-
porting Information Table S1. In panel (A) community composition for each individual sample is shown. The ID of each sample consists of the sam-

pling station name, followed by the depth of sampling (m) and the filter size (FL, SPA, and LPA). On the upper part of the bar plot the macro regions
are identified: Bransfield Strait, Drake Passage south (sampled south of the polar front), Drake passage north (sampled north of the polar front), and
South Atlantic. In panel (B) the average relative abundance for the three size classes of the plankton in the Bransfield strait and other samples is

shown. Panel (C) shows the relative abundance of genera or clades that contributed at least 5% of the total sequences. Color key identifies bacterial
taxa.



therefore suggest that the Bransfield Strait harbors a distinct

bacterioplankton community with respect to all three size

classes of the plankton analyzed here, due to a combined

effect of dispersal limitation and selection (see above).

Lineage-specific colonization of particles

In order to further understand mechanisms of niche seg-

regation between the three life-styles studied here we per-

formed enrichment analysis at the OTU level. The fold

change of abundance of each OTU was calculated between

all combinations of categories, namely filter size (e.g., FL vs.

LPA). Data were sorted for significance (false discovery rate

FDR<0.001) and log2 fold change>6 2. This enrichment

analysis revealed that most of the differentially abundant

OTUs were found when comparing LPA and FL (389 OTUs)

while only a relatively small number was significantly

enriched in the other two pair-wise comparisons: SPA-FL (37

OTUs) and LPA-SPA (28 OTUs). Substantial differences with

respect to taxonomy could be observed between OTUs

enriched in the FL fraction and those enriched in the LPA

community (Fig. 6). Within the Bacteroidetes, all enriched

OTUs on particles were assigned to the groups NS7, NS9, and

NS10 as well as the genera Crocintomix, Reichenbachiella, and

Owenweeksia, while the NS4 and NS5 groups were only

enriched in the FL fraction. Of the Deltaproteobacteria, only

a single OTU was not enriched in the LPA fraction (SAR324

clade), while the groups Sh765B-TzT-29, P3OB-42 and GR-

WP33-58 and the OM27 clade were represented by several

OTUs which were significantly enriched in the LPA commu-

nity. All OTUs belonging to the Planctomycetes were

enriched in the LPA fraction, none was enriched in the FL

fraction, and the groups OM 190, CL500-3, and FS140-16B-

02 were represented by several OTUs. Similarly, Verrucomi-

crobia were only enriched on particles, although with a low-

er number of OTUs compared to the Planctomycetes.

Betaproteobacteria were also almost exclusively enriched on

particles, with the only exception of a single OTU from clade

OM43 which exhibited a positive fold change in the FL com-

munity. Interestingly, Janthinobacterium exhibited the high-

est negative fold change observed (log2 appr. 29) suggesting

an obligate particle associated life-style.

Completely different taxa were enriched in the FL commu-

nity. Chloroflexi, entirely represented by the SAR202 clade,

were only enriched in the FL community. The SAR406 clade

(Marinomicrobia) had a similar pattern, with most of the

OTUs being present in the FL community; however we also

detected enrichment of some OTUs in the LPA community,

indicating the ability of some members of the clade to grow

attached to particles. Members of Gammaproteobacteria and

Alphaproteobacteria were enriched in both microenviron-

ments, but with different OTUs. OTUs belonging to the clades

SAR11, SAR86, AEGAN-169, and ZD0417 were only signifi-

cantly enriched in the FL bacterial community and OTUs

belonging to the Rhodobacteriaceae, like Loktanella and

Pseudophaeobacter, were enriched in the LPA community, as

well as several Gammaproteobacteria like members of the

Alteromonadales and Cellvibrionales.

Comparison between the SPA and LPA, and SPA and FL

communities, respectively, (Supporting Information Table

S3; Fig. S1) showed that several members of Alphaproteobac-

tera and Actinobacteria were enriched on the small particles.

For instance the genera Spingobium and Sphingomonas were

always enriched in this fraction, suggesting a specialized life-

style for those environments.

