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Abstract

Global climate change is significantly affecting marine life off the northern tip of the Antarctic Peninsula, but little is known about microbial ecology in this area. The main goal of this study was to investigate the bacterioplankton community structure in surface waters using pyrosequencing and to determine factors influencing this community. Pelagibacterales and Rhodobacterales (Alphaproteobacteria), Oceanospirillales and Alteromonadales (Gammaproteobacteria), and Flavobacteriales (Bacteroidetes) were the core taxa in our samples, and the five most relatively abundant genera were Pelagibacter, Polaribacter, Octadecabacter, group HTCC2207 and Sulfitobacter. Although nutrients and chlorophyll a (chl a) contributed more to bacterioplankton community structure than water masses or depth, only 30.39% of the variance could be explained by the investigated environmental factors, as revealed by RDA and pRDA. No significant difference with respect to nutrients and chl a was observed among water masses or depth, as indicated by ANOVA. Furthermore, significant correlations among the dominant bacterial genera were more common than correlations between dominant genera and environmental factors, as revealed by Spearman analysis. We conclude that nutrients and chl a become homogeneous and that interpopulation interactions may have a central role in influencing the bacterial community structure in surface waters off the northern tip of the Antarctic Peninsula during the summer.
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Introduction

The Southern Ocean plays a vital role in global ecosystem functions, such as influencing primary production (Ducklow 1999), sustaining the marine food web and contributing to biogeochemical cycles (Azam 1998; Azam & Malfatti 2007; Luria et al. 2014). The Southern Ocean occupies approximately 10% of the total global ocean surface area and accounts for about 30% of the oceanic CO2 uptake (Wilkins, Yau et al. 2013). Polar environments such as the Southern Ocean are especially sensitive to global warming (Loeb et al. 1997; Moline et al. 2004). The glaciers of the southern Antarctic Peninsula are diminishing (Wouters et al. 2015), and the ice shelves of the northern region are retreating along the coast (Cook & Vaughan 2010); both these changes could have important impacts on the Antarctic marine ecosystem. The polar marine ecosystem rapidly responds to climate change (Moline et al. 2009; Doney et al. 2012) and, as a consequence, it is experiencing shifts in the food web, from the base to higher trophic levels (Moline et al. 2004; Kirchman et al. 2009; Montes-Hugo et al. 2009; Schofield et al. 2010; Signori et al. 2018).

In these waters, bacterioplankton has an approximate abundance of 108 cells L−1; however, they live in low water temperature and present seasonal variations in productivity (Delille 2004; Manganelli et al. 2009). Alphaproteobacteria, Gammaproteobacteria and CFB are the most dominant bacterioplankton groups, followed by Betaproteobacteria, Deltaproteobacteria, Verrucomicrobia, Planctomycetes, Actinobacteria and Epsilonproteobacteria (Wilkins, Yau et al. 2013).

The bacterioplankton community structure may be influenced by various factors, not only environmental, including interaction with other microbial groups. Seasonal darkness and sea-ice coverage prevent photoautotrophy and cause the bacterioplankton community to change seasonally. In February (summer), chemoheterotrophic and photoheterotrophic bacteria are dominant, whereas in August (winter) chemolithoautotrophic bacteria are more abundant (Grzymski et al. 2012). Furthermore, bacterioplankton assemblages can differ with water depth, or be unique to different water masses (Luria et al. 2014; Signori et al. 2014), as depth and water mass may represent unique physical/chemical conditions. For example, across the Bransfield Strait (north-western Antarctic Peninsula), Bacteroidetes and Proteobacteria (mainly Alpha- and Gammaproteobacteria) dominate the mixed layer above 100 m, while Thaumarchaeota, Euryarchaeota and Proteobacteria (Gamma-, Delta-, Beta- and Alphaproteobacteria) are the main taxonomic groups below 100 m (Signori et al. 2014). In the WAP, winter bacterial assemblages most closely resembled summer assemblages from the sub-euphotic zone. The relative abundance of some Proteobacteria clusters was significantly greater at 100 m than at 10 m, reflecting the well-established seasonal patterns of water column turn-over and stratification that results in an isolated layer of “winter water” below the euphotic zone (Luria et al. 2014). In addition to environmental factors, the presence of Archaea and Eukarya can influence the bacterioplankton community structure, as suggested by the reported association between diatoms and Rhodobacteraceae, Cryomorphaceae and SAR11 (Luria et al. 2014).

Marine ecosystems of the western and northern Antarctic Peninsula, a region that is experiencing rapid regional warming, have been receiving considerable research attention recently (Church et al. 2003; Anisimov et al. 2007; Ducklow et al. 2012; Grzymski et al. 2012; Luria et al. 2014; Signori et al. 2014; Luria et al. 2016; Bowman et al. 2017; Signori et al. 2018). However, less attention has been given to the waters off the northern tip of the Antarctic Peninsula, which includes the Powell Basin, the eastern South Shetland Islands and the South Orkney tableland, lying between the Scotia Sea and the Weddell Sea. This area not only represents the confluence site of waters coming from the Weddell and Scotia seas but is also a region of water mass transformation under the influence of climate change (Gordon 1967; Meredith et al. 2014).

