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Abstract Copepods can be associated with different kinds

and different numbers of bacteria. This was already shown in

the past with culture-dependent microbial methods or

microscopy and more recently by using molecular tools. In

our present study, we investigated the bacterial community

of four frequently occurring copepod species, Acartia sp.,

Temora longicornis, Centropages sp. and Calanus helgo-

landicus from Helgoland Roads (North Sea) over a period of

2 years using DGGE (denaturing gradient gel electrophore-

sis) and subsequent sequencing of 16S-rDNA fragments. To

complement the PCR-DGGE analyses, clone libraries of

copepod samples from June 2007 to 208 were generated.

Based on the DGGE banding patterns of the two years sur-

vey, we found no significant differences between the com-

munities of distinct copepod species, nor did we find any

seasonality. Overall, we identified 67 phylotypes ([97 %

similarity) falling into the bacterial phyla of Actinobacteria,

Bacteroidetes, Firmicutes and Proteobacteria. The most

abundant phylotypes were affiliated to the Alphaproteobac-

teria. In comparison with PCR-DGGE and clone libraries,

phylotypes of the Gammaproteobacteria dominated the

clone libraries, whereas Alphaproteobacteria were most

abundant in the PCR-DGGE analyses.
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Introduction

Marine copepods may constitute up to 80 % of the meso-

zooplankton biomass (Verity and Smetacek 1996). They are

key components of the food web as grazers of primary pro-

duction and as food for higher trophic levels, such as fish

(Cushing 1989; Møller and Nielsen 2001). Copepods con-

tribute to the microbial loop (Azam et al. 1983) due to

‘‘sloppy feeding’’ (Møller and Nielsen 2001) and the release

of nutrients and DOM from faecal pellets (Hasegawa et al.

2001; Møller et al. 2003; Steinberg et al. 2004). Similarly,

their moults and carcasses can be populated and decomposed

by bacteria (Tang et al. 2009b; Tang et al. 2006a, b).

Copepods are colonised by bacteria, especially around

the oral region and the anus as well as the body appendages

(Huq et al. 1983a), the intersegmental parts (Carman and

Dobbs 1997) and the intestine. The nature of this associa-

tion and also the origin of these bacteria are not well

understood until now. To date, it is not known whether

copepods exhibit a distinct bacterial community related to

their lifestyle or metabolism or whether they simply rep-

resent polymeric chitinous surfaces in the marine envi-

ronment. Bacteria located on the copepod exterior, in the

gut, on faecal pellets and carcasses have been investigated

with different methods in a number of previous studies

(Sochard et al. 1979; Brandt et al. 2010; Carman 1994;

Nagasawa et al. 1985; Nagasawa and Nemoto 1988; Delille

and Razouls 1994; Hansen and Bech 1996; Carman and

Dobbs 1997; Tang 2005; Møller et al. 2007; Tang et al.

2009b; Harding 1973; Nagasawa 1992; Kirchner 1995).

However, these studies were only snap shots investigating
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geographically different marine sites and several copepod

genera by applying a vast variety of methods.

Historically, classical microbiological cultivation

methods were used to obtain an insight into the bacterial

community of some copepod genera (e.g. Sochard et al.

1979; DeLong et al. 1993; Heidelberg et al. 2002b).

Molecular techniques that do not require cultivation

recently opened new perspectives (Heidelberg et al. 2002b)

in the analysis of the copepod-associated bacterial com-

munity (Møller et al. 2007). The authors identified bacteria

predominantly affiliated with the Alphaproteobacteria.

Since the majority of former studies focussed on the

identification of copepod-associated pathogens, e.g., Vibrio

cholerae (e.g. Huq et al. 1983; Tamplin et al. 1990; Huq

et al. 1984; Heidelberg et al. 2002a; Kaneko and Colwell

1975; Belas and Colwell 1982; Nalin et al. 1979), to date

not much is known about the total bacterial community

associated with copepods or seasonal dynamics of the

associated bacteria.

To close this gap in knowledge, the present study aims

to describe the bacterial communities of four frequently

occurring calanoid copepod species of the North Sea

(Acartia sp., Temora longicornis, Centropages sp., Cal-

anus helgolandicus) during two seasonal cycles using

DGGE and subsequent 16S-rDNA sequencing.

Materials and methods

Sample collection and preparation

Zooplankton samples from Helgoland Roads in the North

Sea (54�11.30N and 7�54.00E) were collected between

February 2007 and March 2009 using a 150 lm and a

500 lm net aboard the research vessels ‘‘Aade’’ and

‘‘Diker’’. The sampling intervals were weekly (first

6 months), bi-weekly (second 6 months) and monthly

(second year), respectively. Specimens from Acartia sp.

(ACA), Temora longicornis (TEM), Centropages sp.

(CEN) and Calanus helgolandicus (CAL) were sampled

during the two years. Using a stereo microscope, the ani-

mals were sorted by genus with sterile tweezers and

washed twice with sterile sea water. For the genera Acartia

and Centropages, the exact species affiliation is hard to

determine. Hence, we decided to denominate Acartia and

Centropages specimens by Acartia sp. and Centropages

sp., respectively. Until further analysis, individual cope-

pods were frozen in sterile reaction tubes at-20 �C.

DNA extraction

DNA extraction was carried out using a pellet pestle

(Kontes, Vineland, NJ, USA). Bundles of three (CAL) or

five (all other copepod genera) copepod individuals were

ground for 30 s, respectively. This was followed by a

phenol–chloroform-DNA extraction with SDS and lyso-

zyme as described elsewhere (Brandt et al. 2010).

PCR

PCR amplification of 16S rRNA gene fragments for DGGE

was performed using the bacteria-specific primers 341 with

GC-clamp (P3) (Muyzer et al. 1993) with a 40-bp GC-rich

sequence at the 50 end and 907r (Muyzer et al. 1995).

PCR mixtures with a volume of 50 ll contained 5 ll of

109 Taq buffer (5 Prime, Hamburg, Germany), 8 ll of

Master Enhancer (5 Prime) for initial PCRs and no

enhancer for re-amplification after DGGE, 200 lM dNTPs

(Promega, Mannheim, Germany), 0.2 lM of each primer, 2

U of Taq DNA polymerase (5 Prime) and 2 ll of DNA

prior and after DGGE. ‘‘Touchdown’’-PCR was performed

as described elsewhere (Sapp et al. 2007). PCRs were

conducted in a Mastercycler (Eppendorf, Hamburg, Ger-

many), and PCR products were separated on 1.2 % (w/v)

agarose gels (50 min at 100 V in 0.59 TBE).

For the cloning approach, the primers 63f and 1387r

(Marchesi et al. 1998) were used for PCR (composition of

PCR mixtures, see above). The temperature profile was as

follows: 5 min initial denaturing at 94 �C, 30 cycles with

denaturing at 94 �C for one min, annealing at 55 �C for one

min and elongation at 68 �C for two min was followed by a

final elongation step at 68 �C for 6 min.

Separated PCR products were visualised by ethidium

bromide (0.5 mg l-1), and images were captured with a

ChemiDoc XRS System (BioRad, München, Germany).

The thickness and intensity of each band visualised were

used to gauge the relative volume of the corresponding

product used for DGGE (see below).

DGGE

All 16S rRNA gene amplicons were resolved on 6 % (w/v)

polyacrylamide gels in 0.59 TAE buffer (20 mM TrisHCl,

10 mM acetic acid, 0.5 mM EDTA) with denaturing gra-

dient of 15–55 % urea/formamide (100 % denaturant

contains 7 M urea and 40 % formamide). Electrophoresis

was performed at 60 �C and 150 V for 10 h (Sigler et al.

2004) using a DCode mutation detection system (BioRad).

DGGE gels were stained with SYBRGold (Invitrogen,

Karlsruhe, Germany). Imaging was performed with a

ChemiDoc XRS System (BioRad). Prominent DGGE

bands were excised, eluted in 50 ll PCR-water (Eppen-

dorf) by gently shaking at 37 �C for 60 min, re-amplified

and confirmed by an additional DGGE. As a marker for

comparative analyses of all DGGE gels, the combined PCR-

amplicons (GC-341f/907r) of four bacteria (Polaribacter
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filamentus DSM 13964, Sulfitobacter mediterraneus DSM

12244, Arthrobacter agilis DSM 20550, Leifsonia aquatica

DSM 20146) were used.

Multivariate analyses

Analyses of DGGE gel images were carried out with

Bionumerics 5.0 software package (Applied Maths NV,

Sint-Martens-Latem, Belgium). Normalisation of DGGE

gels was performed using a marker consisting of combined

PCR-amplicons (GC-341f/907r) of four bacteria with dif-

ferent GC-contents (see above). For sample comparison,

band-matching analysis was performed, and bands were

assigned to classes common within all profiles leading to a

band-matching table.

PRIMER 5 software suite (PRIMER-E Ltd., Plymouth,

UK) was used to calculate Jaccard similarities between

samples, for nonmetric multidimensional scaling (nMDS)

and analysis of similarities (ANOSIM). ANOSIM was

applied for the grouping factors ‘‘genus’’ and ‘‘season’’.

Cloning

The 1,324 bp 16S rDNA-PCR fragment of selected cope-

pod samples of Acartia sp. (ACA), Temora longicornis

(TEM), Centropages sp. (CEN) and Calanus helgolandicus

(CAL) of two dates, June 2007 (05.06.2007) and 2008

(03.06.2008), were cloned into the cloning vector PCR�

4-TOPO� (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s protocol. Via single-base sequencing,

the clones were differentiated into different clone types

(Schmidt et al. 1991). Single-base sequencing was con-

ducted with DNA Sequenzer LONG READER IR4200 (LI-

COR, Lincoln, NE, USA) and SequiTherm EXCELTM II

DNA Sequencing Kit LC (Epicentre, Madison, WI, USA)

according to the manufacturer’s protocol. Banding patterns

with a similarity of more than 99 % were combined to one

clone type.

DNA Sequencing and phylogenetic analysis

For sequencing, eluted DGGE bands were re-amplified using

the primers 341f (without GC-clamp), and 907r. PCR

products were checked on 1.2 % (w/v) agarose gels prior to

sequencing. PCR products with the correct size (*566 bp)

were excised from the agarose gels and used for sequencing.

The PCR products of different clone types were re-

amplified with the primer pair 63f and 1387r and purified

with QIAquick PCR Purification Kit (Qiagen, Hilden,

Germany).

