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Abstract

The aim of this study was to investigate the gut bacterial communities of Nephrops
norvegicus individuals, using a suite of molecular tools consisting of automated
ribosomal intergenic spacer analysis, 16S rRNA gene—internal transcribed spacer
clone libraries and FISH. The animals were collected from Pagasitikos Gulf, Greece,
during different months of the year. The diversity of the gut bacterial communities
was found to mostly vary with sampling time, which could be related to temporal
variations in food supply. The 16S rRNA gene diversity analysis showed dom-
inance of specific phylotypes for each month studied. February, May, July, August
and October samples were rich in sequences related to the gammaproteobacterial
genera Pseudoalteromonas, Psychrobacter and Photobacterium. September and
December samples were dominated by phylotypes affiliated with uncultured
representatives of Mollicutes, which are generally associated with the intestinal
tracts of various animals. The presence of Gammaproteobacteria and uncultured
Mollicutes in August and September samples, respectively, was further confirmed
by FISH. None of the morphometric parameters considered was related to the

Nephrops norvegicus.

Introduction

The Norway lobster Nephrops norvegicus (also called Dublin
bay prawn) is a burrowing decapod crustacean living at
20-800 m depth. It is widely distributed on muddy substrata
throughout the northeast Atlantic Ocean from Iceland in the
north to Morocco in the south, at the British coasts and
in the Mediterranean Sea and has a high commercial
importance in these areas (Bell, 2009). However, concerns
about possible depletion and recruitment failure for
Nephrops fisheries have been expressed due to overexploita-
tion and insufficient or inappropriate management strate-
gies. Nephrops norvegicus feeds mainly on fish, molluscs,
crustaceans, polychaetes, echinoderms and foraminifera (Cris-
to & Cartes, 1998). Differences in diet are attributed mainly to
differences in prey abundance rather than to differences in
prey preference. Nephrops norvegicus is considered to be an
opportunistic predator and a scavenger. It has been suggested
that it can act as a suspension feeder. This occurs when food
resources are limited (Loo et al., 1993). In captivity, cannibal-
ism has also been observed when food supply is insufficient
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temporal pattern of dominant bacterial communities.

(Sarda & Valladares, 1990) and when other individuals are
vulnerable, for example due to molting (A. Meziti, I. Karapa-
nagiotidis, K. Kormas & E. Mente, pers. commun.).

The digestive system of N. norvegicus consists of three
parts: (1) the foregut, consisting of the esophagus, the
cardiac and the pyloric stomach, (2) the midgut, which
includes the hepatopancreas and the intestine till the sixth
abdominal segment and (3) the hindgut, which is the
last very short chitin-lined part after the midgut leading to
the anus. The main part of the food assimilation occurs in
the upper part of the midgut either by enzymes excreted
from the hepatopancreas or by mechanical disruption from
the gastric mill. The midgut is the main absorbing organ,
and no absorption occurs in the short hindgut (Yonge,
1924).

Gut microorganisms are considered very important for
the nutrition of many animal species including crustaceans
(Harris, 1993). The microorganisms grow in a stable envir-
onment inside the animal gut, while the host usually benefits
either from microbially mediated digestion of ingested food
or from important nutrients. However, the microbial
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colonization of N. norvegicus has not been studied in detail
as yet.

Most of the available studies have focused on the hindgut
microbiota of other Decapoda, mainly Thalassinidae, and
have found thriving microbial communities because no
assimilation of nutrients occurs there and consequently no
competition with the hosts (Lau et al., 2002 and references
therein). However, over the last years, there has been an
increasing interest on the shifts of gut microbial commu-
nities driven by the nutritional habits of the host (Ley et al.,
2008), making the parts of the intestinal tract where nutrient
absorption takes place, such as the Decapoda midgut,
appropriate systems for the investigation of microorga-
nism-host interactions.

Pagasitikos Gulf, Greece, is a major N. norvegicus fishing
ground. According to models constructed by Petihakis et al.
(2005), the sediment surface of the central-external area
< 50m depth is characterized by rather constantly low
temperatures (13 °C average) and dim light conditions.
Other factors influencing the benthic communities, such as
settling phytoplankton biomass, detritus and bacteria, show
annual patterns (Petihakis ef al., 2005) and are regulated by
the phytoplankton bloom starting between January and
February each year. Phytoplankton biomass reaches its
maximum near the sediment soon after the bloom initia-
tion. Maximum detritus concentrations reach the sediment
surface during February and March, causing an almost
immediate bacterial response (i.e. increased abundance).
After April, a decrease is observed for phytoplankton,
detritus and bacterial biomass (Petihakis et al., 2005). These
patterns have positive effects on the benthic food web by
increasing the activity of suspension and deposit feeders
soon after the peaks of phytoplankton, bacteria and detritus
around April or May.

