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Abstract 

 Antarctic spring and summer time surface sea water undergo major physical alterations: 

increased temperatures and solar radiation induce sea-ice melting that leads to stratification 

of the upper water column. We investigated the composition of marine micro-eukaryotic and 

bacterial summer communities in Ryder Bay, Antarctic Peninsula, during stratified and post 

stratified conditions by community fingerprinting (DGGE) and sequencing analysis of partial 

18S and 16S rDNA genes. Community fingerprinting of the eukaryotic community revealed two 

major patterns coinciding with stratified and wind-mediated mixed periods. During 

stratification, we observed depth related differences in eukaryotic fingerprints; while depth 

related differences in bacterial fingerprints were weak. Subsequent wind induced breakdown of 

stratification caused a rapid shift in the eukaryotic fingerprint with a shift from an 

Actinocyclus sp. to a Thalassiosira sp. dominated eukaryotic community. This was followed by 

a shift in the bacterial community with a few days delay, suggesting a response to the changes 

in eukaryotic community rather than to the mixing event itself. Sequence analysis revealed a 

shift from �- and �- Proteobacteria to Cytophaga-Flavobacterium-Bacteroides dominated 

community under mixed conditions. Our results show that stratified and transition to non-

stabilized Antarctic surface waters have an important impact on the eukaryotic and bacterial 

community composition. Since climate change models are predicting increased sea-ice and 

glacial melting, the composition of Antarctic marine microbial communities may be 

significantly altered within the upper euphotic layer. 
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INTRODUCTION 

Antarctic marine microbial communities inhabit water masses that are characterized by 
extreme and highly variable physical conditions. Especially in the Antarctic coastal and 
marginal ice zone regions temperature and irradiation regimes are highly variable. Wind 
mediated deep vertical mixing and sea-ice cover strongly reduce the average under water 
irradiance regime, available for marine organisms. This contrasts with periods of summer sea-
ice melting, where reduced surface water salinity and density result in a water column 
stratification, which on its turn leads to increasing irradiance levels in shallow surface waters 
(Kang et al., 2001; Dierssen et al., 2002). In the Antarctic region, periods of water column 
stratification are associated with the development of major phytoplankton blooms (Mura et al., 
1995; Moline and Prézelin, 1996; Kang et al., 2001; Dierssen et al., 2002). Taxonomic surveys 
between stratified and deeply mixed Antarctic water masses show that diatoms generally 
dominate under stratified conditions while nanoflagellates dominate in deeply mixed waters 
(Arrigo et al., 1999; Kang et al., 2001). The effects of water column stabilization on marine 
microbial community structure have so far mainly been conducted on marine microalgae, 
applying microscopic or specific pigment analyses. In contrast, the effects of stratification on 
bacteria remained relatively unknown. We expect that bacteria, which play an important role in 
the recycling of decaying organic matter, will follow shifts in the micro-eukaryotic community 
composition mediated by either stratification or mixing.  

Application of molecular methods in the field of marine microbial ecology was successfully 
introduced around the 1990’s with the analysis of clone libraries generated for samples 
collected from the Sargasso Sea (Giovannoni et al., 1990). Analysis of amplified 16S rDNA 
from environmental samples provided new insight into the prokaryotic kingdom. Several novel 
archaeal lineages were identified in marine samples (DeLong, 1992; Fuhrman et al., 1992) 
while novel divisions were described among the Bacteria, such as the SAR 11, which proved 
to dominate marine bacterioplankton assemblages (Morris et al., 2002).  

As molecular tools revolutionized the field of prokaryotic microbial ecology, for many 
years, it remained largely absent in studies devoted to micro-eukaryotes. Relatively large 
marine micro-eukaryotic species (> 20 µm) such as diatoms, dinoflagellates and ciliates can be 
discriminated based on morphological traits, such as frustules, loricae and skeleton structures 
(Hasle and Syvertsen, 1996). However smaller sized (pico- and nano-) flagellate species are 
difficult to identify by light microscopy (Rappé et al., 1998): they often lack cryptic 
morphologic features applicable for taxonomic identification and are highly sensitive to 
fixatives, responsible for rapid degradation or loss of key morphologic features (Simon et al., 
1994). Therefore, complementary analysis of taxon-specific pigment markers is often deployed 
to distinguish major phytoplankton classes (Mackey et al., 1996; Wright and van den Enden, 
2000). This approach revealed that haptophytes, green algae and cryptophytes often dominate 
deeply mixed waters of the Atlantic sector of the Southern Ocean (Buma et al., 1990; Moline 
and Prézelin, 1996). However, pigment data have limited value for detailed taxonomic 
classification (Rodríguez et al., 2002). Only more recently molecular tools have expanded to 
diversity studies on marine micro-eukaryotes, using the 18S rDNA marker. Samples collected 
from different oceanic regions including the Pacific, Atlantic and Southern Oceans revealed 
unexpected high diversities for the smaller sized (< 5 µm) eukaryotes using molecular 
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approaches (López-García et al., 2001; Moreira and López-García, 2002; Moon-van der Staay 
et al., 2003; Massana et al., 2004a) Rapidly, environmental sequences accumulated and 
revealed novel lineages among the Alveolates, Stramenopiles and Prasinophytes (Moreira and 
López-García, 2002; Massana et al., 2004a; Guillou et al., 2005). Molecular based diversity 
studies were supplemented with molecular fingerprinting tools providing relatively rapid 
insights into community composition shifts. Denaturing gradient gel electrophoresis (DGGE) is 
a PCR based method that has been used in several field and experimental studies, to assess 
prokaryotic community shifts and diversity (Ferrari and Hollibaugh, 1999; Schäfer et al., 2001; 
Massana et al., 2001; Casamayor et al., 2002; Riemann et al., 2008). An increasing number of 
studies now apply DGGE to assess the shifts in marine eukaryotes (s.a. dinoflagellates, 
picoeukaryotes, nematodes and fungi) in various environments including sediments, biofilms, 
estuaries and marine waters (Díez et al., 2001; Savin et al., 2004; Gast et al., 2004; Massana et 