DNA sequencing of PCR products was performed by

Qiagen GmbH using an ABI PRISM 3700 DNA Analyser

(Applied Biosystems, Foster City, CA, USA). Sequencing

primers were the same as used for re-amplification.

Sequence data were checked for the presence of PCR-

amplified chimeric sequences by the CHECK_CHIMERA

programme (Cole et al. 2003). Nearest relatives for all

sequences were searched using BLAST (http://www.ncbi.

nlm.nih.gov; Altschul et al. 1997). The ARB software

package (http://www.arb-home.de) was used for phyloge-

netic analysis (Ludwig et al. 2004). After addition of

sequences to the ARB 16S rRNA sequences database

(SSU_ref database, release May 2007), alignment was

carried out with the Fast Aligner integrated in the pro-

gramme and refined by comparison of closest relatives

retrieved by BLAST. Sequences with more than 1,300

nucleotides were used to calculate phylogenetic trees. The

ARB ‘‘parsimony interactive’’ tool was used to add partial

sequences to respective trees. Phylogenetic relationships

were deduced by the neighbour-joining method including

the correction algorithm of Felsenstein (1993).

Definition of phylotypes

Similarity values were calculated for all retrieved DNA

sequences (excised DGGE bands and clone types) using the

ARB tool similarity matrix (Ludwig et al. 2004). These

values were used to assign DNA sequences to individual

phylotypes based on 97 % sequence similarity.

Nucleotide sequence accession numbers

The sequences obtained in this study are available from

GenBank under the accession numbers JX435603-

JX435770 (partial SSU rRNA gene).

Results

Comparison of DGGE banding patterns

Overall, more than 2,000 copepod individuals were sam-

pled over the two years. For DGGE analyses, we pooled

three (CAL) to five copepod individuals (all others) from

the same genus of one sampling day and obtained DGGE

patterns from 105 different samples of the frequently

occurring copepods. For all investigated copepod genera,

between two to sixteen DGGE bands were observed.

For multivariate analyses of ACA, TEM, CEN and CAL

samples, a total of 37 band classes were assigned. A few

bands were omitted from multivariate analysis because

they appeared outside of the marker band positions, but

were included in the phylogenetic analysis.

Analysis of similarities (ANOSIM) showed no signi-

ficant differences among the DGGE patterns of differ-

ent copepod genera (global R = 0.021; p = 20.6 %) or
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seasons (global R = 0.017; p = 21.1 %) nor any seasonal

differences for the communities of the different genera

(ACA: global R = 0.009; p = 42 %; TEM: global

R = 0.007; p = 41.3 %; CEN: global R = -0.021;

p = 56.6 %; CAL: global R = 0.127; p = 4.7 %). In

Fig. 1a and b, two-dimensional nMDS plots of DGGE

fingerprints according to the grouping factors ‘‘genus’’ and

‘‘season’’ are shown. The high stress value of 0.27 indicates

that the ordination is almost arbitrary.

Analysis of 16S rDNA sequences from four copepod

species

Overall, 238 16S rDNA fragments (201 DGGE bands and

37 clone types, retrieved from 432 clones which were

checked for identity by single-base pair sequence analysis)

were successfully sequenced. All sequences with similarity

of [97 % were combined to distinct phylotypes (Table 1).

By this procedure, we identified a total of 71 bacterial

phylotypes, 40 different bacterial phylotypes for ACA,

TEM, CEN and CAL by DGGE approach and 37 phylo-

types from analysis of all clone types.

Analysis of excised 16S rDNA DGGE bands

From DGGE band-sequencing approach, we identified a

total of 40 different bacterial phylotypes for ACA, TEM,

CEN and CAL (Table 1). Besides the bacterial sequences,

one sequence matching with 18S rDNA of Calanus sp.

(from CAL) was found.

Overall, the obtained bacterial phylotypes fell into four

different bacterial phyla: Actinobacteria, Bacteroidetes,

Firmicutes and Proteobacteria (Table 1). The phylum Fir-

micutes was absent only from CEN. In all cases, Proteo-

bacteria was the dominating phylum.

We identified nine different bacterial classes: Actino-

bacteria, Bacilli and Clostridia (Fig. 2), Deltaproteobacte-

ria, and Flavobacteria (Fig. 3), Alphaproteobacteria

(Fig. 4, 5a, b), Betaproteobacteria, Sphingobacteria and

Gammaproteobacteria (Fig. 6). In contrast to the other

copepod genera, only three bacterial classes were detected

for CEN (Alphaproteobacteria, Actinobacteria and Flavo-

bacteria). In all cases, Alphaproteobacteria was the most

abundant class. Altogether, we detected twelve different

bacterial orders with the Rhodobacterales being the domi-

nating order. Sphingobacteriales were only found associ-

ated with TEM and CAL. Rhizobiales were found

exclusively associated with ACA and TEM, whereas the

Sphingomonadales were discovered only associated with

ACA. Burgholderiales were not detected in CAL samples,

whereas only in these samples were Vibrionales observed.

CEN samples only contained Actinomycetales, Flavobac-

teriales and Rhodobacterales. The orders could be sepa-

rated into 18 different bacterial families. ACA harboured

the highest number of different bacterial families (twelve),

whereas ten families were associated with TEM. Ten dif-

ferent bacterial families were also associated with CAL and

only four with CEN. The Rhodobacteraceae dominated in

all four different copepod genera with 15 different

phylotypes.

Overall, we identified 26 different bacterial genera

associated with the four copepod species, belonging to

Saprospiraceae, Rhodobacteriaceae and Lachnospiraceae,

while four remained unclassified.

Analysis of clone libraries

For cloning, we used bundles of five copepod individuals

of three copepod genera from two sampling dates in June

2007 and 2008 and collected 268 clones for Acartia sp.,

T. longicornis and Centropages sp.in 2007, and 164 clones

in 2008. Altogether, 37 phylotypes could be identified

(Table 1).

Acartia
Temora
Centropages
Calanus

2D Stress: 0.27A

winter
spring
summer
autumn

2D Stress: 0.27B

Fig. 1 a nMDS plot based on Bray–Curtis similarities of DGGE

fingerprints of bacterial communities of four different copepod genera

(Acartia sp., Temora longocornis, Centropages sp. and Calanus

helgolandicus). b nMDS plot based on Bray–Curtis similarities of

DGGE fingerprints of bacterial communities of four different copepod

genera (Acartia sp., Temora longocornis, Centropages sp. and

Calanus helgolandicus) during different seasons
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Table 1 Bacterial phylotypes associated with four different copepod genera (Acartia sp., Temora longocornis, Centropages sp. and Calanus

helgolandicus)

PT DGGE Cloning TEM ACA CAL CEN Phylum Class Order Family Genus

1 • • Arthrobacter

2 • • Kocuria

3 • • • • Intrasporangiaceae Ornithinimicrobium

4 • • • Microbacteriaceae Microbacterium

5 • • • • Propionibacteriales Propionibacteriaceae Propionibacterium

6 • • uncultured

7 • • uncultured

8 • • Laminaceae uncultured
9 • • • • • Polaribacter

10 • • Polaribacter

11 • • Gramella

12 • • • Marixanthomonas

13 • • Cryomorphaceae Fluviicola

14 • • uncultured

15 • • Lewinella

16 • • Lewinella

17 • • Bacteroidia Bacteroidales Prevotellaceae Prevotella

18 • • Family XII Incertae Sedis Exiguobacterium

19 • • Bacillaceae Bacillus

20 • • • • Staphylococcaceae Staphylococcus

21 • • Clostridia Clostridiales Lachnospiraceae unknown

22 • • • uncultured

23 • • • Marinosulfonomonas

24 • • • • • • uncultured Sulfitobacter

25 • • • • • • Sulfitobacter

26 • • • uncultured

27 • • Roseovarius

28 • • • • Roseovarius

29 • • Roseovarius

30 • • Roseobacter clade NAC 11_7

31 • • Ruegeria

32 • • Ruegeria

33 • • • Oceanicola

34 • • Octadecabacter

35 • • • • • Loktanella

36 • • Loktanella

37 • • Jannaschia

38 • • Ahrensia

39 • • Paracoccus

40 • • • Rhizobiales Phyllobacteriaceae Hoeflea

41 • • Sphingopyxis

42 • • Sphingopyxis

43 • • Sphingomonas

44 • • Sphingomonas

45 • • Erythrobacteraceae Erythrobacter

46 • • • Rhizobiales Methylobacteriaceae Methylobacterium

47 • • Caulobacterales Caulobacteraceae Caulobacter

48 • • Ricketsiales Rickettsiaceae Rickettsia

49 • • Bdellovibrio

50 • • OM27 clade

51 • • • • Photobacterium

52 • • Aliivibrio 

53 • • • Vibrio 

54 • • Vibrio 

55 • • Vibrio 

56 • • Vibrio 

57 • • Enterobacteriales Enterobacteriaceae Hafnia

58 • • • Pseudoalteromonadaceae Pseudoalteromonas

59 • • Alteromonadaceae Microbulbifer

60 • • • Thiotrichales Thiotrichaceae Thiotrix

61 • • Legionellales Legionellaceae Legionella

62 • • • • • Psychrobacter

63 • • • • Psychrobacter

64 • • Psychrobacter

65 • • Oceanospirillales Halomonadaceae Cobetia

66 • • • • • Betaproteobacteria Burkholderiales Comamonadaceae Delftia
Σ 40 37 41 30 14 13 4 10 22 31 66

unique PTs 29 26
shared PTs

Vibrionaceae

Alteromonadales

Pseudomonadales Moraxellaceae

10

Rhodobacteraceae

Sphingomonadales
Sphingomonadaceae

Deltaproteobacteria Bdellovibrionales Bdellovibrionaceae

Firmicutes
Bacilli Bacillales

Proteobacteria

Alphaproteobacteria

Rhodobacterales

Gammaproteobacteria

Vibrionales

Bacteroidetes

Flavobacteria Flavobacteriales
Flavobacteriaceae

Sphingobacteria Sphingobacteriales Saprospiraceae

Actinobacteria Actinobacteria

Micrococcales

Micrococcaceae

Acidimicrobiales
Acidimicrobiaceae

Helgol Mar Res (2013) 67:757–773 761

123



AY494657 uncultured Turicella sp. clone ACTINO9E

DQ521508 uncultured bacterium clone ANTLV2_C06
DQ539501 Tessaracoccus bendigoensis isolate SBRD13
DQ814907 uncultured bacterium clone aab55d01

AY948361 uncultured bacterium clone sponge_clone13

AB247490 uncultured bacterium clone Run-SP116

AF001652 uncultured actinomycete clone OCS155

DQ446120 uncultured low G+C Gram-positive bacterium clone BBD_216_36

AB234511 uncultured Clostridiales bacterium clone MgMjW-48
AB234490 uncultured Clostridiales bacterium clone MgMjR-063

AY160822 uncultured bacterium clone COB P3-28
AB234449 uncultured Clostridiales bacterium clone MgMjR-068

DGGE band EUT201_08
DGGE band CEN222_21
AJ577725 Arthrobacter agilis strain 37R
AJ440978 Antarctic bacterium strain R-7549

DQ531645 Arthrobacter sp. strain N5
AF479341 glacial ice bacterium strain G200-C1

DQ341415 Arthrobacter sp. strain Antarctic IS03

DGGE band PSE222_25
AM990781 Kocuria sp. MOLA 5
Clone KK_C14_A_06/2007
AM237369 Kocuria marina isolate OS-69.b. 