The aim of this study was to investigate whether temporal
changes, which reflect different food supply, as discussed
above, influence the gut microbial communities along with
other morphological factors. For this purpose, midgut
samples from N. norvegicus individuals were collected dur-
ing different months from the same habitat and were
investigated by 16S rRNA gene diversity and internal tran-
scribed spacer (ITS) analysis. To the knowledge of the
authors, there is no similar study for the molecular analysis
of the gut microbial communities in N. norvegicus. Midgut
was selected for analysis as the gut part where additional
nutrient absorption from the host could occur and a
relationship of mutualism with the bacteria could evolve.
The examination of the gut bacterial communities provides
useful insights into the feeding and nutritional behavior
of the animal, especially in commercial rearing efforts that
are suggested as alternative to the overexploitation and
insufficient or inappropriate management strategies of
N. norvegicus.
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Materials and methods

Nephrops norvegicus collection and
morphometric analysis

Samples were collected from Pagasitikos Gulf (Greece) from
an area determined by four points: North (39°17.34'N,
23°02.27'E), West (39°15.55'N, 22°56.45'E), South (39°
10.33'N, 23°00.59'E) and East (39°09.14'N, 23°08.52'E).
Samples were collected monthly in 2007, apart from January,
April, June and November, when sampling was not possible
due to bad weather conditions or fishing restrictions. Indivi-
dual, large traps (60 cm x 45 cm x 30 cm) were used to avoid
stress on the animals during capture. The traps were left at the
bottom of the sea for a maximum of 7h before retrieving
them. Only live animals upon retrieval of the traps were kept
for the current work until return to the laboratory (< 2h).
The sampling depth varied from 60 to 88 m. After collection,
the N. norvegicus individuals were immediately transferred on
ice to the laboratory, and animal sex, weight, carapace length
and width and abdominal width were measured (Supporting
Information, Table S1). In total, 53 gut samples were collected
for further analysis. Encoding of the samples according to
collection month is shown in Table S2.

Midgut isolation

The animals were dissected using sterile lancets and the
midgut was extracted using sterile forceps. In order to
exclude as many as possible transient bacterial cells ingested
with food particles, the extracted midgut was emptied by
applying mechanical force and by rinsing in autoclaved
particle-free sea water (filtered by 0.2-um pore size). All
dissecting tools were alcohol flame sterilized between each
individual sample.

DNA extraction and tissue fixation

DNA extraction was performed on 49 gut tissues from all
sampling months using the QIAamp DNA Mini Kit (Qiagen
Inc.) following the manufacturer’s standard protocol. Some
of the gut tissues deriving from the same collection month
and from animals of the same sex were pooled for the DNA
extraction due to low tissue mass (Table S1). At the final
step, DNA was diluted in 100 pL of elution buffer, provided
with the kit, and was stored at —20°C. Because of low
numbers of animals available, only samples from August
and September were fixed in 4% formaldehyde in sterile
1 x phosphate-buffered saline (PBS) (137mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, 2 mM KH,PO,) at 4 °C for
3 h. Samples were rinsed three times in 1 x PBS for 10 min
and were washed in sterile double-distilled water. Samples
were stored in 1.5mL 1 x PBS:ethanol (1:1). In total, 39
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DNA samples were further analyzed as a result of the pooled
tissues and four gut tissues were used for FISH.

Automated ribosomal intergenic spacer analysis
(ARISA), nonmetric multidimensional scaling
(NMDS) analysis and environmental
interpretation

The gut bacterial community structure was estimated by
ARISA (Fisher & Triplett, 1999). PCR amplification was
conducted in triplicates using primers ITSF (5'-GTCGTAA
CAAGGTAGCCGTA-3’) and ITSReub (5-GCCAAGG
CATCCACC-3") (Cardinale et al., 2004). Primer ITSF was
labeled with FAM fluorochrome at the 5 end. The PCR
conditions consisted of an initial denaturation step at 94 °C
for 3 min, followed by 30 cycles of 94 °C for 455, 55 °C for
45s, 72 °C for 90 s and a final extension at 72 °C for 5 min.
PCR-amplified fragments were purified with Sephadex G-50
Superfine (Sigma-Aldrich, Germany) and the preparation
for capillary electrophoresis separation was performed as
described previously (Boer et al., 2009). ARISA profiles were
analyzed using the GENEMAPPER software v 3.7 (Applied
Biosystems Inc., Carlsbad, CA). The total peak area per
sample was normalized to one, and only fragments above a
threshold of 50 fluorescence units and between 100 and
1000bp length were considered. GENEMAPPER output files
were further analyzed by custom R scripts (Ramette, 2009).
To account for size calling imprecision, samples were binned
with automatic and interactive binner as described pre-
viously (Ramette, 2009). A ‘window’ of 2.5 bp was selected
as the frame offering the highest pairwise similarities among
samples and was further subjected to multivariate analyses.

Triplicate profiles were merged to only keep bands that
appeared at least twice among the replicates of a given
sample (Boer et al., 2009; Ramette, 2009). Unconstrained
ordinations were performed to graphically illustrate the
relationships between different samples using three-dimen-
sional NMDS (Kruskal, 1964), implemented in R (version
2.7.0). NMDS ordination attempts to place all samples in a
three-dimensional space such that their ordering relation-
ships (here based on a Bray—Curtis similarity matrix) are
preserved. Hence, the closer the samples are in the resulting
ordination, the more similar their overall gut bacterial
communities are. Kruskal’s stress value reflects the difficulty
involved in fitting the samples’ relationships into a three-
dimensional ordination space. To determine whether season
and morphometric data could significantly explain the
variation in bacterial community structure, a redundancy
analysis (RDA) [reviewed in Ramette (2007)] was imple-
mented in R and its significance was assessed by 999
permutation tests. The a priori hypothesis that gut microbial
communities differ between different seasons was tested
using RDA and the nonparametric anosi (Clarke & Green,
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1988). ANOSIM generates a test statistic, R, that ranges from
— 1 to 1. The magnitude of R is indicative of the degree of
separation between groups, with a score of 1 indicating
complete separation and 0 indicating no separation (Clarke,
1993). R is unlikely to be substantially smaller than 0
because this would indicate that similarities within groups
are systematically lower than those among groups. The
critical significance level used for anosiM results was
P=0.05. Since multiple pairwise comparisons (21) were
performed, the Bonferroni correction was applied, decreas-
ing the critical significance level to 0.0024 (0.05/21). It has to
be mentioned that the Bonferroni correction has often been
judged to be overly conservative (Legendre & Legendre,
1998), and so care should be taken when applied to
ecological data. Only results from the anosv method are
presented because both methods gave the same conclusions.

