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Summary

. Title

Microbial ecology in the sea-ice zone of the Amundsen Sea

II. Object and Necessity

Long-term shifts in bacterial parameters have a potential to provide the best

warning system for global environmental changes. Therefore, it is particularly important

to measure bacterial abundance and metabolic rates and its physico-chemical and

biological controls in polar ocean to better understand any shifts in biogeochemical

carbon cycles. This study is to elucidate the role of bacteria in controlling the function

of Southern Ocean as a CO2 sink related to climatic changes.

III. Contents and Extents

During the Amundsen Sea polynya expedition from January 31 to March 20,

2012, we investigated the bacterial abundance and production and its coupling to

phytoplankton in the polynya, sea-ice zon in the outer shelf, ice shelf and open sea of

the Amundsen Sea to elucidate the role of microorganisms in microbial food web and

biogeochemical carbon cycles.
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IV. Result

Chl-a, DOC, and DON concentrations exhibited higher through the polynya

stations and ice-shelf station than those at the marginal zone. Similarly, bacterial

abundance and microbial community respiration exhibited higher at the polynya stations

amd ice-shelf zone compared to those at the marginal zone. During the cruise, January

2014 - February 2014, the relationship between concentrations of CDOM and DOC and

prokaryotic abundance is not significant. After late bloom, February 2014, CDOM

concentration increased in water column, compared to early bloom, which did not

influence the prokaryotic abundance. DOC concentration did not increased after late

bloom and was not a significant relationship with prokaryotic abundance. Whereas, a

significant linear repression was obtained between the Chl-a and prokaryotic abundance

in both early bloom (r
2
=0.2975, P<0.0001, n=95) and late bloom (r

2
=0.7426, P<0.0001,

n=47). However, the correlation was weaker in Jan. (early bloom ) than in Feb. (late

bloom), which suggested a time-lag between bacteria and phytoplankton growth.

Role of bacteria in microbial loop was compared at two different bloom

conditions, i.e., early and late bloom. In February (late bloom), but the prokaryotic

production and community respiration rate increased at all stations, which implied that

bacteria play a significant role in consuming photosynthetically fixed organic carbon

after the bloom in the water column. Overall results indicated that heterotrophic bacteria

play a significant role in microbial loop as a trophic link between DOC and higher

trophic level and as a sink for the photosynthetically fixed C to respire back to CO2 in

the ASP.

The prokaryotic abundance and community structure between the sediments of the

polynya stations, ice-shelf station, and open sea station were different distributions. The

prokaryotic abundance calculated from the quantification of 16S rRNA genes appeared

as low density at surface sediments of all stations, with 1.9 9.9– × 10
7
cells cm

-3
, and

decreased with depth. The prokaryotic cell abundances in the sediments of Amundsen

Sea showed low cell density compared to general marine sediment (> 108 cells cm-3).



- 8 -

Bacterial cell numbers were higher than archaeal cell numbers in the polynya stations,

occupying 70 90% of total prokaryotic abundance, but archaeal proportion of total

prokaryotic abundance increased maximum 71% in the open sea station, implying

ecological role of archaea is emphasized in the open sea, where organic carbon content

in sediment is extremely low. From the 16S rRNA gene analysis, Planctomycetes in

Bacteria was as a prominent microbial group in the polynya stations, whereas

Thaumarchaeota in Archaea appeared to be the most abundant microbial group (73% of

the total prokaryotic 16S rRNA gene sequences) in the open sea sediment.

V. Utilization of research results

Spatial distribution on the bacterial abundance and production obtained

along the sea-ice zone, polynya and ice shelf area will provide an information on

the role of the Southern Ocean in controlling the carbon cycle and climatic change

associated with the global warming in the Antartic Ocean. The analysis of the

abundance and composition of the prokaryotes in the sediment of the Amundsen

provides new insights into the roles of prokaryotes in biogeochemical cycles in the

Antarctic Ocean.
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1

(Sarmiento and Toggweiler 1984, Sarmiento and

Le Quére 1996, Le Quére et al. 2007, Takahashi et al. 2009).

(polynya)

(Smith and Barber 2007).

polynya ,

. ,

Amundsen Sea Polynya(ASP) 161 g C m
-2
y
-1

,

, (interannual

variability) Ross Sea Polynya(RSP)

(http://antarcticaspire.org/research).

.

,

.

(carbon sequestration) .

(feed back)

. , Kirchman et al. (2009)

-1.8
o
C 4

o
C (BP) (PP)

(BP/PP) , CO2 .

ASP

,

.
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(heterotrophic prokaryotes)

(Kirchman 2008),

(particulate organic carbon, POC) , (dissolved

organic carbon, DOC) (Carlson 2002, Nagata 2008).

DOC (microbial loop)

,

. ,

.

,

, ,

.