DQ227777 Kocuria sp. isolate PIC-C10
AJ558133 Arsenicicoccus bolidensis strain CCUG 47306

AB188224 Ornithinicoccus sp. strain TUT1253
AF387310 uncultured actinobacterium clone SBRA95

Clone KK_F10_A_06/2008
DGGE band TEM222_08

AB286024 Janibacter corallicola strain 02PA-Ca-009 
DGGE band ACA222_17

DGGE band ACA201_28
DGGE band CAL222_01
DGGE band ACA228_10 

DQ279383 uncultured Microbacterium sp. clone TM13_13
AY167852 Microbacterium phyllosphaerae strain SAFR-012

EU834273 Microbacterium phyllosphaerae strain DS56
Y17235 Microbacterium luteolum strain DSM 20143

AJ853910 Microbacterium maritypicum strain DSM 12512
DQ365578 Microbacterium hydrocarbonoxydans strain GS02

AJ249780 Microbacterium foliorum strain DSM 12966
AB248876 Microbacterium terricola strain KV-769
DGGE band CAL223_13

DGGE band TEM291_22
DGGE band CEN228_29

AF287757 Propionibacterium sp. oral clone BN085

DQ289533 free living North Sea bacterium  F_184 
JN392986 free living North Sea bacterium F_207

AM259831 uncultured actinobacterium clone TAI-8-67
JN392979 free living North Sea bacterium CS178_32
JN392980 free living North Sea bacterium CS177_34
Clone KK_D15_T_06/2007

JN393005 free living North Sea bacterium F_021
Clone KK_D22_T_06/2007

JN392976 Attached North Sea bacterium CS149_31
DQ289916 uncultured actinobacterium clone SC1-10

Clone KK_D35_T_06/2007
DQ450797 uncultured actinobacterium clone G05_WMSP1

DQ839248 uncultured actinobacterium isolate DGGE band NS3

AF550592 Fusobacteria bacterium isolate Ko711
AB189363 uncultured Fusobacterium sp. clone JT75-113

JN412108 uncultured DGGE band Chitin292_21
JN412109 uncultured DGGE band Chitin292_23

M58684 Fusobacterium perfoetens
JN412115 uncultured DGGE band Chitin292_03

JN412114 uncultured DGGE band Chitin290_34
DQ289926 uncultured low G+C Gram-positive bacterium clone SC3-18
AY280415 uncultured bacterium clone PS-B19

AY548990 uncultured bacterium clone boneC3C9 
AB015534 unidentified proteobacterium clone BD2-4

AF030773 Marine snow associated bacterium clone Adriatic87
AB294297 uncultured bacterium clone YWB28
AY570633 uncultured bacterium clone PL-5B1

AF050099 Fusibacter paucivorans strain SEBR 4211
AB196728 Clostridium sp. strain BA-1

AY370633 uncultured Clostridia bacterium clone GWS-K48

JN412128 uncultured DGGE band Chitin293_30
DQ113701 uncultured bacterium clone D5-67

EF418067 uncultured bacterium clone BHS-16S6
DGGE band CAL201_20

AY579754 Clostridiales bacterium strain HAW-EB17
JN412127 uncultured DGGE band Chitin293_23

AB237724 uncultured bacterium clone HDBW-WB61
DQ206415 uncultured low G+C Gram-positive bacterium clone ML-AsS-9

AY744448 Exiguobacterium sp. strain Exi
DQ450895 Exiguobacterium sp. strain K22-15

DQ310729  uncultured bacterium clone Y1
AM398212 Exiguobacterium sp. strain EP03
DQ643169 Exiguobacterium sp. strain NI5
EU419931 Exiguobacterium sp. strain RW44

DQ019166 Exiguobacterium aurantiacum strain DSM 6208
DGGE band CAL201_26

AB362273 Bacillus hwajinpoensis strain JAM-FM0801
NR_025264 Bacillus hwajinpoensis strain SW-72
DGGE band CAL205_07

DGGE band TEM224_11
FJ380956 Staphylococcus capitis strain BQEP2-01d

Clone KK_D09_T_06/2007
AF397060 Staphylococcus epidermidis strain AB111112
AM945546 Staphylococcus sp. culture collection MOLA:313

DGGE band ACA219_01
JN412120 uncultured DGGE band Chitin293_01

DQ337019 uncultured bacterium clone EV818CFSSAHH219
L33734 Acholeplasma palmae strain ATCC49389; J233 

AF031479 Acholeplasma vituli strain FC-097
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Fig. 2 Phylogenetic tree of Actinobacteria and Firmicutes. Sequences given in bold obtained from cloning approach and from PCR-DGGE

analysis. Bootstrap values under 50 % are not displayed
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DQ070814 uncultured delta proteobacterium clone 9NBGBact_94
DQ128336 uncultured soil bacterium clone HSB CT52_D04

AY294215 Bdellovibrio sp. MPA
Clone KK_D03_T_06/2007

DQ847445 uncultured Bdellovibrio sp. clone GR2-101
DQ513058 uncultured bacterium clone CTD005-57B-02

AY907810 uncultured bacterium clone A714027
U70713 unidentified proteobacterium clone OM27

DQ911789 uncultured delta proteobacterium isolate DGGE band GB03-a10-PA
FJ226503 DGGE band ACA104_37

JN412118 uncultured DGGE band Chitin292_37
JN412124 uncultured DGGE band Chitin293_10

JN412104 uncultured DGGE band Chitin293_32
JN412126 DGGE band Chitin293_21

JN412125 uncultured DGGE band Chitin293_11
JN412119 uncultured DGGE band Chitin292_39

JN412123 uncultured DGGE band Chitin293_08
AF230530 Desulfovibrio dechloracetivorans

AY281345 Desulfovibrio sp. ANP3
X95230 Desulfovibrio aespoeensi isolate Aspo2 type strain DSM 10141T  
U90726 Desulfovibrio profundus isolate 500-1 

DQ148944 Desulfovibrio ferrireducens strain 61
X95231 bacterial species isolate Aspo3 

DQ148943 Desulfovibrio frigidus strain 18
JN412110 uncultured DGGE band Chitin292_24

JN412130 uncultured DGGE band Chitin293_37
Y18049 Desulfovibrio zosterae (roots of the seagrass Zostera marina)

AY359868 Desulfovibrio bastinii strain SRL4225 (deep subsurface oilfield water) 
JN412116 uncultured DGGE band Chitin292_29

AY337319 Spirochaeta sp. M6
X93927 Spirochaeta alkalica strain Z-7491

M88722 Spirochaeta halophila
FJ196065 Polaribacter sp. strain BSw20012b 
DGGE band PSE219_09
DGGE band TEM201_19
DGGE band CEN194_14
DGGE band EUT194_19
DGGE band ACA201_10
DGGE band CAL201_16
DGGE band ACA290_F15
DGGE band ACA290_F13
U73726 Polaribacter filamentus
AF468413 Arctic sea ice bacterium isolate ARK10105

DQ270275 uncultured Bacteroidetes bacterium isolate DGGE gel band BP5
DGGE band CAL194_06

U85884 Polaribacter sp. strain  IC066
U85885 Polaribacter sp. strain IC063

AY353812 Flavobacteriaceae bacterium isolate G021102br01
U14586 Polaribacter franzmannii strain 301
AY353813 Flavobacteriaceae bacterium isolate G021102br02
AY167324 Polaribacter sp. strain ANT9167
DQ906766 uncultured Antarctic sea ice bacterium clone AntCL3G10 

DQ906765 uncultured Antarctic sea ice bacterium clone AntCL3F10 
M61002 Polaribacter irgensii strain 23-P

AY167317 Polaribacter irgensii strain ANT9210
AY165580 uncultured Antarctic sea ice bacterium clone ANTXI/4_14-37 

JN412106 uncultured DGGE band Chitin292_11
JN412107 uncultured DGGE band Chitin292_16

JN412105 uncultured DGGE band Chitin292_10
AY189722 Polaribacter butkevichi strain KMM 3938 

Clone KK_A05_T_06/2008
JN412111 uncultured DGGE band Chitin292_26
DQ530470 Sphingobacteriales bacterium strain gap-f-48
AJ535257 uncultured Cytophagales bacterium clone Hyd24-40

AY962293 Lutibacter litoralis strain CL-TF09
DQ351763 uncultured Bacteroidetes bacterium clone Belgica2005/10-130-18
EF108214 Croceimarina litoralis strain IMCC1993 

AF468416 Arctic sea ice bacterium isolate ARK10129
DQ191176 Salegentibacter agarivorans strain KMM 7019

DQ356491 Salegentibacter sp. strain AC5
DQ073101 Flavobacteria bacterium strain TW-JL-17 

Clone KK_D37_T_06/2007
CU207366 Gramella forsetii strain KT0803

AM292402 Flavobacteriaceae bacterium enrichment culture clone MT-1698
EU369144 uncultured bacterium clone MBIOS-28

DQ660959 uncultured bacterium isolate DGGE gel band 49
DQ839246 uncultured Bacteroidetes bacterium isolate DGGE band NS1