Cloning and sequencing of 16S rRNA
genes and ITS

Bacterial 16S rRNA gene and the ITS were amplified from
samples F1, My46, J11, Ag31, Se3, O2 and D1 using the 27f
BAC (5'-AGAGTTTGATCMTGGTCAG-3’) (Lane, 1991)
and ITSReub primers. Expected amplicon sizes varied from
1800 to 2400 bp due to variation in ITS size. PCR conditions
were 2 min at 94 °C, followed by 10 cycles with 30 s at 94 °C,
1 min at 55 °C and 3 min at 72 °C, followed by 13-20 cycles
of 30s at 94 °C, 30s at 55 °C and 3 min (+5s in each cycle)
at 72 °C and finally 7 min at 72 °C. PCR cycles were adjusted
when needed to decrease nonspecific products. In samples,
JI1, Ag31 and O2, where PCR products were not enough to
allow for further analysis, a nested PCR was performed with
primers GM3 (5-AGAGTTTGATCMTGGC-3') (Muyzer
et al, 1995) and GM4 (5'-TACCTTGTTACGACTT-3')
(Kane et al., 1993). The expected amplicon size was
1550-1600 bp. PCR conditions involved an initial denatura-
tion at 94 °C for 3 min, followed by 10-13 cycles of 94 °C for
1 min, 44 °C for 1 min, 72 °C for 3 min and a final extension
at 72 °C for 5 min. The total cycles for all samples for both
PCRs varied from 25 cycles in Se3 to 37 cycles in Ag31 and
02. PCR products were purified using QIAquick PCR
Purification Kit (Qiagen Inc., Germany) and were cloned
directly using TOPO TA Kit for sequencing (Invitrogen Inc.,
Germany) with chemically competent cells. The insert size
was checked via PCR with M13f-M13R vector-binding
primers. Positive clones were grown overnight in 1.5mL of
Luria—Bertani medium containing ampicillin (100 pg mL™),
and plasmids were prepared from the pelleted cells with a
QIAprep Miniprep Kit (Qiagen Inc.). Plasmids were par-
tially sequenced with primers GM4 and ITSReub (the latter
used only for the 16S-ITS libraries). After alignment with
SEQUENCHER 4.6 (Gene Codes Corporation) and CLUSTALW
(Larkin et al., 2007), manual correction, elimination of
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chimeras using pINTAIL (Ashelford et al., 2005) and visual
examination of the alignments, clones were grouped based
on a 16S rRNA gene similarity cutoff of 99% and represen-
tatives from each group were fully sequenced using primers
GM5_341f, GMIR and 907R (Muyzer et al., 1995). Sequen-
cing reactions were performed using ABI BigDye and an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems Inc.).
Sequences were checked for closest relatives using the BLAST
application and all sequences were checked for chimeras
using PINTAIL. 16S rRNA gene sequences were aligned using
the ars software (Ludwig et al., 2004) and the SILVA aligner
application (Pruesse et al., 2007). 16S rRNA gene distance
matrices were calculated with the Jukes—Cantor formula and
were clustered using the neighbor-joining method. The
phylogenetic tree was created in ars software (Ludwig et al.,
2004). Bootstrap values were obtained from 1000 replicates
using similar parameters. The length of the ITS sequences
was used for the identification of ARISA peaks and for the
study of the microdiversity of dominant 16S rRNA gene-
derived phylotypes (data not presented here). All 16S rRNA
gene sequences from this study have been deposited under
GenBank numbers GQ866066—GQ866111.

FISH

Fixed tissues were washed in optimal cutting temperature
(OCT) cryomicrotome medium (HISTO Service, Germany)
for 5h at 4°C and were embedded in specific plastic wells
filled with OCT overnight at — 20 °C. The frozen embedded
samples were sliced horizontally to the gut walls with a
cryomicrotome (Microm GmbH, Germany) into 4-5-um-
thick slices. Slices were collected on Menzel-Gliser Polysine
Microscope Slides (Menzel-Gliser, Germany). Catalyzed
reporter deposition-FISH was performed only in sample
FN2 following a protocol described previously (Fuchs et al.,
2005) with the following modifications. For the deactivation
of endogenous peroxidases, slides were incubated for 30 min
with 0.5% sodium dodecyl sulfate in methanol, followed by
two washing steps of 10 min in 1 x PBS and of 3 min in
sterile double-distilled water. Hybridization buffer was pre-
pared for the respective formamide concentrations as de-
scribed previously (Fuchs et al, 2005). Sections were
prehybridized for 15 min at 46 °C by adding hybridization
buffer only. Hybridization was followed by the addition of
horseradish peroxidase-labeled probe (50 ng uL ") ina 1:50
dilution with the respective hybridization buffer. Samples
FN3, FSel and FSe3 were analyzed following the basic FISH
protocol (Duperron et al., 2006) with the appropriate
concentrations of formamide (Table S3). Basic FISH was
preferentially used in most of our samples because it yielded
better results in terms of clearer signals, less background
and the better calculation of cell dimensions. General Cy3-
labeled probes were used for the in situ identification of
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Bacteria, Alpha-, Beta- and Gammaproteobacteria; NON338
was used for the detection of false-positive signals (Table
S3). Cy3-labeled GAM42a probe was combined with non-
labeled BET42a, and vice versa, as described before (Manz
et al., 1992). The current specificity of these probes has
recently been reviewed (Amann & Fuchs, 2008). A specific
probe targeting the 16S rRNA gene sequence of the domi-
nant in September samples phylotype (Se3-204) clustering
with Mollicutes was designed using the ArRB ‘probe design’
function (Ludwig et al, 2004). This probe (UncMol89
5'-CGTTCGCCACTAACACCAAAATC-3') was designed in
order to be specific for this phylotype and to have two or
more mismatches with the sequences found in the SILVA
database (Pruesse et al., 2007). The probe design considered
the accessibility of 16S rRNA gene probe target sites reported
elsewhere (Behrens et al., 2003) and the position of the
specific for the Candidatus Bacilloplasma probe (Kostanjsek
et al,, 2007). Optimal stringency conditions were deter-
mined for the new probe by checking the signal intensities
at increasing formamide concentrations (0-40%). The high-
est formamide concentration where signals were detected
was 40%. However, these signals were weak, and finally 35%
was chosen for the rest of the analysis. Four gut samples
were analyzed, two from August 2007 (FN2, FN3) and two
from September 2007 (FSel, FSe3). Samples were visualized
using an Axioplan II Imaging epifluorescence microscope
(Carl Zeiss, Jena, Germany), and pictures were realized
using software AxIovisION Rel. 4.7.2 (Carl Zeiss).