In conclusion, these results show clear niche segregation

between the particle-associated and free-living life-style,

which is particularly strong when comparing LPA and FL

communities. The data suggest that most of the bacterial lin-

eages inhabiting the deep ocean are adapted to a copiotro-

phic life-style on particles rather than a free-living one.

Discussion

Bacterioplankton biogeography in the deep Southern

Ocean is structured by organic matter input and water

masses

Bacterioplankton community composition (BCC) was

marginally affected by depth but strongly influenced by the

region of sampling, which explained 31% of variation. In

particular, we found a sharp contrast between the station in

the Bransfield Strait and the other three stations south and

north of the Polar Front in the Drake Passage and in the

South Atlantic Ocean. This contrast was also reflected in the

bacterial cell numbers, which remained much higher below

500 m in the Bransfield Strait compared to further north

where they decreased by 50% below this depth. The Brans-

field Strait is a highly productive area of the Southern Ocean

and much more productive than the Drake Passage, as docu-

mented by standing stocks of phytoplankton biomass (Man-

ganelli et al. 2009; Teira et al. 2013). The eastern part, in

which our station is located, appears to be the most produc-

tive area as documented by the highest sinking flux which

occurs about a month after phytoplankton blooms (Kim

et al. 2005). These features, and the strongly reduced micro-

bial decomposition of phytoplankton-born organic matter in

the mixed layer due to the low temperatures are typical for

the Southern Ocean (Simon et al. 1999; Kirchman et al.

2009). They lead to an enhanced export of POM and a shift

of its microbial decomposition to deeper layers (Bidle et al.

2002; Simon et al. 2004; Herndl and Reinthaler 2013), which

can explain the higher bacterial numbers in the meso-and

bathypelagic zones of the Bransfield Strait compared to the

less productive regions further north. The deep basin of the

Bransfield Strait is rather isolated from the Drake Passage

despite partially similar water masses in the bathypelagic

zone. These features may explain that BCC in the meso- and

bathypelagic zone of the Bransfield Strait is mainly con-

trolled by organic matter input and isolation/dispersal
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limitation, whereas in the deep Drake Passage and the deep

South Atlantic Ocean it is mainly controlled by water masses

circulation.

It is in fact remarkable that the samples from the deep

Drake Passage and the South Atlantic Ocean exhibit similar

BCC. These findings appear to reflect the oceanographic

structure of the Southern Ocean and the south Atlantic

Ocean which share several water masses (Carter et al. 2008)

and suggest that BCC can be used to trace them, obviously

due to the absence of dispersal limitation and by mixing

processes (Hanson et al. 2012). A similar observation has

been reported by Wilkins et al. (2013b) for various Southern

Fig. 5. The water masses of the Bransfield Strait harbor distinct bacterioplankton communities: In order to display the similarity between water
masses between the Branfield strait and the rest of the samples Bray–Curtis similarity was calculated and averaged for each region and water mass
independently from the filter size (particle associated and free-living grouped together). A hierarchal cluster was than calculated and is displayed on

the upper part of the heat map. Different regions are identified with different symbols; the circle display the Bransfield strait, while the triangle the
rest of the samples (Drake Passage sampled south of the polar front, Drake passage sampled north of the polar front and South Atlantic). Different col-
ors instead distinguish between the different water masses (AAIW, ASUW, AABW, and AIW). On the y axis of the plot the Log10 relative abundance of

the OTUs contributing more than 0.1% of the total sequences are displayed and clustered according to the index of association, which was calculated
among OTUs (contributing more than 0.1%). Each line therefore displays the average Log10 relative abundance of an OTU which derived from any of

the three size classes: FL, SPA, and LPA.
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Fig. 6. Niche segregation of bacterial communities: OTU enrichment analysis was performed on standardized relative abundances between FL and

LPA communities. The detailed results of the analysis can be found in Supporting Information Table S3. Only log2 fold changes higher than 2 were
included in the dataset and the enriched OTUs were sorted for high statistical significance (FDR<0.001). Negative fold change values indicate enrich-

ment in the LPA community, while a positive fold change value indicates enrichment in the FL community. Color code identifies phyla (classes for Pro-
teobacteria) and each bar represents the average fold change for genera and clades that were represented by more than one OTU. The other two
pairwise comparisons FL-SPA and SPA-LPA are reported in Supporting Information Fig. S1.
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Ocean water masses, but our data indicate that BCC can be

used to trace Southern Ocean water masses beyond the Polar

Front further north. In the deep North Atlantic and Arctic

Ocean it has also been shown that BCC is shaped by water

mass circulation (Galand et al. 2009; Agogue et al. 2011).