al., 2004b; Carrino-Kyker and Swanson, 2008). Yet, only a limited number of studies used 
DGGE to describe micro-eukaryotic diversity and succession at marine Antarctic sites. In the 
present study we assessed shifts in surface micro-eukaryotic (2 - 200 µm size) and bacterial 
communities applying DGGE and cloning-sequencing analysis, during and after summertime 
surface stratification in Ryder Bay, Antarctic Peninsula. We hypothesize that changes in 
surface sea water properties, either stratified by sea ice melting or mixed by wind, shape 
Antarctic marine microbial community composition. 

MATERIAL AND METHODS 

Samples were obtained from Ryder Bay (67º34’S, 68º08’W) near the Rothera research station 
(British Antarctic Survey, BAS) located on Adelaide Island, between January 20 (Julian day 
20: Jd. 20) and February 28 (Jd. 59) 1998. Water samples were taken at 0, 5 and 10 m depth, 
transported directly to the laboratory where 1 to 3 L of water was size fractionated over 0.2, 2 
and 10 µm pore size polycarbonate filters (Osmonics). Samples were coded using the 
collection date (in Julian days), the collection depth (m) and size fraction (µm). DNA was 
extracted using the CTAB method (Buma et al., 2001); the samples were subsequently stored 
at -80ºC. Salinity was measured in lugol fixed samples that were used for taxonomic 
composition analysis using classical microscopy, Lugol fixation had been shown (Buma et al., 
2001) not to significantly affect salinity measurements (variability with non-fixed samples < 
0.1 PSU, which was considered acceptable for the present study). Wind speed data were 
provided by the BAS meteorological station.  

Molecular analysis 

Molecular analysis of the eukaryotic and bacterial community was performed on partial 
fragments of the 18S and 16S rRNA genes, respectively. Although differences in ribosomal 
RNA gene copy numbers between species or primer annealing differences can induce biases 
into the amplified fragments, the application of PCR on environmental samples is widely used 
in the field of microbial and molecular ecology (Suzuki and Giovannoni, 1996; Speksneijder et 

al., 2001; Frey et al., 2006). Here we applied a combination of partial amplification of rRNA 
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genes, subsequent denaturing gradient gel electrophoresis (DGGE) and clone library 
sequencing for species identification purposes. 

A 500 base pairs (bp) fragment of the 18S rRNA gene was amplified using the eukaryote 
specific primer set Euk1A and 516r-GC (Díez et al., 2001). Amplification procedures were 
done as described in Piquet et al. (2008). Approximately 430 bp of the variable V6 region of 
the 16S rRNA gene was amplified using the U968f-GC forward primer, containing a GC clamp 
at the 5’end, and the U1401R reverse primer (Nübel et al., 1996). The PCR program used for 
16S rRNA amplification started with a 5 min 94oC denaturation step, 10 touch down cycles, 
where the annealing temperature was decreased by 0.5oC each cycle providing a gradient from 
60 to 55oC, and 25 cycles of 60 s at 94oC, 60 s at 55oC and 120 s at 72oC. The amplification 
was finalized by an elongated 72oC extension step (30 min) to remove artificial double bands 
(Janse et al., 2004). PCR products were separated by DNA gel-electrophoresis on a 1% agarose 
gel, stained with Ethidium Bromide and visualized with an Image Master (Pharma Biotech). 
Amplicon yield was estimated by comparing bands with a DNA Smart Ladder (Eurogentec). 

In short, PCR products of expected size and quantity were subjected to DGGE analysis 
using the PhorU system (Ingeny). 200ng amplicon was run on DGGE with 40-70% and 10-
60% denaturing gradient for the 16S and 18S rRNA fragments, respectively. Band patterns 
were translated into presence/absence data, analyzed with Dice similarity coefficient and 
presented in the form of an unweighted pair group method with arithmetic averages (UPGMA) 
dendrogram using the Bionumerics software package (Applied Maths). In the 18S rRNA 
DGGE, bands identified as Metazoa were excluded from further statistical analysis. More 
details on DGGE methods and analysis are given in Piquet et al. (2008). 

Ordination analysis 

We ran unimodal detrended correspondence analysis (DCA) and redundancy analysis (Van den 
Wollenberg, 2007) with CANOCO version 4.5.2 (Ter Braak and Šmilauer, 1998), on the 
presence and absence of 42 bands of the 18S rRNA DGGE profiles and on the following 
environmental variables data: salinity, average wind speed, stratification (1= stratified; 0= not 
stratified), size fraction and sampling depth. We considered that the water column was 
stratified when surface salinity was < 32 psu and wind speeds were < 5 m.s-1. Similar analysis 
was performed on the presence and absence data of 30 bands from the 16S rRNA DGGE 
profiles. Subsequently Monte Carlo’s unrestricted permutation test (1000 permutations) was 
run on the data set to determine the significance of the environmental variables in explaining 
variation in the data set. 