Clone KK_A03_T_06/2008
Clone KK_A12_T_06/2008
FJ226509 DGGE band TEM104_50
EF215784 uncultured Bacteroidetes bacterium clone PV2-37

AY162109 Bacteroidetes bacterium strain GMD16C10
EF108217 Aureimonas pelagi strain HTCC2652 

AAMP01000001 Croceibacter atlanticus strain HTCC2559
AJ557873 marine arctic deep-sea bacterium FI7

DGGE band ACA290_F05
DQ839247 uncultured Bacteroidetes bacterium isolate DGGE band NS2

DGGE band CAL222_14 
FJ202110 Uncultured bacterium clone SGUS1259

DQ839249 uncultured Bacteroidetes bacterium isolate DGGE band NS4
DQ270658 uncultured bacterium clone LC1446B-1

AY676485 uncultured bacterium clone B-68
AY327875 uncultured bacterium clone SF_C4-E6
AY531566 uncultured bacterium clone SF_C7-A6

DGGE band TEM219_34 
DQ330419 uncultured Bacteroidetes bacterium clone 01D1q39
DQ330422 uncultured Bacteroidetes bacterium clone 01D1q40 
DQ330457 uncultured Bacteroidetes bacterium clone 062DZ52 

AM295256 Lewinella persicus type strain ATCC 23167T
DGGE band CAL222_13 
EU371935 Lewinella persicus

DGGE band TEM104_34
EF515584 uncultured bacterium clone 30e06

Clone KK_D18_T_06/2007
L16476 Prevotella buccalis ATCC 35310 

AB270090 uncultured rumen bacterium clone T33H60F15 
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Rhodobacterales

293

AF468381 Arctic sea ice bacterium ARK9996
AY690678 Marinobacter sp. GC13
FJ196036 Sphingomonas sp. NF4-4

Clone KK_C04_A_06/2007
AY245435 Sphingomonas sp. SB5

Clone KK_F07_A_06/2008
AY608604 Sphingopyxis baekryungensis strain SW-150
DGGE band ACALAB104_35

AB025720 Sphingomonas sp. MBIC1965
AY375117 uncultured bacterium clone F24
DQ395758 uncultured organism clone ctg_CGOF389

AF118020 Erythrobacter citreus strain RE35F/1
FJ226499 DGGE band ACA104_36
AY461441 Erythrobacter aquimaris strain SW-110

DQ860069 uncultured alpha proteobacterium clone L30
DGGE band ACA225_02

AJ575817 Sphingomonas abaci strain C42
AB250563 uncultured bacterium clone #3-4

DQ811841 uncultured gamma proteobacterium clone MSB-4C11
EF125462 uncultured bacterium clone MSB-2H6

DQ028263 uncultured bacterium clone aquased44
JN412102 uncultured DGGE band Chitin292_04
U15116 hydrothermal vent eubacterium PVB_OTU_4 clone PVB_13

AATS01000006 Mariprofundus ferrooxydans PV-1 1099921033916 
AB284834 uncultured bacterium clone Papm3BL58
AB284831 uncultured bacterium clone Papm3BL23

DGGE band CAL291_04
DQ395479 uncultured organism clone ctg_CGOAA39

AJ630204 bacterial symbiont of Diophrys sp.
AY712949 Rickettsia endosymbiont of Onychiurus sinensis

AY961085 Rickettsia endosymbiont of Coccotrypes dactyliperda
AF394906 Rickettsia asiatica strain IO-1

JN412129 uncultured DGGE band Chitin293_34
JN412112 uncultured DGGE band Chitin292_28
JN412121 uncultured DGGE band Chitin293_06

JN412113 uncultured DGGE band Chitin290_29
JN412122 uncultured DGGE band Chitin293_05

AJ000989 Roseospira mediosalina strain L1-66 : BN 280 T
AJ401208 Roseospira thiosulfatophila isolate AT2115

X99671 Rhodospira trueperi (microbial mat)
AJ011919 Roseospirillum parvum strain 930I 

EF100694 Caenispirillum bisanense strain K92 
DQ230958 Uncultured Rhodospirillaceae bacterium clone DR938CH110701SACH19 

AF411851 Azospirillum sp. 5C
Z29620 Aquaspirillum itersonii subsp. itersonii

DQ234645 Uncultured proteobacterium clone DR546BH1103001SAD24
AB000479 Aquaspirillum peregrinum subsp. peregrinum strain IFO 14922

AY598790 uncultured alpha proteobacterium clone SS31
Y10109 Magnetospirillum gryphiswaldense MSR-1 

D14433 Phaeospirillum fulvum strain NCIMB11762 
AB369041 Uncultured bacterium clone PT-QTL-B41

EU581867 Methylobacterium organophilum strain CYW-32
AB175629 Methylobacterium aminovorans strain JCM 8240 
DGGE band ACA222_31
DGGE band TEM228_30

AJ635303 Methylobacterium aquaticum type strain GR16T

AM936911 uncultured Caulobacter sp. clone CM14H2
DQ163946 uncultured bacterium clone mw5
Clone KK_D08_T_06/2007
AY922007 uncultured alpha proteobacterium clone AKYG412

U87785 Afipia genosp. 14 strain G8999 
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DGGE band CAL219_19
DGGE band CEN219_31
DGGE band ACA205_09
DGGE band TEM219_36

DGGE band TEM219_08
DGGE band CEN219_25
DGGE band TEM104_58

DGGE band TEM223_03
DGGE band ACA225_21
DGGE band EUT222_35
DGGE band ACA225_14
DGGE band CEN228_01
DGGE band CAL225_19

DQ839253 uncultured alpha proteobacterium isolate DGGE band NS8 *
FJ226513 DGGE band TEM104_56
DGGE band ACA194_04

DGGE band TEM291_24
DGGE band CEN291_19

DQ839261 uncultured alpha proteobacterium isolate DGGE band NS16 *
DGGE band ACA201_13
DGGE band CEN291_32

FJ226504  DGGE band TEM104_39
DGGE band CAN291_14

DGGE band TEM291_33
DGGE band TEM291_12

DGGE band ACA201_31
DGGE band TEM104_43

DGGE band ACA225_10
DGGE band ACA291_26
EU005296 uncultured alpha proteobacterium clone G3-34

DGGE band EUT224_05
DQ906715 uncultured marine bacterium clone AntCL1C10
AF245628 uncultured Roseobacter clone NAC1-19

AF353234 uncultured Roseobacter sp. clone Arctic96A-8.
DQ839260 uncultured alpha proteobacterium isolate DGGE band NS15 *

DGGE band EUT194_20
DGGE band PSE291_34

EU799843 uncultured bacterium clone 1C227505
DGGE band TEM194_01

EU290283 uncultured bacterium clone Tet1mes2C6
EU005760 uncultured marine bacterium clone KG_A3_120m56

Clone KK_D10_T_06/2007
JN392973 attached marine bacterium CS76_9 
JN392978 free living marine bacterium CS277_2A

DQ009299 uncultured marine bacterium clone SPOTSAPR01_5m158 
DQ839251 uncultured alpha proteobacterium isolate DGGE band NS6
AJ567586 uncultured alpha proteobacterium clone MBAE27

DGGE band EUT224_06
EU780363 uncultured alpha proteobacterium clone 4DP1-N24

Clone KK_A13_T_06/2008
AY772092 Marinosulfonomonas methylotropha

AY033321 Alpha proteobacterium strain R2A57
EU346508 Marine sponge bacterium isolate plateOTU21

D70846 Rhodobacter azotoformans strain KA25
AM399030 Rhodobacter changlensis type strain JA139T

DQ342309 Haematobacter massiliensis strain CCUG 47968
D16421 Rhodobacter veldkampii strain ATCC35703

D16418 Rhodovulum adriaticum strain DSM 2781
DQ330809 uncultured proteobacterium clone 02D2Z62
AF513933 uncultured Rhodobacter group bacterium clone LA7-B19N

EF471667 uncultured alpha proteobacterium clone CB51B05 
AF170736 Rhodobacter sp. strain QSSC1-20

DGGE band TEM290_27
AJ633989 uncultured alpha proteobacterium clone T68ANG5

AJ633990 uncultured alpha proteobacterium clone T68ANG12
DQ351770 uncultured alpha proteobacterium clone Belgica2005/10-130-28

AM945581 Rhodobacteraceae bacterium culture collection MOLA:351
EF491328 uncultured alpha proteobacterium clone S2-06
DGGE band ACA104_27
JN392990 free living North Sea bacterium F_123

JN392985 attached North Sea bacterium F_310
JN392997 free living North Sea bacterium F_046

JN392992 attached North Sea bacterium F_077
JN392987 free living North Sea bacterium F_181
DGGE band EUT219_07
DGGE band TEM290_26

JN392977 attached marine bacterium CS309_19
JN392972  free living marine bacterium CS49_19

DGGE band TEM224_14
EU346641 Marine sponge bacterium isolate PLATEglyarg-()-4

DGGE band TEM224_18
DGGE band TEM228_04

EU346395 Marine sponge bacterium isolate FILTEROTU9
DQ870539 uncultured Rhodobacteraceae bacterium isolate DGGE gel band B29

DGGE band ACA104_42
JN392976 attached marine bacterium CS158_27
AB121782 Jannaschia cystaugens strain CFPB-A9

DGGE band TEM226_09
DGGE band TEM224_09
Clone KK_D19_T_06/2007

AF359530 marine bacterium ATAM407_62
CP000264 Jannaschia sp. CCS1 

Clone KK_D04_T_06/2007
AJ438157 Jannaschia helgolandensis strain Hel 10

DQ530473 Alpha proteobacterium strain gap-f-54
AY690598 Roseobacter sp. strain YSCB-1

AY697903 uncultured Roseobacter sp. clone F3C48.
AF539789 Rhodobacteraceae bacterium strain R11 

AM180736 Ruegeria sp. isolate ULA23
AF473932 uncultured alpha proteobacterium clone 128-47L

AF114484 Roseovarius crassostreae isolate CV919-312
EU375058 uncultured Rhodobacter sp. clone Rc22

DGGE band CEN219_27
DGGE band TEM290_23

DGGE band TEM224_21
EU368762 Paracoccus sp. strain B61 Ydz-zz

DGGE band CEN228_02
AB362258 Paracoccus sp. strain JAM-AL0311

AY014177 Paracoccus alcaliphilus strain ATCC 51199
AJ288159 Paracoccus denitrificans strain DSM 2944 