Investigating the bacterioplankton diversity and community structure in the waters off the northern tip of the Antarctic Peninsula will help us to better understand the marine ecosystem. More studies addressing the bacterioplankton taxonomic composition at the genus and species level, rather than at higher taxonomic levels, such as phyla and classes, are needed to provide further details on taxonomic shifts and associations within different marine ecosystems (Agogué et al. 2011).

To better understand the environmental and biological factors influencing bacterioplankton diversity and community structure in this underexplored region of the Southern Ocean, we selected sampling stations along transects between the Scotia Sea and Weddell Sea. Bacterioplankton communities were assessed by amplicon pyrosequencing of the 16S rRNA genes, which were further correlated with nutrient, chl a, in situ temperature and salinity measurements. Our work constitutes a baseline for future research in this region.

Materials and Methods

Study area and sampling strategy

Samples were collected in the waters by the northern tip of the Antarctic Peninsula, including the northern area of the Bransfield Strait, the Powell Basin and the South Orkney tableland area (Fig. 1). The SSW from the Scotia sea and the Weddell Sea (Gordon & Huber 1995) and WW from the Scotia Sea represent upper waters. This research was conducted during the 28th Chinese National Antarctic Research Expedition, from December 2011 to January 2012.

Fig. 1  Map of the sampling area, including 15 sampling stations at the northern tip of the Antarctic Peninsula.
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A total of 18 samples were collected along the transects between the Scotia and Weddell seas (Fig. 1). Thirteen samples were taken at 25 m depth (the layer of maximum oxygen), three samples were taken at 2 m and two samples were taken at 50 m (Table 1). An SBE 911 plus CTD instrument combined with an SBE 32 Carousel water sampler (both by Sea-Bird Electronics) equipped with 24 Niskin bottles was used to collect seawater and measure physical parameters (temperature and salinity). Sampling depth was confirmed by the CTD profiles. Approximately 2 L of seawater was filtered with the assistance of a vacuum pump through polycarbonate membranes (47 mm diameter, 0.2-μm pore size) following pre-filtration through 3 μm pore size polycarbonate membranes (all membranes by Whatman). The membranes were immediately frozen at −80°C and shipped to the laboratory for microbial diversity analysis.


Table 1Environmental parameters and locations of each sampling station.


	Station
	Depth
	Date
	Longitude (W)
	Latitude (S)
	Temperature (°C)
	Salinity (psu)
	Nitrite (μmol/L)
	Nitrate (μmol/L)
	Ammonium (μmol/L)
	Phosphate (μmol/L)
	Silicate (μmol/L)
	Chl a (μg/L)





	D1-9
	2 ma
	2012-01-17
	55°59.515′
	62°44.912′
	−0.13
	34.43
	0.12
	53.03
	1.06
	2.27
	71.61
	0.51



	D1-9
	50 ma
	2012-01-17
	55°59.515′
	62°44.912′
	−0.18
	34.43
	0.25
	49.54
	1.12
	1.96
	69.77
	1.03



	D2-3
	25 mb
	2012-01-23
	54°40.857′
	60°48.085′
	0.95
	34.30
	0.22
	29.82
	1.33
	2.03
	70.44
	0.51



	D2-5
	2 mb
	2012-01-23
	54°08.834′
	61°35.359′
	0.63
	34.32
	0.22
	46.94
	1.25
	1.92
	70.44
	0.74



	D2-5
	25 mb
	2012-01-23
	54°08.834′
	61°35.359′
	0.62
	34.32
	0.27
	47.53
	1.22
	1.96
	72.68
	0.85



	D2-8
	25 mc
	2012-01-20
	52°44.032′
	62°34.216′
	0.33
	34.11
	0.10
	47.14
	1.91
	1.55
	68.51
	0.23



	D3-1
	25 mb
	2012-01-24
	51°9.137′
	60°06.009′
	1.16
	34.27
	0.18
	32.39
	0.97
	2.20
	67.42
	0.71



	D3-3
	25 ma
	2012-01-24
	50°45.609′
	61°09.446′
	−0.04
	34.50
	0.11
	38.16
	0.93
	2.34
	87.10
	0.21



	D3-5
	25 mb
	2012-01-25
	50°21.610′
	62°13.943′
	0.49
	34.06
	0.13
	27.45
	1.30
	1.783
	75.41
	0.20



	D3-8
	25 md
	2012-01-26
	49°57.468′
	63°8.767′
	−1.30
	33.70
	0.20
	28.66
	1.76
	1.87
	68.88
	0.08



	D4-7
	25 mb
	2012-01-27
	47°10.694′
	61°47.881′
	0.48
	34.27
	0.34
	28.84
	0.50
	1.80
	66.54
	0.79



	D4-11
	25 md
	2012-01-26
	47°9.644′
	62°58.519′
	−0.52
	33.58
	0.16
	25.04
	1.97
	1.55
	77.94
	0.25