Species diversity 

A sample-set was selected for further sequencing based on differences observed in the DGGE 
band patterns. Accordingly, 18S rRNA clone libraries were generated from the DGGE PCR 
products for the following nine environmental samples: 22-0; 28-0; 28-10; 31-0; 31-10; 33-10; 
41-0; 51-0; 52-10 (coded by Julian day – depth). DNA fragments were cloned in pGEM-t 
(Promega) and transformed to Escherichia coli strain JM109 according to the manufacturer’s 
protocol. Positive inserts were selected, re-amplified and re-run on a DGGE next to the original 
environmental sample amplicon. DGGE profiles of the PCR products from these single clones 
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were compared to the original environmental band patterns. Clones with migration lengths 
similar to bands of the environmental fingerprint were selected for subsequent sequencing. The 
pGEM-t inserts were amplified from the vector’s T7-SP6 sites, providing sequences for the 
complete insert (500 bp). Amplification was followed by a cleanup step by polyethylene glycol 
8000 (Sigma) precipitation. Sequence products were cleaned by standard isopropanol 
precipitation and analyzed on an automated ABI 377 DNA sequencer (Applied Biosystems). 
 16S rRNA fragments of approximately 1400 base pairs were amplified using the universal 
bacterial primer set B8F (5’ –AGAGTTTGATCMTGGCTCAG–3’) - U1406R (5’–
ACGGGCGGTGTGTRC–3’). Amplification mixtures consisted of dNTP mix in final 
concentration 200 µM, 200 nM primers, 1× PCR buffer (GE Healthcare), 2.3 mM MgCl2, 2% 
dimethyl sulfoxide (DMSO), 0.2 mg/mL Bovine Serum Albumine (Roche) and 1 unit Taq 
DNA polymerase (GE Helathcare). The reaction was run on a thermal cycler (GeneAmp®, 
PCR system 9700, Applied Biosystem) using the following program: 940C for 130 sec; 35 
cycles of 940C for 30 sec, 560C for 45 sec, 720C for 130 sec; and a final elongation step of 
720C for 7 min. The PCR products were used to generate clone libraries the smallest size 
fraction (0.2 – 2 µm) of a selection of samples: 22-0, 23-0, 23-10, 28-0, 42-5, 51-0 and 58-0. 
Samples were selected according to variation in the environmental DGGE band patterns. 
Positive inserts and amplicons were sequenced, as described above, except for the reverse 
primer U1406R, which yielded partial 16S rRNA sequences of approximately 800 base pairs. 
 All sequence data were manually checked with Chromas v.2.3.1 and suspected chimeric 
sequences were checked online at Ribosomal Database Project II 8.1 Chimera check program 
(http://rdp8.cme.msu.edu/cgis/chimera.cgi?su=SSU). The closest match for each sequence was 
obtained with NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST) and included in the 
phylogenetic analysis. Molecular Evolutionary Genetics Analysis (MEGA) version 4.0 
(Tamura et al., 2007) and its add-in ClustalW was used to align the DNA sequences and to 
create neighbour joining trees based on the maximum composite likelihood algorithm (Hartl et 

al., 1994; Zhu and Bustamante, 2005), the branch strength was tested with 1000 bootstrap 
permutations (Felsenstein, 1985). We defined Operational Taxonomic Units (OTUs) as 
sequences with at least 97% similarity; sequence similarity was determined by pair wise 
sequence alignment in Clone Manager, version 6 (Scientific & Educational Software). In the 
phylogenetic tree, OTUs are classified at the taxonomic phylum and class level as deduced 
from sequences added from the NCBI database. All sequences presented in this study were 
submitted to NCBI database under accession numbers FJ985878 to FJ985976. 

RESULTS 

Environmental variables  

Surface salinity and wind speed measured during the survey revealed two distinct periods. The 
first period (Jd. 20 to 32) was characterized by relative low wind speeds (averaging 3.0 m.s-1) 
and low surface salinities (averaging 31.2 psu). These conditions had caused salinity 
stratification of the upper water column (Buma et al. 2001). The second period lasted from Jd. 
33 to the end of the sampling period (Jd. 59) and was characterized by a higher average wind 
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speed (6.2 m.s-1) and surface salinity (32.4 psu). The highest wind speed was measured on Jd. 
33 (11.7 m.s-1). This caused an immediate increase in surface salinity from 30.2 psu on Jd. 32, 
to 32.4 psu on Jd. 33 (Buma et al. 2001), indicative of stratification breakdown, which was 
sustained throughout the second period by six days with high wind events (> 9 m.s-1).  