U58016 Paracoccus denitrificans strain DSM 2944 
Clone KK_C12_A_06/2007

U78037 Ophiactis balli symbiont
DQ269055 uncultured alpha proteobacterium clone UA02
DQ269119 uncultured alpha proteobacterium clone DPC247

D88524 Agrobacterium kieliense strain IAM12618  
Clone KK_C08_A_06/2007
AY007677 unknown marine alpha proteobacterium JP66.1

AJ441009 Antarctic bacterium strain R-9219
AB016848 Alpha proteobacterium strain MBIC3923 
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EU005290 uncultured alpha proteobacterium clone G1-47

63 FJ226498  DGGE band ACA104_22
FJ226500 DGGE band ACA104_48

EF206771 uncultured bacterium clone LY24
DQ486490 Rhodobacteraceae bacterium strain DG125

EU005307 uncultured alpha proteobacterium clone G3-45
Clone KK_D12_T_06/2007

DGGE band TEM224_01
DGGE band TEM223_24

FJ226515 DGGE band TEM104_59
EU179293 uncultured alpha proteobacterium clone M2-8P
FJ226506  DGGE band TEM104_44

Clone KK_C01_A_06/2007
EU573108 Bacterium enrichment culture clone EB39.6

Clone KK_A02_T_06/2008
Clone KK_E01_C_06/2007
Clone KK_B05_C_06/2008

DQ372849 uncultured bacterium clone NH10_29
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AF468380 Arctic sea ice bacterium isolate ARK9994
AALZ01000006 Sulfitobacter sp. strain NAS-14.1

Clone KK_D30_T_06/2007
AJ532580 Sulfitobacter sp. isolate BIO-7

DGGE band CAL201_17
JN393004 free living North Sea bacterium F_023
JN392995 attached North Sea bacterium F_050

Clone KK_C13_A_06/2007
AJ534229 Sulfitobacter sp. isolate HEL-77

DGGE band TEM291_20
JN392982 North Sea bacterium F_352

DGGE band TEM291_39
Y16425 Sulfitobacter brevis strain Ekho Lake-162

DGGE band CEN226_11
FJ196047 Sulfitobacter sp. strain NF4-11

AF359531 Marine bacterium ATAM173a_16 
Y16427 Staleya guttiformis strain Ekho Lake-38  

EU375183 uncultured Sulfitobacter sp. clone Sc47 
DGGE band TEM225_27

DGGE band CAL219_20
AJ534235 Staleya sp. isolate LM-10

AJ534232 Staleya sp. LM-4 16S isolate LM-4
JN412117 uncultured DGGE band Chitin292_33

AF359532 Marine bacterium ATAM173a_17
DGGE band TEM223_16
DGGE band ACA223_19
DGGE band CEN222_24

DGGE band TEM223_17
DGGE band ACA194_10
DGGE band CAL223_12

DGGE band PSE201_27
DGGE band CEN201_48

AJ550939 Oceanibulbus indoliflex type strain Hel 45 
AB042416 Vestimentiferan symbiont TW-3

AY180103 Sulfitobacter delicatus strain KMM 3584T
DGGE band CEN225_12

JN393003 free living North Sea bacterium F_024
AY180102 Sulfitobacter dubius strain KMM 3554T
AY548765 Sulfitobacter sp. PM03

DGGE band TEM290_22
DQ412073 Sulfitobacter sp. strain SPB-3

EU052732 Sulfitobacter sp. strain MH178
JN392994 attached North Sea bacterium F_051

JN392998 attached North Sea bacterium F_044
JN393000 attached North Sea bacterium F_034

DQ396122 uncultured organism clone ctg_NISA179
JN392981 North Sea bacterium F_380

AJ534244 Sulfitobacter sp. PIC-8
DGGE band TEM224_20
DGGE band TEM225_30

DGGE band ACA222_05
DGGE band TEM224_22
DGGE band TEM228_07

DGGE band TEM290_24
DGGE band CEN219_26
AY309073 Antarctic bacterium strain D40

AY771745 Loktanella salsilacus clone SE10
AJ582228 Loktanella salsilacus strain LMG 22000

FJ424498 Loktanella sp. strain Q8
AY167261 Roseobacter sp. strain ANT9274
AY167259 Roseobacter sp. strain ANT9240

AF468373 Arctic sea ice associated bacterium isolate ARK10207
DQ906758 uncultured Antarctic sea ice bacterium clone AntCL3C4 

DQ810330 uncultured Rhodobacteraceae bacterium clone ESP10-K27II-9
Clone KK_D16_T_06/2007
Clone KK_D20_T_06/2007

AY682198 Loktanella agnita strain R10SW5
EF202613 Loktanella maricola strain DSW-18
AF173971 Roseobacter sp. strain KT1117

AF468375 Arctic sea ice bacterium isolate ARK10226
AF468379 Arctic sea ice bacterium isolate ARK10285

DQ530462 Octadecabacter sp. strain sp.gap-d-29 
AF468364 Arctic sea ice bacterium isolate ARK10092
AF468368 Arctic sea ice associated bacterium isolate ARK10126

U73725 Octadecabacter arcticus strain 238
AF468355 Arctic sea ice bacterium isolate ARK10026

EU237141 Octadecabacter sp. strain TB 71
U14583 Octadecabacter antarcticus strain 307

DGGE band TEM222_07
DGGE band CAL225_29

AY922243 uncultured alpha proteobacterium clone 131821
DGGE band ACA201_21

Clone KK_C18_A_06/2007
DQ839252 Uncultured alpha proteobacterium isolate DGGE band NS7
DQ839254 uncultured alpha proteobacterium isolate DGGE band NS9

DQ153144 uncultured alpha proteobacterium clone 06-03-84
JN392974 attached marine bacterium CS136_22

DQ839255 uncultured alpha proteobacterium isolate DGGE band NS10
DQ300577 uncultured bacterium clone HF10_A7_P1 

DQ234106 uncultured Rhodobacteraceae bacterium clone DS022
DQ009289 uncultured marine bacterium clone SPOTSAPR01_5m203

DQ071052 uncultured marine bacterium clone Chl1.4 
AY646162 Roseobacter sp. strain JL-131 
AY745856 Roseobacter sp. strain JL-132 

X78315 Marinovum algicola strain ATCC 51440 T-FF3
AJ968648 Ruegeria atlantica strain N5IV
D88526 Ruegeria atlantica strain IAM14463

Clone KK_F02_A_06/2008
AB026194 Alpha proteobacterium strain MBIC1876 isolate 027-5-2

U77644 Ruegeria lacuscaerulensis strain ITI-1157
EU195946 Roseobacter sp. strain P73

DQ514304 Phaeobacter arcticus strain 20188
DGGE band TEM201_22

AY005463 Leisingera methylohalidivorans strain MB2
AY007684 unknown marine alpha proteobacterium JP88.1

AJ534238 Roseobacter sp. isolate PIC-68
AF026462 Roseobacter sp. J2W

AJ244810 Alpha proteobacterium strain SOGA34
DGGE band TEM220_06

DGGE band TEM228_06
DGGE band CAL222_09
DGGE band TEM226_08

DGGE band ACA228_31
DGGE band CAL224_08

DGGE band CAL194_07
DGGE band TEM226_07

DGGE band ACA222_32
DGGE band CAL223_15

DGGE band TEM220_05
DGGE band CAL223_14

AY167260 Roseobacter sp. strain ANT9270
DQ839262 uncultured alpha proteobacterium isolate DGGE band NS17 *

DGGE band TEM222_28
AF530151 Alpha proteobacterium strain MGP-80

AF468376 Arctic sea ice bacterium isolate ARK10233
AY167321 Roseobacter sp. strain ANT9283
AF468360 Arctic sea ice bacterium ARK10055

DGGE band EUT225_03
AJ294356 Antarctobacter sp. strain 667-12
DQ915602 Antarctobacter heliothermus strain DSM11445 

Y11552 Antarctobacter heliothermus strain EL-219
AY515423 Antarctobacter sp. strain GWS-BW-H71M

EU346575 Marine sponge bacterium isolate  PLATEdelici-(2)-29
DGGE band CAL219_21
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AY643710 Photobacterium iliopiscarium strain ATCC 51760
EF415487 Photobacterium kishitanii strain LMG 23892
AY435156 Photobacterium phosphoreum strain RHE-01 
Clone KK_B13_C_06/2008

Clone KK_D23_T_06/2007
Clone KK_C02_A_06/2007
Clone KK_F01_A_06/2008

AY292947 Photobacterium leiognathi strain RM1 
AB239480 Photobacterium phosphoreum strain LC1-238 
DQ263716 uncultured bacterium clone GA482

Clone KK_C03_A_06/2007
Clone KK_F11_A_06/2008

Clone KK_D07_T_06/2007
AB095446 Photobacterium phosphoreum strain YS4-7

Clone KK_D17_T_06/2007
Clone KK_F08_A_06/2008

DQ269051 uncultured gamma proteobacterium clone UA06
EF667054 Vibrio fischeri strain lpeal.1.1
CP000020 Vibrio fischeri strain ES114

EF187009 Vibrio fischeri
Clone KK_D06_T_06/2007

Clone KK_B09_C_06/2008
X74724 Vibrio splendidus strain ATCC 33125T

AJ515221 Vibrio splendidus strain LT06
AJ582807 Vibrio gigantis strain LGP 37

FJ457546 Vibrio sp. strain S3729
Clone KK_F05_A_06/2008
AJ874367 Vibrio splendidus strain 03/012
Clone KK_C11_A_06/2007

DGGE band CAL291_06
AJ515218 Vibrio splendidus strain TNEMF6

AJ874362 Vibrio splendidus strain 01/114
AJ582809 Vibrio crassostreae strain LGP

EU541613 Vibrio gallaecicus strain VB 5.12
Clone KK_C09_A_06/2007

AY129278 Vibrio tapetis strain LP2
Clone KK_D36_T_06/2007

X56576 Vibrio alginolyticus strain ATCC 17749
AY245187 Vibrio parahaemolyticus isolate 18

AY245195 Vibrio vulnificus isolate 7
AM398227 Aranicola sp. strain EP18
AY253923 Hafnia alvei isolate m 49 
DQ383802 Ewingella americana isolate PRC120