	D5-1
	25 mc
	2012-01-28
	44°41.800′
	60°19.012′
	0.37
	34.00
	0.21
	29.17
	1.13
	1.74
	66.25
	0.36



	D5-3
	2 ma
	2011-12-30
	44°42.320′
	60°55.062′
	−0.02
	34.14
	0.24
	23.20
	1.53
	1.48
	68.80
	2.14



	D5-3
	25 ma
	2011-12-30
	44°42.320′
	60°55.062′
	−0.46
	34.15
	0.25
	27.26
	1.25
	1.78
	71.31
	2.11



	D5-6
	25 mc
	2012-01-29
	44°40.989′
	61°47.396′
	0.39
	34.27
	0.18
	40.95
	0.78
	1.83
	74.33
	0.43



	D5-8
	25 ma
	2012-01-29
	44°41.432′
	62°23.262′
	−0.18
	33.95
	0.24
	29.65
	1.12
	1.90
	73.65
	0.22



	D5-9
	50 mc
	2012-01-29
	44°41.354′
	62°42.042′
	−1.02
	34.19
	0.34
	33.06
	0.88
	2.06
	75.02
	0.22



	aWWs. bSSWs. cMWM. dSSWw.





Inorganic nutrients and chl a concentrations

Subsamples (100 mL) for determination of inorganic nutrient (nitrate, nitrite, silicate and phosphate) concentrations were filtered through a 0.45-μm pore size, 47-mm diameter Whatman polycarbonate membrane. Nutrients were determined using an autoanalyser (Skalar San++), using methods explained by Grasshoff et al. (2007) and He et al. (2012).

Subsamples (500 mL) for chl a determination were passed through 47-mm diameter Whatman GF/F filters under low vacuum pressure and analysed onboard the research vessel using a fluorometer (Turner Designs 10), in accordance with the methods of Parsons et al. (1984) and He et al. (2012).

Total DNA extraction, amplification and sequencing

Total DNA was extracted using a modified cetyltrimethylammonium bromide method (Zhang et al. 2015) and examined by agarose gel electrophoresis. The V1–V3 hypervariable region of the bacterial 16S rRNA gene was amplified using the universal primer pair F8 (5′-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-AGAGTTTGATCCTGGCTCAG-3′) (Turner et al. 1999) and R533 (5′-CCATCTCATCCCTGCGTGTCTCCGACTCAG-NNNNNNNN-TTACCGCGGCTGCTGGCAC-3′) (Sun et al. 2014). The adaptor sequences are italicized and the sample-specific barcode sequence is denoted by NNNNNNNN. PCR was performed using 5–10 ng genomic DNA in a final volume of 50 μL. The PCR procedure was as follows: initial denaturation at 95°C for 2 min; 25 cycles at 95°C for 30 s, 56.4°C for 1 min and 72°C for 30 s; and a final extension at 72°C for 5 min. The PCR products were purified using AxyPrepTM DNA Purification Kit (Axygen®) and quantified using a Qubit® 2.0 Fluorometer (Life Technologies). Pyrosequencing was performed on an FLX Titanium Genome Sequencer (454/Roche Life Sciences).

Partial 16S rRNA sequence data and statistical analyses

Mothur 3.1.2 (Schloss et al. 2009) was used to process partial raw 16S rRNA gene sequences. Reads were filtered using the following parameters: length (400 ≤ length ≤ 650 bp), quality score (≥ 25), number of ambiguous bases (= 0) and length of homopolymer runs (< 8). Sequences were clustered at 97% similarity using the SILVA database (version silva.seed_v119; Pruesse et al. 2007) as reference sequences. Taxonomy was assigned to OTUs using the Greengenes 13_5 database (McDonald et al. 2012). Chimeras, as well as sequences assigned to mitochondria and chloroplasts, were removed from the data set. The chloroplast sequences were annotated by both SILVA (silva.seed_v119; Pruesse et al. 2007) and Greengenes 13_5 (McDonald et al. 2012). Multiple rarefactions with 5738 reads per sample were performed for α-diversity analysis based on random sampling-based normalization.

R software (version 3.1.2) was used to determine α-diversity indices (ACE, Chao, Shannon, Inverse Simpson and Good’s coverage) based on the normalized sequence data (5738 reads per sample). Co-occurrence between environmental factors and bacterial communities was analysed by RDA after calculation by DCA (the largest axis length was 1.0089, which was < 3) (Lepš & Šmilauer 2003) (Supplementary Table S1). DCA, RDA and pRDA were performed at the OTU level using the vegan package in R (Oksanen et al. 2018). Pairwise comparisons of environmental factors and bacterial communities with a colour gradient denoting Spearman’s correlation coefficients and cluster analysis were also conducted using R.

Spearman correlation analysis (SPSS 20.0, IBM ETC) was used to investigate the significance of correlations between the bacterial genera with relative abundances >0.1% of the total data set and various environmental factors, including temperature, salinity, water masses, inorganic nutrients and chl a.