Dynamics of the micro-eukaryotic community 

Community shifts and dynamics of the micro-eukaryotes (10-200 µm) over time and from 
different depths were revealed by DGGE analysis (Fig. 4.1a). For comparison, four 2-10 µm 
size fractionated samples of Jd. 20, 31, 41 and 58 were included in the DGGE. Several bands 
appeared in both size fractions. The community fingerprint revealed temporal variability in 
band patterns, reflecting a transition in micro-eukaryote species composition. This clear shift 
occurred between Jd. 31 and 37, with the disappearance of several bands (e.g. band 3, 5 and 6) 
and the subsequent appearance of bands 4 and 11. Up to Jd. 33 we also observed a clear 
stratified micro-eukaryotic community characterized by different DGGE patterns when 
sampled at different depths. After Jd 33, band patterns obtained from different depths were 
more similar as reflected in the dendrogram (Fig. 4.1b). Samples from days 42 and 52 collected 
at different depths (0, 5 and 10 m) formed clusters in accordance with sampling time (42 & 52, 
Fig. 4.1b), while samples collected earlier mainly clustered according to depth and secondly 
according to time (e.g. cluster 31-10-10 & 33-10-10 and cluster 31-0-10, 31-5-10 & 33-0-10). 
Samples collected before Jd. 33 at 10 meters depth showed higher similarity with the samples 
collected later (Jd. 37–58) rather than to their sibling surface sample (cluster D, Fig. 4.1b). 
The highest value of the gradient length in an explorative indirect unimodal detrended 
correspondence analysis (DCA) was lower than 3, indicating that variability could best be 
explained by linear ordination. We therefore applied redundancy analysis (RDA) to analyze the 
variation in our sample set. The ordination analysis was presented as RDA triplot (Fig. 4.2), 
which revealed several clusters that approximated the clusters obtained in the dendrogram (S 
and M in Fig1b.). Two major groups were distinguished: one consisting of samples collected 
before and one containing samples collected after Jd. 33. Furthermore, before Jd. 33 samples 
showed further sub-grouping according to collection depth, whereas in the other group further 
clustering was less evident (Fig. 4.2). The 2 µm samples were located separately in the upper 
end of the triplot. The significance of the environmental variables in explaining the observed 
variation in our data set was tested by Monte Carlo’s unrestricted permutation test (1000 
permutations). Redundancy analysis significantly (p = 0.001) explained 34% of the variation in 
our data set. Each variable was tested separately; the environmental variables stratification 
(water column) and average wind velocity significantly explained most of the variation and 
appeared responsible for the separation between the samples collected before and after Julian 
day 3 
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Figure 4.1a. DGGE image of partial 18S rRNA gene fragments of samples collected over time and at 

different depths. b. Dendrogram generated for similarities in band patterns (Dice similarity coefficient). 

Sample codes: sampling day -sampling depth-size fraction; numbers within the gel refer to bands identified 

by sequencing efforts (Table 4.1). Cluster codes are S: stratified; M: mixed; D: deep. 
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Figure 4.2. Redundancy analysis (RDA) triplot generated for the 18S rRNA community 

fingerprints.  

Environmental variables are indicated by grey arrows; species with 50 -100% fit by dashed 

arrows (n.i.: not identified); samples by rounds (sample codes as in fig. 4.1); major clusters are 

indicated by the ellipses (full, dotted and dashed lines). 

 
Sequencing of the 18S rDNA clone libraries generated from the 10 µm size fractionated 
samples provided information on DGGE band identity. Only bands with at least two clones 
with similar migration pattern and sequence identity were considered as “identified” and 
annotated with a number in the gel. The lower bands (15-18, Table 4.1) were related to 
metazoan sequences. Slower migrating bands, confined in the upper part of the gel, were 
generally diatom related sequences, while bands from the lower mid part of the gel contained 
sequences related to dinoflagellates, haptophytes, cercozoans and Cryothecomonas sequences. 
Bands identified as Gyrodinium rubrum and G. spirale were present throughout the survey and 
at all depths. The composition of the diatom community shifted over time. Initially 
Actinocyclus curvulatus (band 3) and an unidentified Stramenopile (band x) dominated the 
community; these were replaced by Thalassiosira tumida (band 8) and Eucampia antarctica 

(band 1) related 18S rRNA fragments after stratification breakdown (>Jd 33). Cryothecomonas 
sp. was identified in bands 4 and 6. On a temporal scale Cryothecomonas aestivalis was 
present from days 28 to 42 and shortly complemented by C. longipes from days 41 to 47.  
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Table 4.1.  

Group and OTU
a

N
b 

Band
c Closest BLAST match 

(acces. nbr.)
d Q/S

e  Closest Cultivated BLAST match 

(acces. nbr.)
f Q/S

e

ANT-Roth-MECl-2 3 b1 — — Eucampia antarctica  (X85389) 535/535 (100%)

ANT-Roth-MECl-5 2 b2 — — Chaetoceros rostratus  (X85391) 525/532 (98%)

ANT-Roth-MECl-4 1 b2 — — Chaetoceros rostratus  (X85391) 510/532 (95%)

ANT-Roth-MECl-8 7 b3 — — Actinocyclus curvatulus  (X85401) 533/534 (99%)

ANT-Roth-MECl-72 1 — — — Ditylum brightwellii  (FJ266034) 509/537 (94%)

ANT-Roth-MECl-10 1 b7
U. mar.euk. clone E1-43 

(EU078279)

513/514 

(99%)
Nitzschia longissima  (AY881968) 508/524 (96%)

ANT-Roth-MECl-87 2 b7 — — Fragilariopsis cylindrus  (EF140624) 511/516 (99%)

ANT-Roth-MECl-1 1 — — —
Pseudo-nitzschia pungens 
(NPU18240)

521/523 (99%)

ANT-Roth-MECl-33 4 — — —
Pseudo-nitzschia pungens 
(NPU18240)

519/523 (99%)

ANT-Roth-MECl-28 7 b8 — — Thalassiosira tumida  (DQ514883) 532/537 (99%)

ANT-Roth-MECl-69 1 — — — Coscinodiscus  sp. (AY485448) 470/543 (85%)

ANT-Roth-MECl-66 1 — — —
Porosira pseudodenticulata 
(EU090015)

500/500 (100%)

ANT-Roth-MECl-90 4 b10
U.euk. clone 

RA010412.17 (AJ564767)