.

mm (

, , , )

cm . ,

,

,

.

0.7 1.0% ,

(Kim et al, 2016).

, sea-ice open sea

(Kim et al. 2014a), (bacterial production)

(Hyun et al. 2016). 0.4 - 0.5%

,

(Kim et al. 2016).

,
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(anaerobic ammonia oxidation, anammox)

3 cm , 4

cm 105 copies cm-3

(Choi et al. 2016).

(1)

, (2)

.
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2

Northeast Water(NEW), North Water(NOW)

Ross Sea Polynya (RSP)

(Ducklow and Yager 2006),

polynya .

polynya : (1) 1994 11 -12

1995 12 - 1996 1 Ross Sea Polynya Project (Smith and

Gordon 1997), (2) 1996 -1998 Ross Sea -

(Research on Ocean-Atmosphere Variability and Ecosystem Response in the Ross

Sea; ROAVERRS) (Arrigo et al. 1999), (3) 1996 10 -1997 12 US JGOFS

(Antarctic Environment and Southern

Ocean Process Study; AESOPS) (Smith et al. 2000a) .

Amundsen Sea Polynya 2007

, 2010 12 ASPIRE (Amundsen Sea

Polynya International Research Expedition; http://antarcticaspire.org/research)

. Amundsen Sea Polynya(ASP)

, (interannual variability)

RSP .

polynya ASPIRE

-

(Yager et al. 2012), (2012 2-3 )

(Hyun et al 2016).

,

.

(Kim et al 2016, Choi et al.

2016).
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,

. ,

.

(export flux, benthic mineralization, pCO2 )

. ,

.
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3

1

1.

2013 2014

open sea (Stns 1, 2), marginal sea (Stns 3, 4,

5), polynya (Stns 10, 13, 14, 19, 27) Dotson ice-shelf

(Stns 22, 24, 26) Gets ice-shelf (Stns 28, 30, 32)

(Fig. 1a). polynya sea-ice

coverage 10% (Fig. 1b).

16 5 (Stn2 (open sea), Stn4 (outer

shelf), Stn14 and Stn19 (polyna center) Stn26 (ice shelf))

. 4 0.22 m membrane filterμ

.

2011

-2012 box corer multi corer

polynya (Stn 10 and Stn 17), ice-shelf (Stn 19),

(Stn 83) .
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Fig. 1. Sampling stations(a) and ice coverage (b) in the Amundsen Sea polynya (ASP)
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2.

a GF/F 90%

24 , spectrophotometer (Shimadzu,

UV-2401 PC) (Parsons et al., 1984). Chromophoric

dissolved organic matter (CDOM)

0.2 µm syringe filter 150 ml

(Stedmon and Markager, 2001). 10-cm

double-beam Shimadzu UV 1800 spectrophotometer

350-900 nm .

. 375 nm , 375 nm

(Kowalczuk et al. 2005):

CDOM(375)=2.303A/l

(A is the absorbance at 375 nm and l is the cuvette path length (m).

3.

3-1)

(glutaraldehyde) ( 1%) -20

(Hyun and Yang, 2003), DAPI

(Zeiss Axiophot)

(Porter and Feig, 1980), 20 fg C

(Lee and Fuhrman 1997).
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3-2)

,

Labasque et al. (2004) . 300 ml BOD

overflow ,

. (Manganese

chloride solution, 2 ml; alkaline iodide solution, 2 ml) ,

BOD . sulphuric acid 2 ml ,

spectrophotometer (Shimadze, UV-1800) 466 nm 5

.

4. Stable-isotope probing

(glucose, leucine) biocarbonate

4
13
C

8 .

.

(0 ), 4 , 8 0.22 mμ

membrane filter stable-isotope

probing (SIP) . Whiteley et

al. (2007) Fig. 2

.
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Fig. 2. Basic manipulation for stable isotope probing

5.

5-1)

Polynya 2 , ice-shelf 1 , 1 20

cm 48

. 10 g PowerMax

Soil DNA Isolation Kit(Mobio Co, USA) ,

DNA Nanodrop .

,

PowerWater DNA Isolation Kit(Mobio Co, USA)

.

stable-isotope probing .
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5-2)

(Bacteria) (Archaea) 16S

rRNA gene TaqMan assay ,

primer probe ,

.

TABLE 1. Primer sequences for real time PCR assays of 16S RNA gene used

in this study

Targeted Primer/
Sequence (5’-3’) Reference

group probe

Archaea 349F GYG CAS CAG KCG MGA AW Takai and Horikoshi, 2000

806R GGA CTA CVS GGG TAT CTA AT Takai and Horikoshi, 2000

516F TGY CAG CCG CCG CGG TAA HAC CVG C Takai and Horikoshi, 2000

Bacteria 331F TCC TAC GGG AGG CAG CAG T Nadkarni et al., 2002

797R GGA CTA CCA GGG TAT CTA ATC CTG TT Nadkarni et al., 2002

518F CGT ATT ACC GCG GCT GGC AC Nadkarni et al., 2002
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2

1.