Differences in nutrients, chl a concentrations and in α-diversity indices were investigated between groups of samples, such as different depths and water masses, by ANOVA at the genus level using SPSS 20.0.

The sampling map was generated by the software Ocean Data View (Schlitzer 2018) and modified with Photoshop CS5 (Adobe).

Results

Environmental parameters

Four water masses were distinguished using in situ measurements data of temperature and salinity. These were the SSWs (T > 0.5°C, S > 34 psu), SSWw (−0.5°C > T >–1.5°C, S < 34 psu; Gordon & Huber 1995) and the WWs (−0.5°C < T < 0°C; Shi et al. 2016; Fig. 2). Other samples were assigned as the fourth water mass, referred to as the MWM (Table 1).

Fig. 2  Distribution of temperature (°C), salinity (psu) and water masses in sampling locations. SSWs: T > 0.5°C; SSWw: 0.5°C > T > −1.5°C; S < 34 psu; WWs: T min. −0.5°C < T < 0°C. The dots represent the samples obtained, the colours corresponding to the depths on the colour bar.
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For each sampling site off the northern tip of the Antarctic Peninsula, the concentrations of nutrients (including nitrite, nitrate, ammonium, phosphate and silicate) and chl a were measured (Table 1). Mean concentrations and minimum–maximum ranges were obtained for nitrite (0.21 μmol L−1, 0.10–0.34 μmol L−1); nitrate (35.44 μmol L−1, 23.20–53.03 μmol L−1); ammonium (1.22 μmol L−1, 0.5–1.97 μmol L−1); phosphate (1.88 μmol L−1, 1.48–2.34 μmol L−1); and silicate (72.00 μmol L−1, 66.54–87.10 μmol L−1). The mean concentration of chl a was 0.644 μg L−1, with a range of 0.08–2.14 μg L−1.

Overall bacterial composition

A total of 129 307 sequences were obtained after quality filtering and trimming of the original sequences, which were clustered into 6195 bacterial OTUs at 97% similarity (Table 2). The mean richness of 18 water sample reads was 7183 (ranging from 5738 to 8324 reads per sample). The proportions of each bacterioplankton group, as calculated by the sequence data (Fig. 3b), showed the same trends as the OTU data (Fig. 3a), but the sequence data highlight the percentage difference among these bacterial groups (Fig. 3). For example, the most abundant order, Pelagibacterales, possessed 42.59% of the total reads but only 22.97% of the total number of OTUs.


Table 2Estimates of coverage, phylotype richness and alpha-diversity indices for bacteria at the northern tip of the Antarctic Peninsula.


	Label
	Sample ID
	Reads
	OTUsa,b
	ACEb
	Chaob
	Shannonb
	Inverse Simpsonb
	Coverageb





	0.03
	D1-9-2 mc
	7142
	565
	3978.09
	1637.99
	3.57
	7.51
	0.93



	0.03
	D1-9-50 mc
	5738
	601
	5103.87
	2203.35
	3.38
	5.60
	0.92



	0.03
	D2-3-25 md
	6369
	643
	4337.31
	2299.72
	3.58
	7.60
	0.92



	0.03
	D2-5-2 md
	8252
	459
	3685.01
	1569.44
	3.02
	5.42
	0.94



	0.03
	D2-5-25 md
	6149
	710
	10551.24
	5313.53
	3.96
	12.42
	0.90



	0.03
	D2-8-25 me
	7105
	533
	3477.36
	1503.08
	3.23
	7.53
	0.93



	0.03
	D3-1-25 md
	6534
	653
	4932.77
	2263.96
	3.43
	6.40
	0.92



	0.03
	D3-3-25 mc
	7153
	692
	4360.22
	1820.84
	3.46
	5.88
	0.92



	0.03
	D3-5-25 md
	6913
	552
	3398.94
	1606.04
	3.36
	7.17
	0.93



	0.03
	D3-8-25 mf
	7650
	585
	2715.93
	1447.65
	3.20
	6.72
	0.93



	0.03
	D4-11-25 mf
	6763
	762
	7682.88
	3295.00
	3.90
	14.68
	0.90



	0.03
	D4-7-25 md
	8285
	620
	19283.50
	6505.25
	2.65
	3.60
	0.91



	0.03
	D5-1-25 me
	7151
	563
	6031.75
	1938.41
	2.62
	3.07
	0.93



	0.03
	D5-3-2 mc
	7780
	634
	5120.78
	1728.39
	3.17
	5.30
	0.92



	0.03
	D5-3-25 md
	7531
	658
	12774.69
	5341.69
	3.13
	5.20
	0.91



	0.03
	D5-6-25 me
	6439
	600
	4291.71
	2340.06
	3.03
	4.21
	0.92



	0.03
	D5-8-25 mc
	8029
	670
	9597.99
	4332.69
	3.76
	14.75
	0.91



	0.03
	D5-9-50 me
	8324
	746
	11126.81
	7423.78
	3.26
	4.47
	0.90



	ANOVA
	
	
	
	
	
	
	
	



	Fg
	0.875
	0.625
	0.675
	2.075
	0.764
	0.533
	0.871
	



	Sig.g
	0.437
	0.549
	0.524
	0.160
	0.491
	0.598
	0.439
	



	Fh
	0.043
	0.428
	0.171
	0.132
	1.243
	1.416
	0.184
	



	Sig.h
	0.987
	0.736
	0.914
	0.939
	0.331
	0.280
	0.906
	



	aAn OTU was defined as containing sequences with ≤3% difference. bValues are average based on rarefactions at 5738 sequences per sample. cWWs. dSSWs. eMWM. fSSWw. gResults of ANOVA were calculated on the basis of three depths: 2 m, 25 m, 50 m. hResults of ANOVA were calculated on the basis of the different water masses.