Results

Analysis of shifts in community structure

The ARISA profiles generated from the bacterial communities
associated with the midgut tissue of N. norvegicus showed high
variability between samples. None of the ARISA fragments
were present in all samples and the number of operational
taxonomic units (OTUs) varied between 43 (sample My44)
and 147 (D2) (average 91). When the complexity of the
community profile was reduced by NMDS (Fig. 1), sampling
time emerged as an important factor (anosm R=0.5531,
P < 0.001). Morphometric factors did not significantly ex-
plain changes in microbial community structures (P > 0.05).
Further pairwise comparisons showed that gut bacterial
communities varied significantly (P < 0.05) between almost
all months (Table 1), with either strong community differ-
entiation (R > 0.75) or with differentiated, yet overlapping
structure (0.50 < R < 0.75). The R values for the anosmm
tests between August, September, October and December
indicated largely overlapping structure (R < 0.5), with only
the exception of the December—September comparison. No
group separation was observed between the sample pairs
February/March—July (P=0.198) and August-October
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Fig. 1. NMDS ordination plots (Bray—Curtis
distance matrix) of merged ARISA profiles for
the Nephrops norvegicus gut-derived samples
(ordination stress=0.17). Each month is
! ; . indicated by a different color with filled circle or
t: ) s ° &b 1;; 5 5 number: (1) gray, February—March; (2) black,
:E .5 . é 57 May; (3) red, July; (4) green, August; (5) blue,
; ) September; (6) light blue, October; and (7)
5 2z "5 2 pink, December. (a) provides three-dimensional
2 : 2 representation of the results, (b)—(d) represent
separate two-dimensional plots for all
combinations of the three NMDS axes. NMDS
2 # axes are arbitrary, so that plots may arbitrarily be
Axis 2 Axis 1 rotated, centered or inverted.
Table 1. anosim results for the a priori determined temporal groups
February/March May July August September October December
February/March 0.0166 0.1983 0.0484 0.0083 0.0231 0.0105
May 0.5897 0.0183 0.0044 0.0002 0.0026 0.0023
July 0.4444* 0.9692 0.0113 0.0027 0.013 0.0133
August 0.3765* 0.6053 0.6543 0.0138 0.0916 0.0154
September 0.7208 0.9389 0.8403 0.2933* 0.0043 0.0003
October 0.5000 0.8720 0.6975 0.1611* 0.4028* 0.0302
December 0.6111 0.9227 0.7654 0.3870* 0.5206 0.2796*

*Largely overlapping groups.

Significant noncorrected P-values (P < 0.05) are indicated with italics, significant Bonferroni corrected P-values (P < 0.0024) are underlined (upper right

triangle) and R values are in bold (lower left triangle).

(P=0.092). When applying a Bonferroni correction for the
21 comparisons being made, a clear separation only oc-
curred between all pairwise comparisons involving May,
September and December samples. As mentioned above, the
Bonferroni correction has often been judged to be overly
conservative (Legendre & Legendre, 1998), and so care
should be taken when applied to ecological data.

Phylogenetic analysis

Seven samples from different sampling seasons (Table S2)
were further analyzed with the construction of clone
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libraries. A total of 311 full-length 16S rRNA gene sequences
were determined for samples F1 (31), MY46 (58), JI1 (30),
Ag31 (22), Se3 (53), 02 (25) and D1 (92). In each clone
library, 5-10 different phylotypes were detected based on a
cutoff similarity of 99% (Table 2, Fig. 2). All clone libraries
had a satisfactory coverage (Fig. S1) according to Good’s C
estimator (Kemp & Aller, 2004). Almost all clone libraries
had coverage higher than 90%, apart from February (77%)
and August (82%).

