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Abstract Bacterial communities were identified from the
accessory nidamental glands (ANGs) of European and
Western Pacific squids of the families Loliginidae
and Idiosepiidae, as also in the egg capsules, embryo and
yolk of two loliginid squid species, and in the entire egg
of one idiosepiid squid species. The results of phyloge-
netic analyses of 16S RNA gene (rDNA) confirmed that
several phylotypes of a-proteobacteria, y-proteobacteria
and Cytophaga-Flavobacteria-Bacteroides phylum were
present as potential symbiotic associations within the
ANGs. Several identified clones were related to reference
strains, while others had no known close relatives. Gram
positive strains were rare in loliginid squids. Several
bacterial groups may play important roles in the func-
tion of the ANGs, such as production of the toxic
compounds involved in egg protection and carotenoid
pigments. Within the eggs, no bacteria were associated
with embryo or yolk of Loligo vulgaris and Sepioteuthis
lessoniana, but o- and y-proteobacteria were present in
the egg capsules. Most bacterial strains detected in the
egg capsules were the same as those found in the ANGs.
The cephalopods of temperate regions (European cut-
tlefishes and the squid L. vulgaris) appear to be associ-
ated with one Agrobacterium strain (Agro2) while
tropical-subtropical strains (Asian and Australian loli-
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ginids) are associated with Silicibacter-related strains,
suggesting a biogeographic clustering for the Agrobac-
terium-like strains.

Introduction

The female reproductive systems of certain cephalopod
taxa possess a paired organ associated with egg laying
that contains dense bacterial communities (Bloodgood
1977). Known as the “‘accessory nidamental glands”
(ANGsS), these organs are present in pencil and reef squids
(family Loliginidae), cuttlefishes (family Sepiidae), bob-
tail squids (family Sepiolidae), bottletail squids (family
Sepiadariidae) and pygmy squids (family Idiosepiidae).
The function of these glands remains unclear but is con-
sidered to play a role in the elaboration of the outer
capsule layer of the eggs. The tubules of this gland are
filled with a dense bacterial community, which accumu-
lates carotenoids during sexual maturation of the host
(Van den Branden et al. 1978; Lum-Kong and Hastings
1992). As females of these cephalopod species mature, the
glands change colour from cream white to bright red-
orange. The bacterial communities present in the ANGs
of some cephalopod species have been identified in recent
studies by bacterial 16S RNA gene (rDNA) sequencing
(Barbieri et al. 1997, 2001; Grigioni et al. 2000; Bonnaud
et al. 2005; Pichon et al. 2005). These studies have also
shown that among the ANGs strains, some are closely
related to free-living strains while others lack any known
relatives and might be specifically related to the taxonomy
of the cephalopod host.

The present paper describes the bacterial diversity in
the ANGs of a number of European and Western Pacific
squid species, compares them to previously reported
cephalopod symbiotic strains (Barbieri et al. 1997, 2001;
Kaufman et al. 1998; Grigioni et al. 2000), and analyses
the phylogenetic results in taxonomic and biogeographic
contexts. The identification of the bacterial strains in
many species is important in recognizing true symbionts
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and in building hypotheses on their physiological role(s).
Loliginid squids are common in most tropical and tem-
perate continental margins around the world and repre-
sent approximately 10% of the total cephalopod world
catch (Roper et al. 1984). Some are widely distributed
(Sepioteuthis lessoniana, Photololigo edulis, P. duvaucelii)
while others have more restricted areas of distribution
(Idiosepius biserialis, 1. pygmaeus, P. chinensis, Loligo
forbesi, L. vulgaris, Loliolus beka and L. uyii).

Materials and methods
Specimen collection

Accessory nidamental glands of four genera of the family
Loliginidae (Loligo, Photololigo, Sepioteuthis and Lolio-
lus), and two species of the pygmy squid genus Idiosepius
were examined in this study. Capture locations, DDBJ/
EMBL/GenBank accession numbers for the bacteria 16S
rDNA sequences and references are given in Table 1.
Specimens were caught live and anesthetized, or were
freshly dead. All tissue samples (ANGs, embryo, yolk,
and egg capsules) were obtained by aseptic dissection
and preserved in 100% ethanol prior to DNA extraction

Table 1 List of cephalopods studied and their origin

and fluorescent in situ hybridization (FISH) analyses.
For two ANGs samples of L. vulgaris, paraformalde-
hyde fixation was performed (PFA 4%). After dehy-
dration, organ fragments were paraffin embedded and
prepared as 7 um histological sections.