530/542 

(97%)
Telonema subtilis  (AJ564772) 529/542 (97%)

ANT-Roth-MECl-44 2 b13 — — Phaeocystis jahnii  (AF163148) 531/534 (99%)

ANT-Roth-MECl-13 1 — — — Ebria tripartita  (DQ303923) 543/544 (99%)

ANT-Roth-MECl-73 1 —
U.euk. clone DSGM-52 

(AB275052)

503/506 

(99%)

Cryothecomonas aestivalis 
(AF290539)

482/512 (94%)

ANT-Roth-MECl-31 1 —
U.mar.euk. clone 

NOR46.14 (DQ314811)

520/540 

(95%)

Cryothecomonas aestivalis 
(AF290539)

515/540 (94%)

ANT-Roth-MECl-14 2 b4
U.mar.euk. clone 

NOR46.27 (DQ314814)

537/542 

(99%)

Cryothecomonas longipes 
(AF290540) 

522/542 (96%)

ANT-Roth-MECl-15 1 b4
U.euk. isolate 

BS_DGGE_Euk-4 

540/543 

(99%)

Cryothecomonas longipes 
(AF290540) 

536/543 (99%)

ANT-Roth-MECl-23 6 b6
U.mar.euk. clone 

NOR46.14 (DQ314811)

543/543 

(100%)

Cryothecomonas aestivalis 
(AF290539)

538/543 (99%)

ANT-Roth-MECl-91 1 —
U.euk. clone SCM16C17 

(AY665055)

520/525 

(99%)
Salpingella acuminata  (EU399536) 463/466 (99%)

ANT-Roth-MECl-21 2 b5
U.mar.euk. clone 

SA2_1B7 (EF527117)

393/434 

(90%)
Hartmannula derouxi  (AY378113) 386/430 (89%)

ANT-Roth-MECl-36 3 b11
U.mar.euk. clone E4-160 

(EU078319)

515/527 

(98%)
Prorocentrum micans  (EF492511) 499/536 (93%)

ANT-Roth-MECl-34 1 —
U.mar.euk. clone 

SIF_1E11 (EF527103)

523/536 

(97%)
Dinophyceae sp. RS-24  (AY434686) 509/536 (94%)

ANT-Roth-MECl-50 1 — — —
Gymnodinium catenatum 
(DQ779990)

528/536 (98%)

ANT-Roth-MECl-96 1 —
U.mar.euk. clone 

SIF_4E8 (EF527085)

522/536 

(97%)

Pentapharsodinium tyrrhenicum 
(AF022201)

518/536 (96%)

ANT-Roth-MECl-101 7 b12
U.mar.euk. clone 

FV_18CilB5 (DQ310298)

521/536 

(97%)
Gyrodinium spirale  (AB120001) 497/511 (97%)

ANT-Roth-MECl-46 8 b14
U.mar.euk. clone E3-61 

(EU078300)

525/526 

(99%)
Gyrodinium rubrum (AB120003) 509/510 (99%)

ANT-Roth-MECl-32 1 b9
Undescribed mertensiid 

sp. 3 (AF293681)

533/537 

(99%)
Mnemiopsis leidyi  (AF293700) 529/537 (98%)

ANT-Roth-MECl-56 3 b15 — — Lepidonotus sublevis  (AY894301) 554/556 (99%)

ANT-Roth-MECl-107 1 — — — Pista cristata  (AY611461) 485/526 (92%)

ANT-Roth-MECl-59 3 b16 — — Euphausia superba  (AY672801) 558/558 (100%)

ANT-Roth-MECl-53 1 —
U. mar.euk. clone E1-10 

(EU078274)

525/527 

(99%)
Scambicornus sp . (AY627011) 497/536 (92%) 

ANT-Roth-MECl-62 4 b17 — — Metridia gerlachei  (AY118076) 516/516 (100%)

ANT-Roth-MECl-63 2 b18 — — Calanoides acutus  (AF367712) 531/532 (99%)

Cercozoa

Telonema sp.

Stramenopiles

Metazoa

Dinophyceae

Ciliophora

Haptophyceae
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Table 4.1. Eukaryote OTUs determined from clone sequencing and phylogenetic analysis. (page 94.). 
a
 OTU determined as sequences with 97% similarity. Sequences of OTUs in ascending order correspond to 

NCBI accession numbers FJ985878 to FJ985912; 
b
 Number of clones per OTU ; 

c
 Corresponding band in 

the eukaryote DGGE; 
d
 Closest match from the NCBI database and accession number; 

e
 Q/S: Query 

sequence coverage and percentage Similarity, 
f
 Closest cultivated NCBI match and accession number. 

Micro-eukaryotic species composition 

A selection of sequences was used for band identification, while the complete sequence-set (88 
in total) was used in the phylogenetic analysis. This revealed that the sequences were divided 
over six phyla: Alveolata (Dinophyceae and Ciliphora), Haptophyceae, Cercozoa, 
Stramenopiles, Metazoa and one cluster related to Telonema sp., an unclassified Eukaryota, 
(Table 4.1). We identified 35 OTUs; the Stramenopiles were most diverse with 12 distinct 
OTUs, which included centric and pennate diatoms. The OTUs related to centric diatoms 
showed highest sequence similarities with sequences of Actinocylcus curvulatus, Thalassiosira 

tumida, Porosira pseudodenticulata, Chaetoceros rostratus, Eucampia antarctica and to a 
lesser extent Coscinodiscus sp. GGM-2004. The pennate diatoms were represented by clones 
related to Ditylum brightwellii, Nitzschia longissima, Fragilariopsis cylindrus and Pseudo-