1-1. (early blom)

(early bloom)

Chl-a, DOC DON polynya ice-shelf

sea-ice marginal zone .

(BA, bacterial abundance) (CR, microbial community

respiration) polynya ice-shelf (Fig. 4).

DOC DON polynya marginal

zone , BA polynya ice-shelf

(Fig. 4). CR polynya , sea-ice

marginal ice zone . CDOM

marginal ice zone , ice shelf

(Fig. 3). Polynya ice shelf CDOM

, 1 2 . ,

CDOM

.

Fig.3 Distribution of CDOM in Jan. and Feb.(14-re) in the Amundsen Sea
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Fig.4. Chemical and microbiological parameters in January, 2014 (early bloom)
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1-2.

CDOM DOC

Fig. 5 .

Fig. 5. Relationship between CDOM, DOC and bacterial abundance, community

respiration at early bloom

CDOM ,

. DOC

. 2 CDOM

DOC Fig. 5 Fig. 6 .

CDOM ,

, DOC

,

.



- 28 -

8
Fig. 6. Relationship between CDOM, DOC and bacterial abundance, community

respiration at early bloom and late bloom

(Fig. 7).

, 1 (early bloom) 2 (late

bloom) . time-lag

.

Fig. 7. Relationship between Chl-a and bacterial abundance
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1-3.

(microbial loop)

bacterial

carbon biomass (BCB) bacterial production (BP) (Fig. 8).

1 BCB BP

3% 10% . 2 ( )

BCB:Chl-a , BP 10%, maginal ice

zone 20% , polynya 45% .

.

Fig. 8. Bacterial carbon biomass, bacterial production, phytoplankton biomass (Chl-C),

primary production, BCB:Chl-C ratio, and BP:PP ratio

Polynya

(CR) polynya
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. , BP:PP (i.e., 0.2

in marginal ice zone and 0.45 in the polynya)

, BCB:Chl-a

.

,

.

2.

2-1.

2012

DNA 16S rRNA gene ,

. Polynya , ice-shelf

, DNA

.

(Bacteria) (Archaea) 16S rRNA

gene PCR copy number ,

4.1, 1.5 (Klappenbach

et al. 2001). Polynya Stn10

1.67 × 10
7

cells cm
-3
, 2.16 × 10

6
cells cm

-3

, 18 cm

90% . Stn17

3.2 × 10
7
cells cm

-3
12 cm 3

. 1.47 × 10
7
cells cm

-3
,

4 . Stn10

41% (Fig. 9).

, ice-shelf Stn19

, 6.78 × 10
7
cells cm

-3
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3.11 × 10
7
cells cm

-3
.

60%

. sea-ice Stn83

2.04 × 10
7
cells cm

-3
, ,

6 cm 10 cm

4.05 × 104 cells cm-3 . 1.05 × 107 cells cm-3

,

70% , 1-2 cm

(Fig. 10).

Table 2. The prokaryotic abundances calculated by the Q-PCR of 16S rRNA gene

in the sediment of the Amundsen Sea

Depth

(cm)

Total prokaryotic cells cm-3 Bacterial cells cm-3 Archaeal cells cm-3

Stn10 Stn17 Stn19 Stn83 Stn10 Stn17 Stn19 Stn83 Stn10 Stn17 Stn19 Stn83

0-1 1.89×107 4.67×107 9.90×107 3.09×107 1.67×107 3.20×107 6.78×107 2.04×107 2.16×106 1.47×107 3.11×107 1.05×107

1-2 1.30×10
7

4.89×10
7

6.03×10
7

3.06×10
7

1.20×10
7

3.09×10
7

4.01×10
7

1.40×10
7

9.68×10
5

1.80×10
7

2.02×10
7

1.66×10
7

2-3 5.93×10
7

5.92×10
7

3.52×10
7

3.72×10
7

2.41×10
7

2.20×10
7

3-4 2.25×10
7

4.76×10
7

4.57×10
7

2.24×10
7

2.06×10
7

3.20×10
7

2.89×10
7

1.56×10
7

1.84×10
6

1.56×10
7

1.69×10
7

6.79×10
6

4-5 9.90×106 3.45×107 3.82×107 4.00×107 9.13×106 2.80×107 2.45×107 2.33×107 7.74×105 6.43×106 1.37×107 1.67×107