Sepioteuthis egg capsules, embryos and ANGs 7y-
proteobacteria were cultured in DSMZ 308 Vibrio
Medium (10 g Tryptone, 10 g NaCl, 4 g MgCl,*6H,0,
1 g KCI, 11 distilled water, pH 7.5). The plates were
incubated at 25°C for 48-72 h in order to obtain a col-
lection of cultivable bacteria. Isolates were sampled for
DNA extraction and sequencing.

Bacterial analyses

Gram staining

A standard Gram staining (Gerhard et al. 1994) was
carried out on histological sections for all individuals.

Fluorescent in situ hybridization (FISH)

Whole-cell in situ hybridization (Amann et al. 1990;
Hahn et al. 1992; Zarda et al. 1997; Grigioni et al. 2000)
of eubacterial cells was performed with specific fluores-

Host species Origin Number DDBJ/EMBL/GenBank accession numbers Reference
of samples

Sepia officinalis English Channel APR244780, APR244786, APR244791, Grigioni et al. 2000

APR244796, APR244799, APR244802,

APR244807, APR244810
Photololigo duvaucelii  Taiwan 3 AJ633960, AJ633961, AJ633962, AJ633963, Present paper
ANGs AJ633964, AJ633965, AJ633966, AJ633967,

AJ633968, AJ633969, AJ633970
P. opalescens Pacific coast USA AF026460, AF026461, AF026462, AF026463 Kaufman et al. 1998
ANGs + Ecs
P. chinensis Taiwan 4 AJ633950, AJ633951, AJ633952, AJ633953, Present paper
ANGs AJ633954, AJ633955
Loligo edulis Taiwan 1 AJ633956, AJ633957, AJ633958, AJ633959 Present paper
ANGs
L. pealei Atlantic coast USA AF022392, AF022393, AF022395, AF022402, Barbieri et al. 2001
ANGs + Ecs AF022403, AF022404, AF022407, AF022408,

AF022409, AF034937, AF034938
L. forbesi English Channel 2 AJ633945, AJ633946, AJ633947, Present paper
ANGs AJ633948, AJ633949
L. vulgaris English Channel 3 AJ633937, AJ633938, AJ633939, AJ633940, Present paper
ANGs 3 AJ633941, AJ633942, AJ633943, AJ633944
Ecs
Loliolus uyii Taiwan 1 AJ633988, AJ633989; AJ633990 Present paper
ANGs
Loliolus beka Taiwan 1 AJ633981, AJ633982, AJ633983, AJ633984, Present paper
ANGs AJ633985, AJ633986, AJ633987
Sepioteuthis lessoniana  Taiwan 2 AJ633975, AJ633977 Present paper
ANGs
S. lessoniana Australia 1 AJ633971, AJ633972, AJ633973, AJ633974, Present paper
ANGs 1 AJ633976, AJ633991, AJ633992, AJ633993,
Ecs AJ633994, AJ633995
Idiosepius biserialis Thailand (Andaman Sea) 5 AJ633996, AJ633997 Present paper
Es
1. pygmaeus Australia 1 AJ633978, AJ633979, AJ633980 Bonnaud et al. 2005
ANGs

DDBIJ/EMBL/GenBank accession numbers for the 16S rDNA sequences and reference

ANGs accessory nidamental glands, ECs egg capsules, Es eggs



cent (Cy3 or Fluorescein) labelled probes (Table 2)
(OPERON Biotechnologies).

Prior to the FISH technique, the organ sections were
deparaffinized in xylene and dehydrated in 100% etha-
nol. The hybridisation was carried out in 9 ul hybridi-
sation buffer (0.9 M NaCl, 20 mM Tris/HCI, 30% N-N-
dimethylformamide, 0.01% SDS) and 1 ul of probe
(100 uM) during 90 min at 48°C. Washing lasted 20 min
at 48°C (1.02 M NacCl, 20 mM Tris/HCI pH 7.2, 10 mM
EDTA pH 8, 0.01%SDS). The stringency conditions
were evaluated with a gradient of formamide (10-50%).
Thirty percent formamide gave the optimal images (high
specific fluorescent reaction, and low background fluo-
rescence) and was chosen for all hybridizations.