nitzschia pungens. Alveolates were represented by 6 dinoflagellate related OTUs and 2 OTUs 
related to the Ciliophora. The dinoflagellate sequences of Ryder Bay showed highest similarity 
to sequences of Prorocentrum micans, Dinophyceae sp. RS-24, Gymnodinium catenatum, 
Pentapharsodinium tyrrhenicum, Gyrodinium rubrum and Gyrodinium spirale. The 18S rRNA 
fragments identified as metazoans were affiliated to 4 typical Antarctic copepods (Euphausia 

superba, Scambicornus sp., Calanoides acutus and Metridia gerlachei), two polychaetes (Pista 

cristata, Lepidonotus sublevis) and a cnidarian (Mnemiopsis leidyi). Several cloned fragments 
proved to share most identity with cercozoan sequences, which included Cryothecomonas 

longipes, C. aestivalis and Ebria tripartita. One OTU was identified as a haptophycean, most 
similar to Phaeocystis jahnii.  

Dynamics of the bacterial community 

The bacterial community was subjected to DGGE analysis by amplifying a ~450 bp fragment 
of the 16 rRNA gene from the smallest size fraction (0.2 -2 µm) of the samples collected in 
Ryder Bay. However, due to a lack of sufficient quantities of DNA, we could only analyze a 
reduced sample set. DGGE analysis revealed the temporal variation in the bacterial community 
and differences in band patterns from samples collected at different depths (Fig. 4.3). A shift in 
band pattern appeared after Jd. 37 notably in the upper part of the gel (+ and *, Fig. 4.3). The 
upper band (+) was only apparent in samples collected after Jd. 37, while the lower band (*) 
was only present before that date in samples collected at 5 or 10 meters depth. In samples 41-0, 
54-0, 31-5 and 42-5 the quadruplet set of bands (#) in the upper end of the gel temporarily 
disappeared. Given the limited number of sub-surface samples available (5, 10 m), similarity 
analysis was only performed on surface samples (Fig. 4.3b). This analysis revealed higher 
similarity for the bacterial band patterns as compared with the eukaryotic samples. All band 
profiles shared at least 60% similarity, except for the divergent band pattern of sample 47-0. 
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Two main clusters emerged in accordance with sampling time: samples collected from Jd. 20 
to 37 (cluster S) and samples collected from Jd. 41 to 58 (cluster M). Samples within these 
clusters showed high similarity to each other with > 80% similarity in the first cluster and > 
70% similarity in the second cluster.  

 

Figure 4.3a. DGGE image of partial 16S rRNA gene fragments from environmental samples collected over 

time. b. Dendrogram generated for similarities in the DGGE band patterns.  

Codes as in fig. 4.1, bands mentioned in text are indicated by symbols. 
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Redundancy analysis of species variation (bands) and environmental variable significantly 
explained 36.1 % of the variation in our data set (Monte Carlo’s permutation test, p = 0.001). 
The variation along the first axis, which explained 19.9% variation (p = 0.001), mostly 
correlated with the environmental variable stratification. Separate RDA analysis performed for 
each variable revealed that the variables stratification and average wind significantly explained 
18.2 and 15.4 % of the variation (p= 0.001). Three main clusters emerged in the RDA triplot 
(Fig. 4.4) that separated according to time, as in the dendrogram, and secondly according to 
depth. The environmental variable stratification explained the largest part of the variation in 
the data set, roughly separating samples collected before and after Jd. 37.  

 

Figure 4.4. RDA triplot generated for 16S rRNA DGGE band patterns. Species are unidentified, 

therefore numbered according to DGGE band position. Codes used are as in fig. 4.2. 
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Bacterial species composition 

A total of 367 partial 16S rRNA sequences were analyzed and revealed the presence of 
members belonging to the �-Proteobacteria, �-Proteobacteria, �-Proteobacteria, 
Actinobacteria and to the Cytophaga-Flavobacteria-Bacteroides (CFB) group; 24 sequences 
were closely related to 16S-like chloroplasts/plastids of eukaryote origin (Fig. 4.5). We 
identified a total of 64 OTUs (FJ985913 - FJ985976). The CFB phylum appeared to be the 
most diverse with 22 OTUs and included sequences related to Polaribacter sp., 
Flavobacterium sp., Bacteroidetes sp. and Cytophagales sp. Sequences related to the �-
Proteobacteria consisted of 21 OTUs with members of the SAR 86 cluster, Psychromonas sp., 
Pseudoalteromonas sp., Pseudomonas sp., Glaciecola sp and Psychrobacter sp. In the 
phylogenetic tree one �-Proteobacteria related OTU (Cl 5-37, Psychrobacter sp.) was 
positioned separately from the main cluster, between the CFB and Chloroplast/Plastid phyla. 
Sequences from this cluster were not chimeras and did not reveal any inconsistencies. The �-
Proteobacteria included sequences related to the Pelagibacter ubique member of the SAR 11 
cluster, and Roseobacter sp. The clone library revealed a few sequences related to the 
Actinobacteria and β-Proteobacteria.  

Figure 4.5. Neighbor Joining phylogenetic tree showing the position of partial 16S rRNA sequences 

obtained from the generated clone libraries. (page 99).  