Except for clone library Ag31 that had two dominant
phylotypes with a frequency of 31% and 27%, all clone
libraries were dominated by a single phylotype being present
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Table 2. 16S rRNA gene phylotypes detected in midgut samples of Nephrops norvegicus individuals

Phylotype Frequency (%) Name of closest relative GenBank accession no. Similarity (%)  Phylogenetic affiliation
F1-5 58.1 Pseudoalteromonas sp. NPO-JI-58 AY745828 99 Gammaproteobacteria
F1-4 129 Psychrobacter aquimaris, KOPRI 24929 EF101547 99 Gammaproteobacteria
F1-7 6.4 Uncultured actinobacterium EU374093 97 Actinobacteria

F1-2 3.2 Uncultured bacterium FJ203056 96 Gammaproteobacteria
F1-6 3.2 Uncultured bacterium FJ545576.1 96 Acidobacteria

F1-18 3.2 Uncultured Chloroflexi DQ811871 98 Chloroflexi

F1-19 3.2 Uncultured acidobacterium DQ395041 96 Acidobacteria

F1-20 3.2 Uncultured actinobacterium EF208654 96 Actinobacteria

F1-26 3.2 Uncultured actinobacterium EU374093 99 Actinobacteria

F1-28 3.2 Uncultured bacterium FJ695595 98 Gammaproteobacteria
My46-424 741 Psychrobacter sp. Pi 2-33 AB365059 99 Gammaproteobacteria
My46-492  19.0 Vibrio lentus AY292936 99 Gammaproteobacteria
My46-460 34 Vibrio lentus AY292936 99 Gammaproteobacteria
My46-442 1.7 Planococcus rifitiensis strain M8 AJ493659 99 Firmicutes

My46-484 1.7 Uncultured bacterium AB255057 98 Firmicutes

Jn-36 73.3 Photobacterium leiognathi AY292917 99 Gammaproteobacteria
-4 13.3 Photobacterium sp. JT-ISH-224 AB293986 99 Gammaproteobacteria
-1 6.6 Photobacterium leiognathi strain RM1 AY292947 99 Gammaproteobacteria
JI11-22 3.3 Psychrobacter aquimaris EF101547 99 Gammaproteobacteria
J1-28 3.3 Uncultured bacterium clone CK_1_C4_1 EU488044 87 Firmicutes

Ag31-3 31.9 Photobacterium leiognathi strain RM1 AY292947 99 Gammaproteobacteria
Ag31-6 27.3 Photobacterium leiognathi AY292917 98 Gammaproteobacteria
Ag31-15 13.6 Vibrio lentus AY292936 98 Gammaproteobacteria
Ag31-2 9.1 Uncultured bacterium AB255065 99 Gammaproteobacteria
Ag31-1 4.5 Vibrio parahaemolyticus RIMD 2210633 BA000031 99 Gammaproteobacteria
Ag31-21 4.5 Vibrio splendidus LGP32 chromosome 1 FM954972 98 Gammaproteobacteria
Ag31-22 4.5 Vibrio salmonicida isolate PB1-8rrnB EU091324 99 Gammaproteobacteria
Ag31-13 4.5 Photobacterium sp. HAR23 AB038031 99 Gammaproteobacteria
Se3-204 83.0 Uncultured Mollicutes DQ340200 90 Mollicutes

Se3-206 5.6 Desulfatibacillus olefinivorans strain LM2801 DQ826724 87 Deltaproteobacteria
Se3-199 3.8 Ralstonia sp. FRAO1 AF098288 99 Betaproteobacteria
Se3-178 3.8 Dechloromonas sp. HZ AF479766 98 Betaproteobacteria
Se3-129 1.9 Uncultured bacterium clone CK_1_C4_19 EU488044 87 Mollicutes

Se3-157 1.9 Uncultured bacterium AY328732 99 Alphaproteobacteria
02-1 76.0 Photobacterium leiognathi strain RM1 AY292947 99 Gammaproteobacteria
02-8 16.0 Vibrio splendidus isolate PB1-10rrnH EU091332 99 Gammaproteobacteria
02-23 4.0 Vibrio salmonicida isolate PB1-8rrnB EU091324 99 Gammaproteobacteria
02-37 4.0 Uncultured bacterium EF123487 98 Gammaproteobacteria
D1-695 86.0 Uncultured bacterium clone CK_1_C4_1 EU488044 87 Firmicutes

D1-668 2.2 Dechloromonas sp. HZ AF479766 99 Betaproteobacteria
D1-669 2.2 Arctic sea ice bacterium AF468382 99 Gammaproteobacteria
D1-715 2.2 Psychrobacter celer EF101550 98 Gammaproteobacteria
D1-727 2.2 Uncultured bacterium EU137440 99 Actinobacteria

D1-684 1.1 Psychromonas japonica AB304804 98 Gammaproteobacteria
D1-674 1.1 Shewanella woodyi ATCC 51908 CP000961 99 Gammaproteobacteria
D1-700 1.1 Burkholderia phytofirmans PsIN CP001053 98 Betaproteobacteria

For sample code, see text. Closest relative determined via sLast top score and phylogenetic affiliation via tree reconstruction (see Fig. 2).

with a frequency of 56-87%. All clone libraries were either
dominated by sequences affiliated with Gammaproteobacteria
(F1, My46, J1, Ag31l, O2) or Mollicutes (Se3, D1). Other
phylotypes detected in lower abundances were clustered with
Firmicutes, Actinobacteria, Acidobacteria, Chloroflexi, Alpha-,

FEMS Microbiol Ecol 74 (2010) 472-484

Beta- and Deltaproteobacteria. Sample F1 had one dominant
phylotype (F1-5, frequency 58.06%) with
99% similarity with Pseudoalteromonas sp. NPO-JI-58, a
heterotroph isolated from the North Pacific Ocean
(Du et al, 2006). The two closest known species were
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Fig. 2. Neighbor-joining tree based on 16S rRNA gene sequences from the midgut of Nephrops norvegicus. Persephonella marina (Aquificae) was used
as an outgroup. The bar corresponds to 10% nucleotide difference and bootstrap values were calculated from 1000 replicate trees. Relative abundances
of retrieved phylotypes in each clone library are shown in parentheses. Only bootstrap values over 50% are shown in the tree.