Clone KK_A15_T_06/2008
JN412103 uncultured DGGE band Chitin292_06

EF210333 Pseudoalteromonas sp. LD-710
AJ849371 Pseudoalteromonas sp. isolate HAL34

AY787763 Pseudoalteromonas sp. strain XS001
AM110996 Pseudoalteromonas sp. strain 3044

AJ557853 marine arctic deep-sea bacterium FK8b
Clone KK_D02_T_06/2007
AB100883 Pseudoalteromonas atlantica strain H6-2-4
DQ537517 Pseudoalteromonas haloplanktis strain BSi20585

EF382686 Pseudoalteromonas sp. strain BSi20434
AY515440 Alteromonadaceae bacterium strain GWS-BW-H31M
AJ314842 Pseudoalteromonas spiralis strain Te-2-2 
X82139 Pseudoalteromonas tetraodonis strain IAM 14160T
Clone KK_F09_A_06/2008
AF022407 Pseudoalteromonas sp. strain ANG.ro2

DQ531952 Pseudoalteromonas sp. strain MJ5322
DQ677307 Pseudoalteromonas sp. strain G23

DQ064617 Arctic seawater bacterium strain Bsw20400
AF475096 Pseudoalteromonas porphyrae strain Q-1-6 

Clone KK_F04_A_06/2008
AM180745 Pseudomonas sp. isolate UC14a

Clone KK_F06_A_06/2008
DQ993341 Microbulbifer sp. strain SPO729

AY880307 proteobacterium strain M3-2
AB266054 Microbulbifer epialgicus strain F-104

AB167354 Microbulbifer variabilis strain Ni-2088
AF235123 Alteromonas sp. strain KT1102
EF101549 Psychromonas arctica strain KOPRI24931
AF235109 Alteromonas sp. strain KT1116

AF374385 Psychromonas arctica strain Pull 5.3
AF235108 Alteromonas sp. strain KT1114
AY167326 Psychromonas sp. strain ANT9265

U91588 facultative barophile strain CNPT3
JN412104 uncultured DGGE band Chitin292_07

DGGE band TEM194_24
DGGE band ACA291_27

DGGE band ACA228_26
DQ067608 Thiothrix sp. strain FBR0112

AB042536 Thiothrix disciformis strain B5-1
AB042537 Thiothrix disciformis strain B2-8

AB042541 Thiothrix eikelboomii strain T2-1
AB042542 Thiothrix eikelboomii strain COM-A

FJ153024 uncultured bacterium clone TX4CB_155
Clone KK_D33_T_06/2007
AY328763 uncultured bacterium clone DSSD65

AF468229 uncultured bacterium clone ARKCH2Br2-23
AY536225 uncultured bacterium clone LAgut-16S-P13

Clone KK_A01_T_06/2008
Clone KK_B01_C_06/2008
Clone KK_B07_C_06/2008
Clone KK_F03_A_06/2008
Clone KK_B03_C_06/2008
Clone KK_A16_T_06/2008

DGGE band TEM291_16
AJ748270 Psychrobacter psychrophilus isolate CMS 32

DQ064620 Arctic seawater bacterium strain Bsw20461
EF101551 Psychrobacter pulmonis strain KOPRI24933
EU753134 marine bacterium strain MSC110

Clone KK_A06_T_06/2008
Clone KK_A08_T_06/2008

AF468390 Arctic sea ice bacterium isolate ARK10052 
DQ064630 Antarctic seawater bacterium strain Bsw10170

AF468382 Arctic sea ice bacterium isolate ARK10000
Clone KK_A20_T_06/2008
AF479327 glacial ice bacterium strain Trans12

AJ309941 Psychrobacter marincola strain KMM 277 
AJ309940 Psychrobacter submarinus strain KMM 225

Clone KK_B10_C_06/2008
AY573042 Psychrobacter sp. strain ARCTIC-P6

Clone KK_E02_C_06/2007
Clone KK_D38_T_06/2007

AF468396 Arctic sea ice bacterium isolate ARK10139
AJ272303 Psychrobacter proteolyticus strain 116

AJ313425 Psychrobacter nivimaris type strain
U85879 Psychrobacter glacincola strain ICP9
Clone KK_A19_T_06/2008

Clone KK_D01_T_06/2007
DGGE band ACA291_03

JN392999 attached North Sea bacterium F_041
JN393001 attached North Sea bacterium F_033

JN392993 attached North Sea bacterium F_055
JN392996 attached North Sea bacterium F_049

DGGE band TEM291_11
EF101547 Psychrobacter aquimaris strain KOPRI24929

Clone KK_B02_C_06/2008
EF198244 Cobetia sp. strain MACL02

AM423068 marine proteobacterium strain MS-85
FJ015025 Halomonadaceae bacterium strain M48-6

Clone KK_D05_T_06/2007
DQ839256 uncultured gamma proteobacterium isolate DGGE band NS11

DQ839257 uncultured gamma proteobacterium isolate DGGE band NS12
AY367028 Delftia acidovorans isolate As3-4

Clone KK_B04_C_06/2008
CP000884  Delftia acidovorans strain SPH-1
EU794201 uncultured Delftia sp. clone EMP_K41

EU491168 uncultured bacterium clone P9X2b7A12
EU826744 uncultured bacterium clone PTA-26

DGGE band ACA223_20
DGGE band TEM222_29

EU702858 uncultured beta proteobacterium clone JBS_E311 
DGGE band TEM222_33

DGGE band ACA291_31
AY965248 Comamonas sp. isolate WT OTU1

AJ400840 Acidovorax wohlfahrtii strain B2/74
AY177768 uncultured Acidovorax sp. isolate 5G35

AJ505855 Comamonadaceae bacterium strain PIV-3D
AJ002810 Comamonas sp. isolate R7
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Fig. 6 Phylogenetic tree of

Gamma-and Betaproteobacteria.

In bold sequences obtained from

cloning approach and from

PCR-DGGE analysis. Bootstrap

values under 50 % are not

displayed
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As compared to DGGE, we found four different bacte-

rial phyla in the clone libraries: Actinobacteria, Bacteroi-

detes, Firmicutes and Proteobacteria. Proteobacteria were

the dominating phylum. The low bacterial diversity of

Centropages sp.-samples is reflected also in the respective

clone library. On the class level, we identified eight bac-

terial classes. Sphingobacteria and Clostridia were not

discovered, but Bacteroidia occurred, which were not dis-

covered by DGGE. In contrast to DGGE-sequencing

results, more Gammaproteobacteria were detected.

Within the 8 bacterial classes, 17 orders of bacteria were

identified. In addition to those detected by DGGE, Acidi-

microbiales within the Actinobacteria and Bacteroidales as

member of the Bacteroidia were discovered. Furthermore,

we detected Caulobacterales affiliated to the Alphaprote-

obacteria, Bdellovibrionales which belong to the Delta-

proteobacteria and Alteromonadales, Enterobacteriales,

Legionellales as well as Oceanospirillales, which repre-

sented the Gammaproteobacteria (Fig. 6; Table 1). Within

the clone libraries, the Pseudomonadales and Vibrionales

dominated. Nineteen different bacterial families were

identified. We found Lamiaceae as members of the Acid-

imicrobiales (Fig. 2; Table 1), Prevotellaceae which

belong to the Bacteroidales (Fig. 3; Table 1) and Caulob-

acteraceae which fell into the Caulobacterales (Fig 4;

Table 1). Pseudoalteromonadaceae of the Alteromona-

dales, and Enterobacteriaceae as representatives of

Enterobacterales (Fig. 6), were found in the clone libraries.

Halomonadaceae which belong to the Oceanospirillales

(Fig. 6) as well as Phyllobacteriaceae which fell into the

Rhizobiales (Fig. 4) were identified. We also detected the

Bdellovibrionales-members Bdellovibrionaceae (Fig. 3)

and Alteromonadaceae which fell into the Alteromonadales

(Fig. 6), in addition to the families detected by DGGE.

Dominating families as determined by cloning were

Moraxellaceae and Vibrionaceae.

On the genus level, 23 different bacterial genera could

be distinguished. Within the Micrococcaceae, the genus,

Kocuria, was identified as well as Gramella, Polaribacter

and Marixanthomonas as members of the Flavobacteria-

ceae. We found Prevotella of the family Prevotellaceae and

Hoeflea of the family Phyllobacteriaceae and Staphylo-

coccus of the family Staphylococcaceae. Loktanella, Jan-

naschia and Ahrensia as members of the Rhodobacteraceae

(Fig. 5a, b) were identified by clone library analysis.

Bdellovibrio, Microbulbifer, Pseudoalteromonas, Legion-

ella, Cobetia as members of the families Bdellvibriona-

ceae, Alteromonadaceae, Pseudoalteromonadaceae,

Legionellaceae and Halomonadaceae, respectively, were

identified as well as the genera Aliivibrio and Photobac-

terium and Vibrio belonging to the Vibrionaceae. Some

Iamiaceae, Saprospiraceae and Rhodobacteraceae could

not be defined on the genus level.

Eleven phylotypes were identified with both methods.

They affiliate to all 4 phyla and were predominantly

Rhodobacteraceae of the Alphaproteobacteria and

Gammaproteobacteria (Table 1; Figs. 5a, b, 6)

Discussion

In our present study, we investigated the bacterial assem-

blages of North Sea copepods based on DGGE band

sequence data and clone libraries. The use of the 16S rRNA

gene as a phylogenetic marker helps to determine the

phylogenetic position of bacteria in the evolutionary tree of

life independent of cultivability and complexity of the

ecosystem (Von Wintzingerode et al. 1997; Hugenholtz

et al. 1998). For the first time, the analysis of bacterial

assemblages of four copepod key species of Helgoland

Roads was carried out over a period of 2 years using cul-

ture-independent techniques. We used DGGE for assessing

the phylogenetic diversity of the complex microbiome of

these four frequently occurring North Sea copepod species.

The phylogenetic analysis of the 16S rDNA fragments

indicated a relatively low bacterial diversity. In total, 52

different bacterial genera which belong to four bacterial

phyla were found to be associated with the four investi-

gated copepod species.

Referring to DGGE analyses, sequences affiliated with

the Alphaproteobacteria were predominant in our study.

This class was identified as an important group in previous

studies on copepods using molecular techniques (Møller

et al. 2007; Peter and Sommaruga 2008; Grossart et al.