The clone codes are shown in bold; number of clones per OTU is indicated between brackets; sequences 

were provided as “ANT-Roth-umbCl- clone code” to the NCBI database in ascending order [1-6 to 7-58] 

correspond to [FJ985913 to FJ985976] 
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Relative distribution of bacterial sequences (excluding sequences of chloroplast or plastid 
origin) was calculated for the entire clone library (343 clones, total) and for each sample used 
to generate clone libraries (Fig. 4.6). OTUs were pooled into sub-clusters according to main 
branches found in the phylogenetic tree. For example, the OTUs 6-22, 1-60 and 5-38 formed a 
cluster related to Psychromonas sp., yielding 22 clusters. The pie chart representing the entire 
clone library resolved at the phylum level (outer ring of Total in Fig. 4.6) revealed that the 
CFB (green and grey gradients) covered 41.7% of the sequences, while the second most 
dominant phylum belonged to the �-Proteobacteria (35.7%) and the third to the �-
Proteobacteria (19.2%). At the cluster level gamma-1 (16.9%), Polaribacter irgensii (16.6%), 
Flavobacter-3 (13.1%) and SAR 11 (10.1%) sequences dominated the clone library. Clone 
libraries of samples collected from Jd. 22 to 28 revealed that γ- and α-Proteobacteria related 
clones initially dominated, with members of the SAR11 and gamma-1 clusters forming the 
largest part of each of these phyla. The sample collected on Jd. 23 from 10 meters depth 
showed strong differences with the surface samples. At 10 meters depth clones related to the 
CFB phylum dominated the clone library with the Polaribacter irgensii and Flavobacter-2 
clusters. The diversity of the γ-Proteobacteria was reduced to 2 clusters, while all other 
samples harbored sequences from at least 4 γ-Proteobacteria clusters. The α-Proteobacteria 
clones remained abundant at 10 meters depth but sequences belonging to the Roseobacter1 
cluster dominated. Clone libraries of samples collected after Jd. 28 revealed a strong decrease 
in α-Proteobacteria, while CFB related sequences strongly increased, forming 40 to 65% of 
the clones. In these samples, the γ-Proteobacteria clones formed the other large portion of the 
clone library, except in sample 51-0 where members of the Flavobacterium3 cluster constituted 
65% of the library. Overall the clone distribution indicated that γ- and α-Proteobacteria 
dominated the surface water samples during stratified conditions (before day 34 of the 
sampling period) and differences could be detected between samples collected at different 
depths in this period, with a strong influx of CFB clones at 10 meters depth. This was found to 
be consistent with an increased dominance of CFB clones in surface samples after stratification 
breakdown. 
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Figure 4.6.Relative distribution of bacterial clones recovered for all sequences (Total) and per cloned 

sample. 

The distribution of clones is represented per OTU cluster (pie chart) per bacterial phylum (outer ring). Total 

of clones sequenced are indicated between brackets next to pie chart.  

For colours, see colour appendix 7.3 on page 179. 

DISCUSSION 

Salinity stratification appeared to be responsible for shaping the micro-eukaryotic community 
during our survey in Ryder Bay, which is in agreement with other studies performed in the 
Antarctic (Kang et al., 2001; Dierssen et al., 2002). First of all, eukaryotic community analysis 
by DGGE revealed significant differences in band patterns from the surface to 10 meters depth 
in the stratified water column. Secondly, our data showed that stratification breakdown during 
summer caused rapid shifts in both eukaryote and bacterial communities. The first high wind 
event (Jd. 33) induced destruction of the halocline and a rapid shift in the eukaryotic 
community, as revealed by the appearance of novel bands in the surface samples. Some of 
these bands were present in the 10 m depth samples collected during the stratified period, 
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suggesting that some species avoid the lower-salinity layer above the halocline. Subsequent 
wind induced deep vertical mixing caused an increase in surface salinity and a redistribution of 
microbial species over the water layers. Microscopy cell counts performed on the surface 
samples indicated a four-fold increase in average diatom numbers during the mixing period 
(15.2 to 68.0 x 104 cells.L-1, (Buma et al., 2001)). The effect of stratification versus mixing was 
less apparent for the bacterial community, although two clusters emerged from the DGGE data 
and subsequent analysis. In addition, the shift in species composition seemed to be slightly 
delayed as compared to the eukaryotic response. The shift in bacterial community composition 
only became visible four days after the mixing event, namely on Jd. 37, as compared to Jd. 33 
for the eukaryotes. Bacteria generally respond to changes in phytoplankton growth and species 
composition with a lag phase. Billen and Becquevort (1991) reported a one month delay in the 
response of Antarctic bacterial production to the phytoplankton spring bloom. This delay was 
attributed to the size and composition of the available DOM pool. More recently, delays in 
bacterial diversity responses to increased primary production proved to vary according to the 
bacterial species present. Bacteria belonging to the CFB revealed a rapid response to increased 
primary productivity with increasing species richness, while members of the �-Proteobacteria 
showed a U-shaped species richness response to increased primary productivity (Horner-
Devine et al., 2003).  
During the period of stratification, the bacterial DGGE fingerprints also revealed differences 
between surface and 10 meter samples. Buma et al. (2001) studied depth dependent DNA 
damage induction (cyclobutane pyrimidine dimers, CPDs) in three size fractions, due to 
environmental UV-B exposure. Here, most UV-B mediated DNA damage occurred in the 0.2-2 
µm fraction of surface samples during the stratified period. Other studies have reported 
species-specific differences in UV-R vulnerability for Antarctic prokaryotes. For example, 
Arrieta et al. (2000) showed that Gram positive isolates proved to be more sensitive to the 
effects of UV-R than �-Proteobacteria, while Hernandez et al. (2002) showed similar negative 
UV-R effects in two bacterial strains isolated from an Antarctic coastal site (Potter Cove). Our 
data suggest that a few OTUs (DGGE bands) avoided or could not develop in the upper layers 
and were only detected in deeper or well mixed samples (e.g. band *, Fig. 4.3). Additionally, 
the present study showed bacterial community shifts related to stratification. Therefore, 
although we have no direct data to confirm this, we cannot rule out that UV-radiation may have 
had a shaping effect in the upper layer. Overall, our data revealed that eukaryotic and bacterial 
communities from Antarctic coastal sites are subject to significant and rapid shifts during 
summer when stratification of the upper water layer is lost.  