Pseudoalteromonas haloplanktis TAC125 (Medigue et al.,
2005) and Pseudoalteromonas elyakovii (Sawabe et al., 2000),
exhibiting alginolytic activity.

Sample My46 had one dominant phylotype (My46-424,
frequency 72%) with 99% similarity with Psychrobacter sp.
Pi 2-33 (Romanenko et al., 2008). This strain was isolated

© 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

from coastal sea ice, and although not fully characterized, it
was positively tested for lipolytic activity and the reduction
of nitrate to nitrite. The closest fully characterized rela-
tive was Psychrobacter cibarius strain JG-220 isolated
from fermented seafood (Jung et al, 2005), exhibi-
ting lipolytic activity as well. A closely related phylotype
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(Ag31-2, 98% similarity) was detected in Ag31 in a lower
frequency (9%).

Samples J11, Ag31 and O2 were dominated by phylotypes
clustering with the genus Photobacterium and showing
> 96% similarity between them (Table S4). The closest
cultured relatives were a free-living strain, Photobacterium
leiognathi RM1, isolated from the light organs of the squid
Rondeletiola minor (Nishiguchi & Nair, 2003), Photobacter-
ium sp. JT-ISH-224, isolated from the gut of the Japanese
barracuda (Tsukamoto et al., 2008) and Photobacterium sp.
HAR?23, isolated from the north-west Pacific Ocean water
column (Urakawa et al., 1999).

Sample Se3 was clearly dominated by phylotype Se3-204
(83% frequency), which clustered in a group of uncultured
Mollicutes affiliated as a sister group of the Mycoplasma clade
and consisting of bacteria found in the intestinal tracts of
various terrestrial and marine animals (Fig. S2). Se3-204 was
only 89% similar with an uncultured Mollicutes bacterium
detected in high abundances in the gut of the long-jawed
mudsucker Gillichtys mirabilis (Bano et al., 2007). Other
representatives of this group have been found in the intes-
tine of notothenioid fishes (Ward et al., 2009), the gut of
Lumbricidae earthworms (Nechitaylo et al., 2009) and the
isopod Porcellio scaber (Kostanjsek et al., 2007).

The dominant phylotype of sample D1 (D1-695, fre-
quency 86%) fell within a highly divergent group of
uncultured Mollicutes (Fig. S2). The representatives of the
group, showing high heterogeneity between them, originate
from various habitats including mammals’ feces (Ley et al.,
2008), humans’ intestinal tract where they were related to
obesity (Ley et al., 2006) and sediment samples (Green-
Garcia, 2008). D1-695 showed low similarity (87%) with its
closest relative, phylotype CK_1C4_19, found in sea-grass
bed sediment from the Gulf of Mexico (Green-Garcia,
2008). Phylotypes J11-28 and Se3-129, found in low abun-
dances in samples JI1 and Se3 (3.3% and 1.5%, respectively),
were 99% similar with D1-695 and with each other. Because

Fig. 3. (a) Gut section (thickness 5 pm) of
Nephrops norvegicus sample FN2 (August)
hybridized with horseradish peroxidase-labeled
GAM42a probe specific for Gammaproteobac-
teria, and stained with Alexa488-labeled
tyramide. Blue signal corresponds to DAPI signal
from the gut-wall epithelial cells and green signal
corresponds to the hybridized bacteria. (b) Gut
section (thickness 4 pum) of N. norvegicus sample
FSE3 (September) hybridized with Cy3-labeled
probe UncMol89 specific for uncultured
Mollicutes phylotype Se3-204 detected in this
study. Blue signal corresponds to DAPI signal
from the gut-wall epithelial cells and red signal
corresponds to the hybridized bacteria.
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of the low percentages of similarity with their closest
relatives, both phylotypes were thoroughly checked for
chimeras with the piNTAIL tool. The phylogenetic analysis
(alignment) showed the presence of stem areas with large
insertions. Moreover, the ‘abnormalities’ in the 16S rRNA
gene sequences were further confirmed with the mismatches
found with universal bacterial primers and probes such as
EUB (I-III), ITSF and GM5_341f (Table S5).

FISH

No signals were detected with the negative control NON338
and with probe BET42a. Hybridization experiments with
probes EUB338 (I-1II) and GAM42a were positive in sam-
ples FN2 and FN3. The cells detected were mostly curved
rods (4 um x 1.5 um) and were located in the internal gut
wall (Fig. 3a). Hybridization experiments with the newly
designed UncMol89 probe, targeting phylotype Se3-204,
were positive in FSel and FSe3. The cells detected were
packages of cocci organized in groups of four cells or eight
cells (each cell around 1.5 pm) (Figs 3b and S3), a sarcina
morphotype, which is not consistent with that of known
Mollicutes. They were located in the internal wall surface of
the gut and showed a patchy distribution. Such distribution
has been described previously for another uncultured gut
Mollicutes (Kostanjsek et al., 2007). Very few signals were
detected with probe EUB338 (I-III) in samples FSel and
FSe3 and showed a different morphotype to the sarcina
detected with probe UncMol89. The sarcina morphotype
was detected on the same sections only through DAPI
signals, suggesting the weak binding of EUB338 (I-III) to
the unknown bacteria.