2009; Tang et al. 2009a, b). In contrast, older studies

mostly based on culture-dependent methods found

Gammaproteobacteria to be the dominating bacterial class

(e.g. Sochard et al. 1979).

Due to methodological limitations of DGGE, only a

relatively small part of the 16S rRNA gene can be analysed

and used as phylogenetic discriminator. Hence, it is likely

that several ‘‘species’’ are combined in some of the OTUs

(bands) (Ferrari and Hollibaugh 1999). Additionally, the

number of 16S rRNA genes per genome could be a reason

for overestimating or underestimating some bacterial

groups (Cottrell and Kirchman 2000a). Primer combina-

tions also can cause biases, and with the DGGE primers

used in this study, only a few Gammaproteobacteria were

found. This was already observed by (Alonso-Sáez et al.

2007) who found that Gammaproteobacteria were not

detected in DGGE analysis at all. Primer bias for cloning

approaches especially for the Bacteroidetes groups was

also discussed previously (Urbanczyk et al. 2007). In our

study, Bacteroidetes, an important group of the coastal

marine bacterial community (Eilers et al. 2001), were

found frequently by DGGE band sequencing as well as in
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the clone libraries. In contrast, Cottrell and Kirchman

(2000a) stated that Bacteroidetes are underestimated in

clone libraries, whereas Alphaproteobacteria are generally

overestimated. Hence, care must be taken when deducing

the structure of a bacterial community after usage of just

one analysis method. We think that in our study, the

combination of the two molecular techniques provided

further insights into the bacterial assemblages of the

investigated marine copepod genera, but currently, we

cannot judge whether DGGE or clone libraries represent

the real in situ community composition.

Phylogenetic analysis of DGGE band sequences and

clone libraries revealed that most of the Alphaproteobacteria

phylotypes belong to the Rhodobacterales group (Fig. 5a, b),

which is widely distributed and observed frequently in

marine environments (Wagner-Döbler and Biebl 2006).

Hence, it is not surprising that this group was already iden-

tified to be associated with copepods in recent studies

(Grossart et al. 2009; Tang et al. 2009a, b; Møller 2007

Møller et al. 2007; Peter and Sommaruga 2008). Rhodo-

bacterales are known to be rapid and successful primary

surface colonisers (Porsby et al. 2008; Dang et al. 2008;

Jones et al. 2007). The Rhodobacterales phylotypes found in

this study clustered with sequences from surface-attached

(biotic and abiotic surfaces), but also free-living bacteria.

Most of these phylotypes belong to the Roseobacter lineage.

As ecological generalists, Roseobacter harbour large gene

inventories and a remarkable suite of mechanisms by which

to obtain carbon and energy (Newton et al. 2010). Members

of the Roseobacter lineage play an important role for the

global carbon and sulphur cycle, for example, and are able to

produce dimethylsulfide (DMS) (Wagner-Döbler and Biebl

2006). Dimethylsulfoniumpropionate (DMSP)-consuming

bacteria were already found to be associated with the marine

calanoid copepod Acartia tonsa by Tang et al. (2001). Møller

et al. (2007), who first investigated the bacterial community

associated with Calanus helgolandicus (North Sea) using

culture-independent methods (DGGE and subsequent

sequencing), found that all of the three obtained bacterial

sequences belonged to the Roseobacter lineage. Their

phylotype NS17 (DQ839262) clusters with 13 sequences of

the present study (Fig. 5b). Hence, it can be assumed that this

phylotype is typical for copepods from the North Sea.

Overall, 28 phylotypes of the present study are positioned

close to the sequences NS16 and NS8 (DQ839261 and

DQ839253) (Møller et al. 2007) (Fig. 5a) which again

indicates the general association of the Roseobacter lineage

with North Sea copepods.

Besides the Rhodobacterales, we also identified phylo-

types related to facultative methylotrophic Methylobacte-

riaceae (Rhizobiales) (Fig. 4).

Finally, we identified phylotypes related to Sphingo-

monadales (Fig. 4), Sphingomonas sp., Sphingopyxis sp.

and Erythrobacter sp. The latter were previously found

associated with sea ice, but also with sediment, tunicates

and corals. Some Sphingomonas sp. are known to express

chitinases for usage of chitin as a carbon source (Zhu et al.

2007). Not surprisingly, more phylotypes related to chitin-

degrading bacteria were affiliated to the classes of

Gammaproteobacteria and Bacteroidetes.

Bacteroidetes have already been found to be associated

with copepods (Sochard et al. 1979; Hansen and Bech

1996; Peter and Sommaruga 2008). They are known to be

chemoorganotrophic particle colonisers and especially

proficient in degrading various polymers such as cellulose,

chitin and pectin, but also high-molecular DOM (DeLong

et al. 1993; Riemann et al. 2000; Riemann et al. 2006;

Kirchman 2002; Cottrell and Kirchman 2000b). In our

study, the majority of bacteroidetes phylotypes belong to

the Flavobacteriaceae with eight phylotypes related to

Polaribacter spp. from polar sea ice and sea water (Fig. 3).

Three Flavobacteriaceae phylotypes clustered with

sequences obtained from Saragossa sea bacterioplankton and

from artificial surfaces submerged in sea water. Besides

these main phylotypes, single phylotypes were identified

within the bacteroidetes, which were previously described

for surfaces (Saprospiraceae), sediments or hypersaline

microbial mats.

Aside from the Alphaproteobacteria dominating the

DGGE analyses, phylotypes of the Gammaproteobacteria

were the most abundant in the clone libraries. In many

studies, Gammaproteobacteria were identified as the major

group associated with marine copepods (Hansen and Bech

1996; Sochard et al. 1979; Heidelberg et al. 2002a). Zoo-

plankton-associated Vibrio-populations play an important

role in the mineralisation of chitin (Heidelberg et al. 2002a;

Belas and Colwell 1982; Huq et al. 1983; Kaneko and

Colwell 1975; Tamplin et al. 1990; Bassler et al. 1991; Yu

et al. 1991). Vibrio spp. comprise a significant portion of

the natural bacterial flora of zooplankton with a chitinous

exoskeleton (Huq et al. 1983; Heidelberg et al. 2002a;

Sochard et al. 1979; Tamplin et al. 1990). The Pseudoal-

teromonas, however, are also known to possess chitinases.

In our study, we found three phylotypes related to Pseud-

oalteromonas spp. (Fig. 6), which were related to sequen-

ces from arctic sea water, sea ice, sponges, sediment, chitin

enrichments and the nidamental gland and egg capsules of

a squid. Hansen and Bech (1996) found Pseudoaltero-

monas spp. associated with copepod intestines and faecal

pellets.

Within the Vibrionaceae (Fig. 6), we detected Aliivibrio

sp. (1 phylotype) and Vibrio spp. (6 phylotypes). Aliivibrio

spp. in the marine environment are often associated with

animals; some species are mutualistic symbionts or

pathogens of marine animals (Urbanczyk et al. 2007). Six

phylotypes in this study cluster with Vibrio genera known
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as pathogens. Vibrio alginolyticus (four phylotypes) causes

soft tissue infections and is listed as a human pathogen,

whereas Vibrio splendidus (two phylotypes) is known to be

a fish pathogen (Farmer III and Hickman-Brenner 2006).

Some of these species have been associated with mortality

in a wide range of marine animals, such as molluscs, fish,

shrimps and octopus (Beaz-Hidalgo et al. 2009).

Nine clone sequences clustered with Photobacterium

spp. Photobacterium phosphoreum is a bioluminescent

psychrophilic bacterium which is usually found in the

intestine, gills and skin of fishes (Farmer III and Hickman-

Brenner 2006). Photobacterium spp. was also found by

(Sochard et al. 1979) associated with the intestine and

surface of copepods.

Members of Moraxellaceae build a large group with 18

phylotypes, which fell more precisely into the genus

Psychrobacter. They clustered with sequences obtained

from macroalgae, arctic/antarctic sea ice and sea water,

krill and tidal flat sand. Psychrobacter species in general

do not metabolise complex substrates such as polysaccha-

rides (Bowman 2006). Various Psychrobacter species have

been found to occasionally cause infections in humans,

animals and fish. Psychrobacter is considered to be an

opportunistic pathogen and generally causes secondary,

albeit very serious, infections (Bowman 2006).

Four sequences fell within the Thiothrichaceae, which

were previously found associated with sludge, soil, polar

pack ice and the gut of bivalves. A novel uncultured Thio-

thrix strain was also found to be endogenous to the marine

crustacean Urothoe poseidonis (Gillan and Dubilier 2004).

Within the Firmicutes (Fig. 2), 5 phylotypes were rela-

ted to the Bacillales, a single phylotype fell into the

Clostridiales. Both groups contain members capable of

degrading chitin (Gooday 1990; Vogan et al. 2008).

Interestingly, related Bacillus spp. phylotypes were already

identified by Hansen and Bech (1996) to be associated with

the faecal pellets and the gut of copepods.

Within the Actinobacteria (Fig. 2), the 16 phylotypes

detected fell into several different families. These bacteria

mostly cluster with surface-attached bacteria or seem to

originate from sediment, while others are mostly free-liv-

ing bacteria. Seven of these phylotypes fell into the sub-

order Micrococcinea. Of these, four sequences belong to

the Micrococcaceae. These cluster with sequences from

Antarctic ice and soil samples and with a sequence

obtained from fish gills. Three phyloptypes were related

with Propionibacteriaceae, while another three sequences

fell into the Intersporangiaceae, which were found in

sediments and associated with corals. Three phylotypes

were related to Microbacterium spp., known to occur

attached to various biotic and abiotic surfaces. Two

sequences fell into the Acidimicrobidae and clustered with

sponge and North Sea water bacteria, whereas another

sequence fell into the Laminaceae and clustered with a

sequence from shelf sediment.

Seven Betaproteobacteria phylotypes were found. They

were all exclusively related to the Comamonadaceae. The

phylotypes cluster with others obtained from sediment and

seafloor lavas, but also with faecal samples.

Within the Deltaproteobacteria, we found a single

sequence belonging to the genus Bdellovibrio. These bac-

teria have been isolated from a wide range of water sys-

tems: estuaries, oceans, rivers, sewage, fish ponds and on

biofilms on surfaces. Bdellovibrios attack Gram negative

bacteria, such as Vibrio spp., and they can be regarded as

intracellular parasites (Jurkevitch 2006).