Fig. 3  The taxonomic distribution of sampled bacteria at the phylum and order levels. (a) OTUs (n = 6195); (b) gene sequencing reads (n = 129 307). “Other Alphaproteobacteria” includes unclassified Alphaproteobacteria and the orders representing <1% of the total number of OTUs (including Kiloniellales, Rhizobiales, Rhodospirillales and Sphingomonadales). “Other Gammaproteobacteria” includes Gammaproteobacterial orders representing <1% of the total number of OTUs, including Enterobacteriales, Legionellales, Pseudomonadales, Thiohalorhabdales, Thiotrichales, Vibrionales, Xanthomonadales and group HTCC2188. “Other Proteobacteria” include Betaproteobacteria, Deltaproteobacteria and unclassified Proteobacteria. “Other Bacteroidetes” include Bacteroidetes orders representing <1% of the total number of OTUs, including Bacteroidales, Cytophagales, Rhodothermales, Saprospirales, Sphingobacteriales and unclassified Bacterioidetes. “Other bacteria” includes taxa accounting for <1% of the total number of OTUs, including Actinobacteria, Firmicutes, Fusobacteria, Gemmatimonadetes, Planctomycetes, Thermi, Verrucomicrobia and groups GN02, SAR406, SBR1093, TM6 and TM7.
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Alphaproteobacteria was the most abundant group, accounting for 40.71% of the total number of OTUs (55.30% of all sequences) (Fig. 3). Within this class, Pelagibacterales and Rhodobacterales were the most abundant orders, accounting for 22.97% and 14.32% of the total OTUs, respectively (Fig. 3). In total, 28 genera were identified within the class Alphaproteobacteria, with the most abundant genera being Pelagibacter (39.99% of the total sequences; exclusively Pelagibacter ubique), Octadecabacter (5.92%) and Sulfitobacter (1.82%).

Gammaproteobacteria was the second most representative bacterial class (27.31% of the total OTUs and 25.66% of all sequences) (Fig. 3) and was mainly represented by the orders Oceanospirillales (7.43% of total OTUs) and Alteromonadales (6.68% of total OTUs). Thirty-four genera were identified within the class Gammaproteobacteria. Three genera in the order Oceanospirillales were in the top 10 most relatively abundant groups, namely, Alcanivorax (1.55% of total sequences), Candidatus Portiera (1.34% of total sequences) and the SUP05 group (3.98% of total sequences). In addition, the group HTCC2207 and the genus Alteromonas of the order Alteromonadales (2.78% and 0.99% of all sequences, respectively) were found within the 10 most relatively abundant groups. The genera Glaciecola and Marinobacter of Alteromonadales (0.27% and 0.18% of all sequences) exhibited relatively high abundances, although they were not included within the top 10.

The phylum Bacteroidetes was the third most represented group with 32 genera and 93.77% of the sequences belonging to the order Flavobacteriales (Fig. 3). Within Flavobacteriales, the genera Polaribacter (more than 68% composed of Polaribacter irgensii) and Ulvibacter (with 89.19% composed of Ulvibacter litoralis) represented 7.70% and 2.00% of the total sequences, respectively.

Besides the most dominant bacterial taxa (Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes), the unclassified bacterial group (3.16%), other bacteria (1.39%), other Proteobacteria (2.49%) and Cyanobacteria (1.34%) were detected with OTUs >1% (Fig. 3). Betaproteobacteria, Deltaproteobacteria, Actinobacteria, Planctomycetes and Verrucomicrobia were also detected at relative low abundances.

The most abundant bacterial order was Pelagibacterales. The highest percentage (>50%) was detected in samples collected at 25 m depth from site D4-7 (sample D4-7-25 m), while the lowest relative abundance (20%) was detected from sample D5-8-25 m. The second most abundant bacterial order was Flavobacteriales, with relative abundances varying from <10% in sample D4-7-25 m to >30% in sample D4-11-25 m. The orders Rhodobacterales and Alteromonadales presented the highest relative abundances (>20% each) in sample D5-8-25 m (Supplementary Fig. S1). The most abundant genus Pelagibacter showed the same distribution pattern as Pelagibacterales, with the highest percentage from sample D4-7-25 m and lowest percentage from sample D5-8-25 m. As for Flavobacteriales, Polaribacter exhibited the highest relative abundance from sample D4-11-25 m and the lowest from sample D4-7-25 m.