Discussion

This study analyzed the temporal variability throughout a
year of gut microbial communities of N. norvegicus indivi-
duals along with their morphometric characteristics in order
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to reveal the factors that might influence their gut microbial
diversity. None of the morphological factors could explain
significantly the bacterial community shifts, while a tempor-
al pattern of variation was observed (Fig. 1; Table 1). The a
priori hypothesis that gut microbial communities may show
a temporal pattern was based on the temporal changes in
food availability, which has been shown to potentially
influence the gut microbiota (Harris, 1993; Lau et al., 2002;
Ley et al., 2008 and references therein). Hence, ecosystem
seasonal fluctuations (e.g. phytoplankton bloom) result in
differential food availability and quality, whose exact com-
ponents are still to be determined. Combining the feeding
behavior of N. norvegicus acting either as a predator (small
mollusks, crustaceans and polychaetes) or as a scavenger
(fish, bigger invertebrates), with the periodicity observed in
the system of Pagasitikos Gulf, it is assumed that the highest
quality of available food for N. norvegicus would occur
around April-May and would slowly decrease till the next
bloom.

Interestingly, the above-mentioned fluctuations in food
quality and quantity were reflected at the level of microbial
community structure (Table 1), not at the onset of the food
changes, but a few months later. Indeed, bacterial commu-
nities presented a different structure but some degree of
overlap (R=0.5897; P=0.0166) between February/March
(maximum phytodetritus season) and May (highest food
quality and availability). However, it was only after May that
the structures of the gut bacterial communities were drasti-
cally affected (R =0.969 between May and July). July—August
could further represent a transition zone where food still
decreases in abundance or quality and thus slight changes in
community structures are still observed (R=0.6543). From
August to December, when food becomes scarce, there is no
drastic change in diet and the gut bacterial communities
would not differentiate considerably (R < 0.41). These hy-
potheses were also supported by analyzing the microbial OTU
turnover between any two consecutive months (Fig. 4).
Between February and August, bacterial communities be-
came gradually more and more dissimilar (> 40-55%
replacement of the OTUs each time), while after August, no
further variation was evidenced (< 30% turnover).

Noticeably, the results of the clone libraries and FISH
experiments, for representatives of these groups, showed
that December and September samples were dominated by
uncultured Mollicutes while August and October samples
contained more Gammaproteobacteria. The in silico analysis
for both Mollicutes dominant phylotypes showed that the
ITSF primer used in this study for ARISA had three
mismatches with the binding site (Table S5). The ITS length
found for the two dominant phylotypes, Se3-204 and D1-
695, was 317 and 246 bp, respectively. These two ITS sizes
were found in the ARISA tables showing very low relative
area values (< 0.5%) (data not shown in this study).
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Fig. 4. Relative abundance of common bacterial OTUs from the midgut
of Nephrops norvegicus between two consecutive months’ samples as
calculated from the ARISA experiments. The percentage of phylotypes
that is shared with the previous month’s samples is designated with light
gray. February/March is not shown because there was no previous month
with which it could be compared.

Consequently, the Mollicutes’ microdiversity is not totally
represented in the NMDS plot due to PCR and primer
biases. In order to design a novel forward ARISA primer
targeting at the same time Mollicutes and the rest of the
Bacteria, a primer with three degenerate positions at the 3’
primer end with one of them being degenerate for more
than two nucleotides (Table S5) would be needed. Because
this could lead to additional PCR biases, the testing of such a
primer will be addressed in our future research. Apart from
this technical consideration, further comparisons between
the two techniques (ARISA and clone libraries) are not
presented, because the two approaches describe fundamen-
tally different components of the diversity of microbial
communities (Bent & Forney, 2008). In addition, ARISA
was performed on the ITS level, while sequencing was
performed on the 16S and ITS levels; therefore, not only
the techniques differed but also the targeted molecular
markers. It is then not surprising that a discrepancy between
the clone libraries and the ARISA results may be evidenced
for OTU numbers. Indeed, it is conceivable that a given 16S
rRNA gene sequence might occur in many samples, but
could be associated with different ITS sequences (represent-
ing intra- or intergenomic variability), the latter being
associated only with specific samples.

The clone libraries analysis showed one or two dominant
phylotypes for each sample (Table 2), suggesting rather
specialized bacterial communities. February was dominated
by a Pseudoalteromonas-like phylotype. Members of this
genus are associated with higher organisms, have the ability
of easily colonizing surfaces and display antibacterial, bac-
teriolytic, agarolytic and algicidal activities (Holmstrom &
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Kjelleberg, 1999). Although N. norvegicus does not feed on
algae, remains of plants can be found in its stomach (Cristo
& Cartes, 1998) probably due to passive ingestion. The
presence of Pseudoalteromonas-like organisms could be
related to the presence of algal material in the intestine of
N. norvegicus assisting in its decomposition. In addition, the
second most dominant phylotype in the same sample was
closely related to a Psychrobacter aquimaris strain, originat-
ing from a marine alga, enhancing the inferred alginolytic
character of the bacterial community.

Another Psychrobacter-like phylotype, with potential
lipolytic activity, dominated in May. Members of this genus
have been found in a wide range of environments, such as
sea ice, sea water, marine sediments, salt marshes, ornitho-
genic soils, food microbiota, animal tissues and sponges
(Bowman, 2006). For example, Psychrobacter proteolyticus
has been isolated from the gut of the krill Euphausia superba
(Denner et al., 2001). The lipolytic activity inferred from its
closest relatives, combined with the expected high food
availability, indicates that lipid digestion is feasible.