Furthermore, our analysis suggests that besides processes of

advection (Wilkins et al. 2013b) and water mass mixing

(Hernando-Morales et al. in press) the Southern Ocean is

also influenced by dispersal limitation. The Bransfield Strait

exhibited a high proportion of endemic OTUs (� 40%) when

compared to the rest of the samples (� 6%). We provide evi-

dence that processes of dispersal limitation coupled with

strong selective forces (higher amount of POM) can signifi-

cantly alter the community structure of the deep Southern

Ocean, as also proposed for the relationship between the

Indo-Pacific Basin and the South Atlantic Ocean (Villar et al.

2015).

Despite such strong evidence supported by the analysis of

three size classes of the plankton, a limitation of our study is

the small set of samples. Further studies are required to

understand whether the Bransfield Strait is dispersal limited,

i.e., separated from the main circulation of water masses in

the Southern Ocean. Moreover, bacterioplankton communi-

ties are known to dramatically change also in a short time

frame (Fuhrman et al. 2006, 2015), in particular in response

to algal blooms (Needham and Fuhrman 2016; Teeling et al.

2012, 2016) and hence changes in POM and DOM composi-

tion and abundance. It is therefore possible that the observa-

tions made here are partially influenced by the season of

sampling. Future studies should attempt to sample at a

higher temporal resolution to determine whether the pat-

terns observed here are depending on the season.

Higher bacterial diversity and evenness on particles

Particle-associated bacterial communities exhibited a

higher diversity in terms of number of species than the FL

ones. Moreover, they had a higher evenness, indicating a

more homogeneous abundance distribution of the OTUs.

These results are in accordance with studies of the Mediterra-

nean Sea (Crespo et al. 2013) and the oxygen minimum

zone (OMZ) of the Pacific off Peru (Ganesh et al. 2014). The

study from the Mediterranean Sea, however, included only

samples down to a depth of 500 m (Crespo et al. 2013) and

the OMZ is a very special environment. Our results are in

contrast to results of the Malaspina study of bathypelagic

global ocean basins (Salazar et al. 2016). This study found a

higher diversity in the FL relative to the PA bathypelagic

bacterial community. A possible explanation for this discrep-

ancy might be regional processes which are reflected in the

latitudinal and thus temperature range sampled. The Malas-

pina cruise (http://scientific.expedicionmalaspina.es/; Salazar

et al. 2015, 2016) covered only tropical and temperate oce-

anic regions (� 308S–� 308N). We sampled much colder

regions of the south Atlantic and the Southern Ocean

between 458 and 618S. This region is much more productive

than the low latitude regions (Falkowski et al. 1998) and bac-

terial decomposition of sinking POM is strongly temperature

limited, thus shifting microbial decomposition of sinking

POM to deeper layers (see above). Therefore, the higher

diversity of the PA bacterial community which we found in

the meso- and bathypelagic waters presumably reflects the

enhanced microbial activity on less degraded sinking POM,

providing more ecological niches and requiring a higher

functional diversity of the PA bacteria dwelling in these rich

micro-patches.

Particle associated life-style: a conserved evolutionary

trait in the deep ocean

Patterns in beta diversity in the deep Southern Ocean and

South Atlantic Ocean were strongly dependent on filter size,

which explained 24% of the total variation. Sample cluster-

ing was guided by filter size (FL, SPA, and LPA), demonstrat-

ing highly dissimilar communities. These results contribute

to the growing body of evidence showing that bacterial com-

munities from different planktonic size fractions are dramati-

cally different not only in the epipelagic zone (Mohit et al.