Alpha-diversity indices

The observed number of OTUs ranged from 459 to 762. Good’s coverage ranged from 90 to 94%, which indicates that > 90% of the OTUs were sequenced. Specimens from samples D4-7-25 m and D5-9-50 m exhibited higher ACE (19293.50; 11126.81) and Chao (6505.25; 7423.78) indices, which indicates higher community richness. The highest Shannon index (3.96) occurred in sample D2-5-2 m, followed by samples D4-11-25 m (3.90) and D5-8-25 m (3.76), and the highest Inverse Simpson index (14.75) was found in sample D5-8-25 m (14.75), followed by D4-11-25 m (14.68) and D3-5-2 m (12.42). The lowest values were from samples D5-1-25 m, indicating that these samples presented the highest community diversity. There was no significant difference in α-diversity indices among sampling depths or water masses (Table 2).

Correlations between environmental factors and bacterial communities

According to the pRDA results, 30.39% of the variance was explained by environmental factors. Among these variance, 13.83% was caused by nutrients (nitrite, nitrate, ammonium, phosphate, silicate) and chl a, whereas 9.42% was caused by temperature, salinity and depth. The other 7.14% could be explained by temperature, salinity, depth and nutrients (Supplementary Table S2). Axis one, which was more closely related with temperature, explained 21.57% of the data set variance, while only 4.62% of the total variance was explained by axis two, which was more closely correlated with depth, phosphate and silicate concentrations (Fig. 4).

Fig. 4  RDA of bacterial community based on the bacterial OTU data sets. Light blue arrows represent environmental factors; dark blue arrows represent nutritional factors; each dot represents a sample.
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The dominant bacterial genera showed lower correlations with environmental factors (nutrients, chl a, temperature and salinity; Fig. 5, Supplementary Table S3). More than 50% of the dominant genera showed a significant correlation with only one of the measured factors. For example, Pelagibacter (r = −0.470, p = 0.049), Sulfitobacter (r = −0.513, p = 0.029) and Polaribacter (r = 0.765, p < 0.001) only showed a significant correlation with ammonium. Alteromonas (r = 0.543, p = 0.020) and Marinobacter (r = 0.649, p = 0.004) only showed significant positive correlations with nitrate. Octadecabacter, group SUP05, and Ulvibacter showed no significant correlations with any of the above factors. Two genera showed significant correlations with more than one environmental factor. Alcanivorax was positively correlated with salinity (r = 0.502, p = 0.034), phosphate (r = 0.567, p = 0.014) and nitrate (r = 0.717, p = 0.001), while Glaciecola was negatively correlated with temperature (r = −0.469, p = 0.050) and chl a (r = −0.485, p = 0.041).

Fig. 5  Pairwise comparisons of environmental factors and bacterial communities; the colour, size and gradient denotes Spearman’s correlation coefficients.
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A high frequency of significant correlations was observed among interspecific populations. The genera Pelagibacter, Sulfitobacter and Glaciecola showed significant correlations with at least two genera. Pelagibacter showed positive correlations with SUP05 (r = 0.477, p = 0.045) and Candidatus Portiera (r = 0.500, p = 0.035) and a significant negative correlation with Polaribacter (r = −0.761, p < 0.001). Glaciecola showed negative correlations with group SUP05 (r = −0.497, p = 0.036) and Candidatus Portiera (r = −0.485, p = 0.041) and a significant negative correlation with Octadecabacter (r = −0.896, p < 0.001). The genus Marinobacter showed significant positive correlations with Sulfitobacter (r = 0.852, p < 0.001), Alteromonas (r = 0.911, p < 0.001) and Alcanivorax (r = 0.864, p < 0.001) and a negative correlation with Octadecabacter (r = −0.578, p < 0.012). Octadecabacter was negatively correlated with Sulfitobacter (r = −0.522, p = 0.026) and Alteromonas (r = −0.521, p = 0.027). No significant correlations were observed between the genus Ulvibacter and environmental factors, nor with other dominant bacterioplankton genera.

Discussion

Bacterioplankton community structure

The microbial communities of many Antarctic Ocean zones have been studied using molecular approaches, including the Antarctic Peninsula (Delong et al. 1994; Ducklow et al. 2012; Grzymski et al. 2012; Williams et al. 2012; Luria et al. 2014; Signori et al. 2014; Luria et al. 2016; Bowman et al. 2017; Signori et al. 2018), the Scotia Sea (Murray et al. 1998; Jamieson et al. 2012) and the Weddell Sea (Garcia-Martinez & Rodriguez-Valera 2000; Paterson et al. 2012). Less attention has been given to the bacterioplankton off the northern tip of the Antarctic Peninsula.