The July, August and October communities were domi-
nated by highly similar phylotypes of the genus Photobacter-
ium (Tables 2 and S4). Representatives of this genus show
fermentative metabolism and are isolated from the light
organs of several marine animals. However, bioluminescent
bacteria are ubiquitous in fish intestinal tracts, being the
most abundant aerobes in such habitats (Farmer & Hick-
man-Brenner, 2006; Ward et al., 2009). Biochemical studies
proved chitinase activity and lipase activity in 96% and 82%
of P. leiognathi strains, respectively (Farmer & Hickman-
Brenner, 2006). Strains of Photobacterium phosphoreum have
characteristics similar to that of P. leiognathi including
chitinase activity. Although we did not investigate lipase or
chitinase activity in our samples, the dominance ( > 60%)
of almost identical phylotypes in three different months
reveals a specialized community. The phylotypes detected
were closely related, as described above, to Photobacterium
sp. isolated from tissues of marine animals enhancing the
hypothesis of their ability to colonize the N. norvegicus gut.

After the summer, phylotypes Se3-204 and D1-695 clus-
tered within two groups of uncultured Mollicutes (Fig. S2).
Many members of Mollicutes are obligate intracellular
symbionts that possess the smallest genomes of self-replicat-
ing organisms (Razin et al., 1998). Some mycoplasmas are
known pathogens, but many species appear to be simply
part of the natural microbiota of their hosts and seem to
have no harmful effects on the host (Giebel et al., 1990). No
physiological properties can be inferred for the found
Mollicutes-related phylotypes, because they share < 83%
similarity with cultured representatives. Moreover, it has
been suggested that members from the two groups of
uncultured Mollicutes to which the phylotypes of this study
belonged (Fig. S2) may represent only a small part of an
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as-yet-uncultured bacterial lineage colonizing the intestines
of various arthropods and vertebrate hosts (Kostanjsek et al.,
2007). Importantly, these bacteria do not seem to have a
parasitic relationship with their hosts, because in most cases,
the animals that harbored were healthy (Bano et al., 2007;
Kostanjsek et al., 2007; Nechitaylo et al., 2009; Ward et al.,
2009).

The FISH specificity of UncMol89, targeting Se3-204 was
only tested in silico and not empirically. However, the
consistent sarcina morphotype detected with UncMol89
and the expected absence of EUB338 (I-1II) signals of this
specific morphotype (Table S5) argues in favor of sequence
Se3-204 originating from the sarcina morphotypes.
Although probe UncMol89 had minimum two mismatches
with the ‘closely’ related gut uncultured Mollicutes and more
than three mismatches to all other known sequences, addi-
tional experiments such as the design of nonlabeled compe-
titor probes for the blocking of non-target-binding sites
(Manz et al., 1992) should be used in future experiments to
ensure the origin of the Se3-204 phylotype from the sarcina
cells.

Other ways to better test the specificity of UncMol89
would be the design of a modified UncMol89 with two to
three mismatches to the Se3-204 phylotype where dimin-
ished probe signaling from the sarcina cells would be
expected. Alternatively, UncMol89 could be tested against
cultured organisms with two or more mismatches to test
whether probe signaling disappears. The absence of signals
from the sarcina cells when using EUB338 (I-III) could be
explained by the two central mismatches of the probe with
the 16S rRNA gene sequence of the phylotype Se3-204
(Table S5). The design of modified EUB probes correcting
the mismatches with Se3-204 and resulting in better probe
signalling for the sarcina cells would further confirm their
origin from Se3-204.

Phylotypes clustering within the genus Vibrio were pre-
sent in most of the samples, showing low (3.5%) to
moderate (19.0%) relative abundance. The majority of their
closest relatives originated from marine animals (Nasu et al.,
2000; Nishiguchi & Nair, 2003; Jensen et al., 2009). This
genus is often found in associations with the gut of marine
animals varying from parasitism to mutualism and showing
diverse metabolic capabilities (Thompson et al., 2004).

The rest of the phylotypes clustered within the groups
of Actinobacteria, Acidobacteria, Chloroflexi, Firmicutes,
Alpha-, Beta- and Deltaproteobacteria. These phyla dominate
frequently in sediment samples. Their low presence could be
attributed to remains of sediment particles of ingested food
that were not removed by the mechanical evacuation and
the rinsing of the gut.

Overall, most of the phylotypes found were associated
either with the intestinal tract of marine animals or with
their light organs. Consequently, it is most likely that these
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phylotypes have the ability to attach to tissue surfaces and
successfully colonize the midgut. Some of the phylotypes
could also be pathogens, although all animals collected were
healthy. The presence of highly similar (>99%) phylotypes
in different months at varying frequencies (Tables 2 and S4,
Fig. 2) indicates that at least the dominant phylotypes may
be present throughout the year, despite fluctuating environ-
mental conditions. The existence of these recurring phylo-
types indicates that these bacteria might be representative of
specific communities or even participate in symbiotic inter-
actions, i.e. resident bacteria, with N. norvegicus. More
specifically, the Gammaproteobacteria detected are univer-
sally dispersed in different animals and varying habitats and
appear in N. norvegicus gut at different abundances
throughout the year. The hypothesis of the temporal effect
of the trophic state of the overlying water column on the gut
microbial communities, which this study supports, needs to
be further investigated with feeding experiments and esti-
mation of prey availability or phytodetritus flux.
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