2014; Bizic-Ionescu et al. 2015; Rieck et al. 2015; Milici et al.

2016a), but also in the mesopelagic and bathypelagic zones

(Crespo et al. 2013; Ganesh et al. 2014; Salazar et al. 2015).

Calculation of differential abundance at the OTU level

demonstrated that many OTUs of the marine bacterioplank-

ton are enriched (up to log2 of 9) on particles. This feature

seems to be conserved at higher taxonomic rank (phylum

and class). In particular, we observed that members of the

Bacteroidetes, Planctomycetes, Verrucomicrobia, Firmicutes,

Betaproteobacteria, and Deltaproteobacteria were almost

exclusively represented on particles. These findings support

the existence of an evolutionary adaptation to particle-

associated environments for these lineages (Martinez-Garcia

et al. 2012; Buchan et al. 2014; Lage and Bondoso 2014).

Previous studies have reported an enrichment of these

groups on particles from epi- to bathypelagic waters (DeLong

et al. 1993; Acinas et al. 1999; Crump et al. 1999; Crespo

et al. 2013; Mohit et al. 2014; Bizic-Ionescu et al. 2015;

Rieck et al. 2015; Salazar et al. 2015; Milici et al. 2016a).

However, the Southern Ocean is a poorly investigated biome

in this respect (Griffiths 2010) and only very few studies

have analyzed bacterioplankton communities of different

size classes with high-throughput sequencing of the South-

ern Ocean (Wilkins et al. 2013a,b).

Among the Bacteroidetes, only the NS4 and NS5 groups

were enriched in the FL community, while several other Fla-

vobacteriaceae OTUs (lineages NS7, NS9, and NS10) were

enriched on particles. Flavobacteriaceae are well known as

colonizers and degraders of phytoplankton-derived POM and

polymeric dissolved organic matter, in particular in temper-

ate and polar environments, and occur as PA as well as FL

bacteria (Simon et al. 1999; Abell and Bowman 2005;
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Schattenhofer et al. 2009; Teeling et al. 2012; Buchan et al.

2014; Milici et al. 2016a; Teeling et al. 2016). Even though

all Flavobacteria appear to be able to hydrolyze polysacchar-

ides, some lineages have evolved a PA life-style whereas

others exhibit a FL life-style (Fern�andez-G�omez et al. 2013).

Several OTUs belonging to Deltaproteobacteria were

enriched in the LPA community. They belong to the groups

Sh765B-TzT-29, P3OB-42, GR-WP33-58, and OM27. Not

much information is available about the biogeography of

those groups. Salazar et al. (2015) reported the enrichment

of the OM27 clade on particles, in accordance with our find-

ings. Interestingly, only a single OTU from the Deltaproteo-

bacteria (SAR 324 clade) was enriched in the FL community.

SAR 324 was described as a PA lineage (Swan et al. 2011) and

it is commonly retrieved in the Southern Ocean (Lopez-Gar-

cia et al. 2001), but several studies of the epipelagic (Milici

et al. 2016a), mesopelagic (Crespo et al. 2013), and bathype-

lagic zone (Salazar et al. 2015) showed an enrichment of this

group in the FL community. Thus, the SAR324 clade might

be able to thrive in both habitats, or different species not

resolved by the amplicon analysis may exist, which are

adapted to either ecological niche. However, we cannot rule

out a bias due to serial filtration (Padilla et al. 2015) or pre-

dation (Hartmann et al. 2012, 2013).