The most abundant bacterial group identified in the current study was Alphaproteobacteria, followed by Gammaproteobacteria and Bacteroidetes. These bacterial groups have been reported as common in other parts of the Southern Ocean in studies using similar (Ghiglione & Murray 2012) or different methods (Wilkins, Lauro et al. 2013). For example, in the eastern Scotia Sea, a similar composition was detected by fluorescence in situ hybridization; however, their composition is proportionally different from other parts of the Southern Ocean. In the western Scotia Sea (Topping et al. 2006), Gammaproteobacteria and Bacteroidetes (Sphingobacteria/Flavobacteria) exhibited lower relative abundances than in the present study. Furthermore, the dominant bacterioplankton varied among adjacent areas during different seasons. In surface waters of the Scotia Arc (Jamieson et al. 2012) and the WAP (Murray & Grzymski 2007; Signori et al. 2014), Gammaproteobacteria and CFB were the dominant community members, followed by Alphaproteobacteria. A study using length heterogeneity PCR and clone libraries showed that in early winter, Gammaproteobacteria were dominant in the north-west Weddell Sea, followed by Alphaproteobacteria and Bacteroidetes (Murray et al. 2011).

Dominant bacterioplankton have a great influence on the microenvironment that they inhabit due to their greater contribution to organic compounds cycling, such as the carbon cycle, given their adaptable metabolism. Approximately, 50% of the organic carbon is produced through heterotrophic bacterial metabolism (Ducklow 2000; Bunse & Pinhassi 2017). In addition, DOC in surface water can be reduced by bacterioplankton communities through enhanced consumption (James et al. 2017). In the current study, the most abundant bacterioplankton genera possess the ability to metabolize carbon. For example, Pelagibacter (representing 39.99% of all sequences) is effective in consuming DOC and producing nutrients that are required by algae (Giovannoni et al. 2005). Representatives of Octadecabacter are non-pigmented, psychrophilic gas-vacuolate bacteria from polar sea ice and water (Gosink et al. 1997), and Marinobacter (Alteromonadales) has the ability to biodegrade hydrophobic organic compounds, mainly in the form of lipids and hydrocarbons (Methe et al. 2005; Singer et al. 2011; Mounier et al. 2014).

The northern tip of the Antarctic Peninsula is regarded as the main gateway into the Southern Ocean and the Antarctic continent, which has been undergoing drastic changes (Meredith & King 2005; Turner et al. 2005; Parkinson & Cavalieri 2012; Meredith et al. 2014). Over the past 50 years, the sea surface temperature has increased more than 1°C (Meredith & King 2005) and the WAP glaciers have shrunk nearly 90% (Cook et al. 2016). Perennial ice is no longer the feature of this region with the average sea-ice duration shortened by 90 days (Martinson et al. 2008; Stammerjohn et al. 2012). Furthermore, DMSP concentrations have been linked to sea-ice melting, indicating that DMS production is likely to decrease with ongoing reductions in sea-ice coverage (Stefels et al. 2018). DMS production results from physiological stress such as UV radiation in low-nutrient, subtropical, oligotrophic regions (Toole & Siegel 2004). DMSP plays an important role in the global cycle of sulphur and is the major organic sulphur source in the world’s oceans. In addition, DMSP is rapidly degraded by marine bacteria that cleave DMSP to DMS. Release of DMS is a significant natural sulphur source to the atmosphere and the oxidation products of DMS cause cloud nucleation that may affect the weather and climate (Todd et al. 2007; Zeng et al. 2016). The bacterial consumption of DMS results in its loss, meanwhile DMS production by bacteria can be influenced by their need to assimilate sulphur from DMSP (Kiene & Bates 1990; Howard et al. 2006; Johnston et al. 2008; del Valle et al. 2009; Simó et al. 2009; Herrmann et al. 2012). Although no DMS data were recorded from the waters off the northern tip of Antarctic Peninsula, the data from the other Antarctica areas show that the Southern Ocean is a global hotspot for DMS production (Criscitiello et al. 2013; Kim et al. 2017; Galí et al. 2018; Stefels et al. 2018). For example, the concentrations of DMS in the surface water of the Amundsen Sea Polynya and Pine Island Polynya is up to 400 nM (Kim et al. 2017). In the current study, several abundant genera possess the ability to transform inorganic and organic sulphur compounds (Gonzalez et al. 1999; Dickinson et al. 2016; Zeng et al. 2016; Roseobase genomic database for marine Roseobacters: http://www.roseobase.org/Species/sulf_nas14_1.html). The most studied genera are Sulfitobacter (Rhodobacterales), which metabolizes taurine and organosulphur compounds such as DMSP and releases DMS and CO2 into the environment (Amin et al. 2015). Furthermore, the strain Sulfitobacter sp. NAS-14.1 uses DMSP as a sole carbon source (Dickinson et al. 2016). The group HTCC2207 (Gammaproteobacteria) harbours the ddd (DMSP-dependent DMS) genes that are involved in the production of DMS (Lovelock et al. 1972).