Classical vs. molecular techniques 

The identification of bands, representative of 18S rRNA gene fragments, provided an insight in 
the species dynamics of the Ryder Bay community from January to February 1998. Sequencing 
of amplified 18S rDNA fragments revealed that most clones were related to Stramenopiles and 
included species that were also observed by microscopy analysis (Buma et al., 2001). 
Moreover  in Buma et al. (2001) analysis of several taxon specific markers showed that the 
diatom specific pigment fucoxanthin had the highest concentration (apart from chlorophyll a) 
throughout the sampling period. Microscopy analysis confirmed the dominance of diatoms, 
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especially of Thalassiosira sp., Pseudonitzschia sp. and Eucampia sp. species. Nitzschia sp. 
and Chaetoceros sp. were detected by both microscopy and 18S rDNA sequencing, while the 
diatoms Rhizosolenia sp. and Odontella sp. were only detected by microscopy (Buma et al. 
2001). In contrast, Actinocyclus sp., Coscinodiscus sp., Porosira sp. and Ditylum sp. related 
sequences were detected by molecular approach only. Apart from diatoms, microscopy 
revealed the presence of flagellates, which could only be classified according to size class, 
while sequencing efforts revealed a group of flagellate species represented by 6 OTUs. 
Sequencing efforts also revealed the presence of Cryothecomonas sp.  
Several studies have successfully used pigment analysis to describe shifts in Antarctic 
phytoplankton communities. Moline and Prézelin (1996) conducted a 3 years survey near 
Palmer Station on phytoplankton composition using HPLC and pigment ratio analyses, 
observing a recurring shift towards cryptophyte dominance during low salinity events. In our 
study, DGGE band patterns revealed a shift in eukaryotic band patterns after deep vertical 
mixing was induced by strong wind mediated events. This shift was however overlooked by 
the pigment data as the shifts mainly occurred at the species and not at the class level, with 
diatom species dominating throughout the survey period.  

Prokaryotic diversity 

Sequencing of the 16S rRNA gene revealed that the smallest size fraction was dominated by 
CFB and �-Proteobacteria related sequences. This is in agreement with previous findings of 
other Antarctic marine studies using molecular approaches (Glöckner et al., 1999; Simon et al., 
1999; Abell and Bowman, 2005b; Gentile et al., 2006). CFB members have been reported to 
react rapidly to increases in primary production (Horner-Devine et al., 2003; Abell and 
Bowman, 2005b). This fits the observation of increased CFB clone numbers in surface samples 
collected during the mixing period, which coincides with an increase in diatom abundance. �-
Proteobacteria are ubiquitous in the marine environment and are well represented in the 
Southern Ocean and Antarctic coastal sites (Simon et al., 1999). However, this groups reacts 
with a lag phase to increased primary productivity (Horner-Devine et al., 2003). In the West 
Antarctic Peninsula Roseobacter spp., representatives of the �-Proteobacteria, proved to 
increase throughout the austral summer from December to March (Ducklow et al., 2007). �-
Proteobacteria have been hypothesized to be outcompeted by CFBs at the onset of the spring 
bloom, but are thought to increase later when the phytoplankton bloom is decaying. In support 
of this, Abell and Bowman (2005a) conducted mesocosm experiments to study the colonization 
of phytoplankton detritus by bacteria, and observed an initial colonization by members of the 
CFB, followed by �- and �-Proteobacteria. The relative distribution of sequences in our survey 
revealed an elevated abundance of �-Proteobacteria sequences during the stratified period. The 
�-Proteobacteria may have benefited from decaying phytoplankton and transformed DOM in 
the upper layer, where UV-R mediated damage was most pronounced (Buma et al., 2001). 
In addition to the typical marine bacterial groups as discussed above, our sequence data also 
indicated the presence of �-Proteobacteria, generally found in freshwater habitats. Members of 
the �-Proteobacteria have been found to dominate in summer melt pools of the Arctic Pack ice 
(Brinkmeyer et al., 2004). It is therefore suggested that the presence of �-Proteobacteria in our 
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samples is indicative of the influence of freshwater sources, either from sea ice or glacial 
melting.  
In conclusion, our study revealed that application of molecular tools provided a relatively rapid 
and easy method to detect shifts in community composition in relation to the physical state of 
Antarctic surface waters. Shifts in eukaryotes were quickly followed by a shift in the bacterial 
community during wind induced breakdown of summer stratification in Ryder Bay Antarctica 
and thus validating our hypothesis. As climate is changing rapidly in polar regions, including 
the Antarctic Peninsula region (Shepherd and Wingham, 2007; Ducklow et al., 2007), resultant 
alterations in salinity and temperature stratification as well as average wind speeds will 
significantly affect microbial communities. 
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