5-6 1.69×10
7

3.29×10
7

3.68×10
7

1.27×10
7

1.60×10
7

2.13×10
7

2.08×10
7

6.00×10
6

9.10×10
5

1.15×10
7

1.60×10
7

6.69×10
6

6-7 1.16 ×10
6

3.53×10
7

4.97×10
6

8.12×10
5

1.06×10
6

2.19×10
7

3.02×10
6

4.08×10
5

9.40×10
4

1.35×10
7

1.96×10
6

4.05×10
5

7-8 1.17×107 2.47×107 1.29×107 1.33×106 1.08×107 1.61×107 8.16×106 5.76×105 9.70×105 8.58×106 4.78×106 7.57×105

8-9 1.70×107 2.31×107 6.31×106 1.21×106 1.60×107 1.49×107 3.43×106 3.55×105 1.00×106 8.25×106 2.89×106 8.56×105

9-10 1.79×10
7

2.03×10
6

8.51×10
4

1.22×10
7

9.52×10
5

4.05×10
4

5.72×10
6

1.07×10
6

4.46×10
4

10-12 1.64×10
7

1.66×10
7

1.25×10
6

3.25×10
6

1.51×10
7

1.30×10
7

5.09×10
5

1.20×10
6

1.37×10
6

3.62×10
6

7.43×10
5

2.05×10
6

12-14 5.33×106 1.19×106 2.06×106 4.77×106 5.54×105 8.73×105 5.61×105 6.39×105 1.19×106

14-16 2.05×10
6

1.32×10
6

3.55×10
6

1.84×10
6

5.59×10
5

1.24×10
6

2.07×10
5

7.65×10
5

2.30×10
6

16-18 6.58×10
6

5.96×10
6

6.18×10
5

polynya ,

(0-3 cm depth) > 10
7
cells cm

-3
,

polynya

ice-shelf sea-ice (Table 2),

. ,

,

.
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2.2.

16S rRNA gene

universal primer set PCR

polynya Stn10 ,

Stn83 (Figs. 9 and 10).

Stn10 Planctomycetes 3 -

4 cm 74% .

Deltaproteobacteria(4 - 17%) Chloroflexi(2 11%) .

Thaumarchaeota 10% ,

marine benthic group B(MBGB)

10% . Stn17 Planctomycetes

15 46% , Thaumarchaeota 11 48%

. Gammaproteobacteria(4 - 21%)

Deltaproteobacteria(2 - 13%) (Fig. 9). Ice-shelf

Stn19 Thaumarchaeota 33 57%

(Fig. 10).

Planctomycetes 7 24%, Gammaproteobacteria 3 - 17%,

Deltaproteobacteria 3 11% . Stn83

Thaumarchaeota 40 73% ,

. Planctomycetes 6 20%,

Gammaproteobacteria 1 - 12%, Deltaproteobacteria 1 9% .

Acidobacteria 1 5% , Stn83

Alphaproteobacteria 7%

(Fig. 10).

MBGB Stn10 ,

.
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Fig. 9. Distribution of geochemical constituents(NH4
+
, NOx, PO4

3-
, Fe

2+
) in porewater and sulfate reduction rate and microbial

parameters (DNA concentration, prokaryotic abundance from 16S rRNA gene quantification, microbial community composition) in the

sediment of the polynya area (Stn 10 and Stn 17) of the Amundsen Sea in 2012.
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Fig. 10. Distribution of geochemical constituents(NH4
+, NOx, PO4

3-, Fe2+) in porewater and sulfate reduction rate and microbial

parameters (DNA concentration, prokaryotic abundance from 16S rRNA gene quantification, microbial community composition) in the

sediment of the ice shelf zone (Stn 19) and open sea (Stn 83) of the Amundsen Sea in 2012.
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polynya

(Kim et al., 2016).

polynya Stn10

,

. Stn10 Stna17

bacteria

, polynya archaea

. PCR . Stn10

Planctomycetes

(anaerobic ammonia oxidation, anammox)

. Choi et al. (2016) polynya Stn17

anammox bacteria 16S rRNA gene PCR

, 6 7 cm 39%

, prokaryotic 16S rRNA gene

33% (Fig.

9). polynya

,

46% (Choi et al. 2016).

Polynya Planctomycetes

.

10 30% . ,

50% (Karner et al 2001).

(Kirchman 2012). Stn83 0.4%

Thaumarchaeota .
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Thaumarchaeota

(Könneke et al. 2005).

Thaumarchaeota

,

.

2.3. Stable-isotope probing

Stable-isotope probing (SIP)

,

(Glaubitz et al. 2009; Webster et

al. 2010; Vandieken et al. 2012).

,

13
C glucose

(MAA) 7 0.22 mμ

.

template .
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4

(2015 ) 2013-2014 12-2

(sea-ice zone, polynya, ice shelf and offshore) (1)

(2)

. 2012 1-3

(sea-ice zone, polynya, ice shelf and offshore)

,

.

.
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-

-

.

, (1)

, (2)

(3)

,

.

polynya

,

.

.

stable-isotope probing

.

, /

,
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