Impact of environment

Although previous data show that the bacterioplankton community is dynamic and influenced by both location and season (sea-ice melting, ice-island run off) (Moline et al. 2009; Montes-Hugo et al. 2009; Signori et al. 2018), the current study indicates that nutrients plus chl a contribute more to bacterioplankton diversity and community structure than water masses and depth (Fig. 5, Supplementary Fig. S1, Supplementary Table S2). The environmental factors had a limited influence on the bacterial community structure. According to the RDA and pRDA results, only 30.39% of the variation could be explained by environmental factors (Supplementary Table S2). Furthermore, no significant difference in nutrients and chl a concentration was observed among water masses or sampling depth, as revealed by ANOVA (Supplementary Table S4). This indicates that the nutrients and chl a of the surface waters at the northern tip of the Antarctic Peninsula become homogeneous in summer, when the water masses are mixed.

Sea ice and glacier retreat together with wind could influence the concentration of nutrients and chl a by reducing the differences among water masses. Sea-ice and glacier melting are important physical determinants of spatial and temporal changes in the structure of microbial communities (Dierssen et al. 2002). Meltwater-related stratification and the transition to non-stabilized Antarctic surface waters have impacts on both micro-eukaryotic and bacterial community compositions (Piquet et al. 2011). The northern tip of the Antarctic Peninsula is located at the Antarctic Polar Front, where small temperature changes can have large effects on the extent and thickness of the sea ice (Lovelock et al. 1972; Smetacek & Nicol 2005) and where glacier ice has retreated in recent decades (Wouters et al. 2015). Besides sea-ice and glacier meltwater, wind also affects the streaming of Antarctic surface water, speeding the confluence of different water masses. As a result, wind promotes a mixing of the bacteria in the north-western Antarctic Peninsula, influencing the community down to a depth of ca. 100 m (Signori et al. 2014). Sea-ice and glacier meltwater, along with wind, may explain why the dominant bacteria did not vary with water mass.

Biological interactions

Biological interactions, such as with phytoplankton and zooplankton, determine bacterial mortality rates. These interactions also have the potential to induce differential effects on bacterial populations (Säwström et al. 2009; Hitchcock et al. 2010; Dang & Lovell 2016; Luria et al. 2016; Bunse & Pinhassi 2017; Luria et al. 2017). Phytoplankton-derived organic matter appears to trigger the observed shifts in microbial communities, with higher relative abundance of Rhodobacteraceae than Pelagibacteraceae in January, when phytoplankton blooms often occur (Luria et al. 2016; Luria et al. 2017). However, our samples were likely taken at the beginning of a return to a pre-bloom state, which usually occurs during late January or early February in the WAP (Luria et al. 2016).

Spearman analysis shows that 10 out of the 12 dominant bacterial genera were significantly correlated with the presence of at least two other genera (Supplementary Table S3). In some cases, no correlation was found between the physicochemical parameters and bacterioplankton distribution (Zubkov et al. 2002), similar to Octadecabacter and the group SUP05 in the present investigation. The diversity, biomass and community structure of bacterioplankton are affected not only by environmental factors such as temperature, salinity, depth and nutrients (Church et al. 2003; Gilbert et al. 2012), and the presence of eukaryotes (planktonic algae; Limardo & Worden 2015), but also by the bacterial community members themselves, especially in surface waters (Dang & Lovell 2016).

Our data also suggest that both cooperation and competition happen among the dominant bacterioplankton groups. For example, the positive correlation between Sulfitobacter and Marinobacter, Alteromonas and Alcanivorax would suggest cooperative relationships, as the latter group are able to utilize hydrocarbons, whereas Sulfitobacter is a sulphite-oxidizing bacterium that lacks aerobic anoxygenic photosynthesis abilities (Kostka et al. 2011; Math et al. 2012; Mas-Lladó et al. 2014). A cooperative relationship would be beneficial for the distribution of these groups. Some bacterial groups are strongly associated with particular ecological niches. This includes members of the order Pelagibacterales (class Alphaproteobacteria), which are key colonizers of surface marine waters (Wilkins, Yau et al. 2013; Dang & Lovell 2016). In contrast, a competitive relationship would benefit bacterial survival in areas with limited resources. This is demonstrated by the reported overlap in ecological function concerning DMSP degradation by Octadecabacter and Sulfitobacter (Lovelock et al. 1972; Wilkins, Yau et al. 2013), which reflects the negative correlation of these genera detected in the current study. Conversely, with respect to the utilization of organic carbon, Octadecabacter, Marinobacter, Alteromonas and Glaciecola were reported to have similar ecological functions (Methe et al. 2005; Singer et al. 2011; Wilkins, Yau et al. 2013; Mounier et al. 2014); however, negative correlations between them were also detected here.

Conclusions

Significant differences were not found between the nutrients and chl a concentrations, and water masses or sampling depth. These results suggest that the surface waters off the northern tip of the Antarctic Peninsula are homogeneous during the summer. Environmental factors measured in the current study contribute relatively little to the variation in bacterioplankton diversity and community structure. More significant correlations were found within the dominant genera than between the bacterial groups and the environmental factors, suggesting that environmental parameters are less important than biological interactions for influencing bacterioplankton diversity and community structure in the waters by the northern tip of the Antarctic Peninsula.

Availability of data and materials
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