Within Betaproteobacteria, also many OTUs were

enriched on particles, with the only exception of a single

OTU from the OM43 clade, which was more abundant in

the free-living community. This is in full accordance with its

description as a typical oligotrophic bacterium with a

streamlined genome (Giovannoni et al. 2008). However,

many other Betaproteobacteria OTUs were enriched on par-

ticles. The genus Janthinobacterium, for instance, was repre-

sented by two OTUs which had the highest negative fold

change in the whole study. These bacteria are usually rare

members of the bacterioplankton, yet a recent study

reported a bloom of a Janthinobacterium sp. population in

the Arctic Ocean, where this genus reached up to 22% of the

total number of bacteria in the epipelagic zone and was

abundant down to the mesopelagic zone (� 350 m; Alonso-

Saez et al. 2014). A study conducted on the type strain Jan-

thinobacterium lividum reported its ability to form biofilms,

which is an important trait for particle associated life (Panta-

nella et al. 2007). The authors also found that J. lividum is

able to shift from planktonic to biofilm growth during stress

conditions caused by carbon source depletion and antibiot-

ics. We found that Janthinobacterium affiliated OTUs were

strongly over-represented on particles; this might be a

response to the stressful conditions of the deep ocean com-

pared to the epipelagic zone, which might represent its pre-

ferred ecological niche.

Only few lineages showed a typical FL life-style. Among

them were SAR11, SAR86, and AEGAN-169 as well as SAR202

and SAR406 clades which are well known from other oceanic

regions (Dupont et al. 2012; Swan et al. 2013; Giovannoni

et al. 2014; Thrash et al. 2014). Interestingly, the recently

described Actinomarina minuta (clade OM1; Ghai et al. 2013),

which was shown to be numerically dominant in the FL

community of the Atlantic Ocean (Milici et al. 2016a), was

always present with low relative abundances, probably

because of its photoheterotrophic life-style (Ghai et al.

2013). The SAR406 clade is highly abundant in the deep

ocean and was reported as FL in previous studies (Crespo

et al. 2013; Salazar et al. 2015). In our study, however, we

found that some OTUs belonging to this clade were signifi-

cantly enriched on particles, suggesting that, as also pro-

posed for SAR324, these bacteria might be able to switch

between both micro-niches or the clade might contain sever-

al species or subspecies adapted to either FL or PA life-style,

respectively.

Overall it seems that the PA life-style represents a typical

adaptation of bacteria inhabiting the deep Southern Ocean, the

FL life-style in fact being limited to a few lineages known to be

oligotrophic and characterized by streamlined genomes (Grote

et al. 2012; Giovannoni et al. 2014). This observation extends

previous reports from the mesopelagic region of other oceans

(DeLong et al. 2006; Herndl and Reinthaler 2013) to the South-

ern Ocean, the major origin of many bathypelagic water

masses in the global oceans. Typical copiotrophic bacteria

dominate the PA communities (Luo and Moran 2015), whose

abundance is strongly reduced in the FL bacterial communities

suggesting strong niche segregation in the dark ocean.

Conclusion

Our study provides new evidence for the remarkable taxo-

nomic differences between PA and FL bacteria in the deep

Southern Ocean water masses. Bacterial communities from

the Bransfield Strait were strongly distinct from those in the

Drake Passage and the south Atlantic Ocean. These differ-

ences are presumably due to the high primary production

and high rates of carbon export in the Bransfield Strait and

its isolation from the main water masses of the Southern

Ocean, which consequently produces dispersal limitation.

Overall, our data suggest that particles are a hotspot of bacte-

rial diversity, and that bacterial lineages belonging to the

Bacteroidetes, Planctomycetes, Deltaproteobacteria, Betapro-

teobacteria, and Verrucomicrobia represent an important

link between POM and carbon cycle in the deep ocean. Our

study did not include Archaea which are known to be impor-

tant components of the prokaryotic communities in meso-

and bathypelagic water masses of the Southern Ocean and

other oceans (Murray et al. 1999; Grzymski et al. 2012;

Herndl and Reinthaler 2013). As most Archaea appear to be

chemolithoautotrophic, they are presumably not directly

involved in the decomposition of sinking organic matter like

Bacteria, but rather indirectly, e.g., by oxidizing released

ammonium. It would be most interesting to examine wheth-

er planktonic marine Archaea exhibit similar distribution

Milici et al. Bacteria in the deep Southern Ocean

1091



patterns as Bacteria and whether similar factors control their

dispersal in the Southern Ocean.
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