In general, the phylogenetic findings can be summarised

as follows: (1) Most phylotypes cluster with surface-

attached or organism-associated bacteria. (2) The taxo-

nomic groups are in general similar to those already

described for marine surfaces or associated with higher

marine organisms, but they are often different at higher

taxonomic levels (e.g. genera/species). (3) Several phylo-

types are closely related to cold-adapted bacteria (e.g. polar

ice samples). (4) Several phylotypes are related with chitin-

degrading bacteria.

Tang et al. (2009a) postulated that the life strategies of

the different copepod genera with regard to feeding strat-

egies play an important role for the composition of the

associated bacterial communities. Interestingly, we could

not support their hypothesis, since the different copepod

genera investigated in this study display different life styles

(herbivorous, omnivorous or detrivorous), but did not show

significant differences in their bacterial community in

respect to DGGE patterns.

Our experimental approach did not allow to distinguish

between the bacterial community attached to the exterior of

the copepod from that inside the copepod’s gut. Although

we observed several phylotypes related to Sulfitobacter

which were previously described for fresh faecal pellets

(Jing et al. 2012), the assignment of specific bacterial

populations to different body compartments of copepods

remains highly speculative. Since the copepod’s gut dis-

plays environmental conditions which are fundamentally

different from those of the surrounding seawater (Tang

et al. 2011), it can be assumed that growth of specific

bacterial populations is favoured there. Unfortunately,

detailed histological studies of copepods with a focus on

bacteria colonising the intestine of copepods are still

extremely rare (Peter and Sommaruga 2008). Our phylo-

genetic analysis, covering all closely related sequences so

far published in ARB-Silva (Quast et al. 2013), suggests

that copepods provide a habitat for bacteria which is dif-

ferent from seawater, but a further differentiation (surface

vs. intestine) concerning the bacterial community would be

highly speculative.
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Copepods do not moult again once they have reached the

adult stage (Carman and Dobbs 1997), but until adulthood

they shed their carapace after each naupliar and copepodite

stage. In this phase of life, the bacterial community is dis-

turbed after each life stage and has to re-colonise the nauplius

or copepodite. Thus, the former surface-attached community

is lost with the carapace, and colonisation begins anew.

These different life stages could be the reason why we found

so many primary surface colonisers associated with these

copepods. In this context, it might be presumed that the

constant supply of chitin could also be an important factor for

the development of the bacterial community on the copepod

surface. On the other hand, the copepod body may also serve

as ‘‘a living surface’’ passively collecting DOC from the

environment, while also generating DOC by ‘‘sloppy feed-

ing’’, defecation and excretion. Living surfaces are typically

nutrient-rich environments, where organic and inorganic

molecules and metabolic by-products accumulate. They

often exude different chemical deterrents or cues and are

generally morphologically complex (e.g. tissue differentia-

tion). Thus, living surfaces are likely to provide more com-

plex and highly differentiated habitats compared to the

pelagic environments.

We assume that the copepod-associated bacteria are

mainly opportunistic and benefit from the animal as a ‘‘living

surface’’. The colonisation process itself could be most likely

explained by the competitive lottery model as already pro-

posed for the colonisation of algal surfaces (Burke et al.

2011b). In this context, we suggest to investigate the link

between community structure and function using metage-

nomic sequence analysis (Burke et al. 2011a) in future

studies. From the phylogenetic analysis, it can be emphasis

that chitin degradation seems to be a common trait of the

bacterial community associated with copepods. Neverthe-

less, we identified clusters containing only copepod-related

bacterial phylotypes, e.g., within the Rhodobacteraceae or

within the Polaribacter group. Especially, the Roseobacter

lineage seems to harbour ecologically important copepod

colonising phylotypes and should be particularly considered

in future studies. Heidelberg et al. (2002a) postulated that the

bacterial community associated with zooplankton display

seasonal trends, with larger populations during spring and

autumn. This hypothesis is in coherence with the study of

Huq and Colwell (1996) related to the Vibrio cholera epi-

demics in Bangladesh, which occur biannually, during the

spring and fall, and the seasonal cycle of cholera is closely

correlated with copepod abundance. In contrast, we were not

able to detect any seasonality in the bacterial community of

the studied copepods. Interestingly, the bacterial community

of the water column of the sampling site Helgoland Roads

displays clear seasonality, with well-differentiated succes-

sions of different bacterial groups (Gerdts et al. 2004;

Alonso-Sáez et al. 2007; Eilers et al. 2001; Teeling et al.

2012; Sapp et al. 2007). By combining these two findings, it

can be hypothesised that the ‘‘living surface’’ copepod is

selective, attracts specific bacterial populations and provides

a niche, which is different from the pelagic environment.

Concerning the occurrence of Gammaproteobacteria, care

must be taken when interpreting the results due to the obvi-

ous bias of the molecular methods. Unfortunately, the

primers used for PCR/DGGE seem to discriminate

Gammaproteobacteria. Hence, in future studies, different

primer sets should be applied (Klindworth et al. 2012).

Furthermore, for a comprehensive and ‘‘in-depth’’ analysis

of the bacterial community associated with copepods, next-

generation sequencing approaches should be applied, as was

recently done for the analyses of seawater samples at

Helgoland Roads (Teeling et al. 2012). Nevertheless, we

never detected human pathogenic Vibrio spp. in our waters

by cloning. This finding is contradictory to the study of

Heidelberg et al. (Heidelberg et al. 2002a) and those studies

analysing the Vibrio community associated with zooplank-

ton in the tropic waters of Bangladesh (Huq et al. 1983).

Since seawater temperature plays a pivotal role in the

selection process of bacterial populations, climate change

could lead to an increase in human pathogens in the near

future also in the temperate European waters and on the

‘‘living surface’’ of North Sea copepods.
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Seasonality in bacterial diversity in north-west Mediterranian

coastal waters: assessment through clone libraries, fingerprinting

and FISH. FEMS Microbiol Ecol 60:98–112

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,

Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new

generation of protein database search programs. Nucleic Acids

Res 25(17):3389–3402

Azam F, Fenchel T, F ield JG, Gray JS, Meyer-Reil LA, Thingstad F

(1983) The ecological role of water-column microbes in the sea.

Mar Ecol Prog Ser 10:257–263

Bassler BL, Yu C, Lee YC, Roseman S (1991) Chitin utilization by

marine bacteria. degradation and catabolism of chitin oligosac-

charides by Vibrio furnissii. J Biol Chem 266(36):24276–24286

Beaz-Hidalgo R, Doce A, Pascual J, Toranzo AE, Romalde JL (2009)

Vibrio gallaecicus sp. nov. isolated from cultured clams in north-

western Spain. Syst Appl Microbiol 32(2):111–117

Belas MR, Colwell RR (1982) Adsorption kinetics of laterally and

polarly flagellated Vibrio. J Bacteriol 151(3):1568–1580

Bowman JP (2006) CHAPTER 3.3.35: The Genus Psychrobacter. In:

The prokaryotes, vol 6. pp 920–930

Brandt P, Gerdts G, Boersma M, Wiltshire K, Wichels A (2010)

Comparison of different DNA-extraction techniques to investigate

Helgol Mar Res (2013) 67:757–773 771

123



the bacterial community of marine copepods. Helgol Mar Res

64:331–342

Burke C, Steinberg P, Rusch D, Kjelleberg S, Thomas T (2011a)

Bacterial community assembly based on functional genes rather

than species. Proc Natl Acad Sci 108(34):14288–14293

Burke C, Thomas T, Lewis M, Steinberg P, Kjelleberg S (2011b)

Composition, uniqueness and variability of the epiphytic bacte-

rial community of the green alga Ulva australis. ISME J

5(4):590–600

Carman KR (1994) Stimulation of marine free-living and epibiotic

bacterial activity by copepod excretions. FEMS Microbiol Ecol

14(3):255–261

Carman KR, Dobbs FC (1997) Epibiotic microorganisms on copepods

and other marine crustaceans. Microsc Res Tech 37(2):116–135

Cole JR, Chai B, Marsh TL, Farris RJ, Wang Q, Kulam SA, Chandra

S, McGarrell DM, Schmidt TM, Garrity GM, Tiedje JM (2003)

The Ribosomal database project (RDP-II): previewing a new

autoaligner that allows regular updates and the new prokaryotic

taxonomy. Nucleic Acids Res 31(1):442–443

Cottrell MT, Kirchman DL (2000a) Community composition of

marine bacterioplankton determined by 16S rRNA gene clone

libraries and fluorescence In situ hybridization. Appl Environ

Microbiol 66(12):5116–5122

Cottrell MT, Kirchman DL (2000b) Natural assemblages of marine

proteobacteria and members of the cytophaga-Flavobacter

cluster consuming low- and high-molecular-weight dissolved

organic matter. Appl Environ Microbiol 66:1692–1697

Cushing DH (1989) A difference in structure between ecosystems in

strongly stratified waters and in those that are only weakly

stratified. J Plankton Res 11(1):1–13

Dang H, Li T, Chen M, Huang G (2008) Cross-ocean distribution of

Rhodobacterales bacteria as primary surface colonizers in

temperate coastal marine waters. Appl Environ Microbiol 74(1):

52–60

Delille D, Razouls S (1994) Community structures of heterotrophic

bacteria of copepod fecal pellets. J Plankton Res 16:603–615

DeLong EF, Franks DG, Alldredge AL (1993) Phylogenetic diversity

of aggregate-attached vs. free-living marine bacterial assem-

blages. Limnol Oceanogr 38:924–934

Eilers H, Pernthaler J, Peplies J, Glockner FO, Gerdts G, Amann R

(2001) Isolation of novel pelagic bacteria from the german bight

and their seasonal contributions to surface picoplankton. Appl

Environ Microbiol 67(11):5134–5142

Farmer III JJ, Hickman-Brenner FW (2006) CHAPTER 3.3.18: the

genera vibrio and photobacterium. In: the prokaryotes, vol 6.

pp 508–563

Felsenstein J (1993) PHYLIP(phylogeny inference package) version

3.5c. Department of Genetics, University of Washington, Seattle

Ferrari VC, Hollibaugh JT (1999) Distribution of microbial assem-

blages in the Central Arctic Ocean Basin studied by PCR/DGGE:

analysis of a large data set. In: Zehr JP, Voytek MA (eds)

Hydrobiologia, vol 401., Molecular ecology of aquatic com-

munitiesKluwer, Netherlands, pp 55–68
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