Control sections were hybridized without a probe to
check background autofluorescence. The eubacterial
universal probe (EUB338) was used as a positive control
for «- and y-proteobacteria. The probes ARC and
BET42A were considered as negative controls.

Ten microliter of a 0.0001% solution of DAPI (DNA
intercalating dye 4’,6-diamidino-2’-phenylindole solu-
tion, Sigma) was applied and incubated for 10 min in
darkness at room temperature, then rinsed with distilled
water and air dried.

Samples were mounted with Citifluor immersion oil
solution (Chemical laboratory, The University Canter-
bury, England) and immediately observed with a Leica
epifluorescence microscope, equipped with a high-pres-
sure mercury bulb using filter sets 12 (Leica) for fluo-
rescein, (360/40, 400DCLP, 460/50), F41-007 for Cy3
(535/50, 565LP, 610/75) and A513824 (340-380/425nm)
for DAPI.

Amplification and cloning of bacterial 16S rDNA

Total DNA extraction from ANGs was performed with
DNeasy Tissue Kit (Qiagen), following the specific
protocol for bacteria. PCR was conducted with dNTP
(0.2 mM) (Eurogentec), primers (10 uM each), Tagq
polymerase (2.5 U) and buffer (10 mM Tris—HCI,
15 mM MgCl,, 500 mM KCl) (A.T.G.C. Biotechnolo-
gie) in a GeneAmp PCR System (Perkin Elmer) with a
denaturing step of 94°C for 5 min, 32 cycles of 94°C
(30 s), 55°C (30 s), and 72°C (1 min) and a final elon-
gation step of 72°C for 7 min. Universal prokaryote
primers were used: 27F-1385R pairs (respectively Esc-
herichia coli position 9: 5-GAGTTTGATCCTG-
GCTCA-3" and position 1385: 5-CGGTGTGTRCA-

Table 2 List of probes used for FISH
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AGGCCC-3"), which produced almost the entire 16S
rRNA gene fragment (ca. 1,400 bp). Each PCR
product was checked by electrophoresis in 1.5% aga-
rose gel. Purified PCR products (QIAquick PCR
Purification Kit, Qiagen Inc.) were cloned by insertion
into plasmid vector PCR 2.1 TOPO TA Cloning (In-
vitrogen) following the instructions of the manufac-
turers.

16S rDNA sequencing and analysis

Ten to twenty clones per amplification were sequenced.
All sequenced clones were analysed for the presence of
chimeras using the Chimera Check program (version
2.7) (Maidak et al. 1997) from the Ribosomal Database
Project (RDP-II) and the Bellerophon program (Huber
et al. 2004). Sequences suspected of being chimeric were
not included in further analyses. Final sequences were
aligned using the ClustalW software (Thompson et al.
1994) with a subset of bacterial 16S rDNA sequences
obtained by comparison with the EMBL GenBank
database using FASTA3.0 program (Pearson and Lip-
man 1988).

Phylogenetic trees were calculated using neighbour-
joining algorithms with Kimura "2 parameters" model
(Kimura 1980), and with maximum-parsimony and
maximum-likelihood methods (Olsen et al. 1994), con-
tained in PHYLIP 3.6 package. Bootstrap analyses
(1,000 replicates) were performed for distance analyses
to test each topology for robustness in PHYLIP version
3.6 (Felsenstein 1993).

The different sequences were arbitrarily clustered into
operational taxonomic units (OTU) with similarities
>97%. The percentage of coverage of the diversity by
the clone libraries was calculated with the formula [1-(n/
N)]*100, where n is the number of single clone OTU and
N is the total number of sequences (Good 1953).

Results
Egg analyses

For 1. biserialis the entire eggs were fixed and analysed,
due to their small size (2 mm) and because they were
freshly spawned. The eggs of L. vulgaris and S. lessoni-
ana were larger and well developed. As a result, they
were dissected and the different parts (embryo, yolk, egg

Probe name Sequence (5°-3") Escherichia coli position Specificity Reference
EUB338*Cy3 GCTGCCTCCCGTAGGAGT 16S rDNA (388-355) Eubacteria Amann et al. 1990
ARC*Fluo GTGCTCCCCCGCCAATTCCT 16S rDNA (915-934) Archaebacteria Stahl and Amann 1991
ALFAI1B*Fluo CGTTCGYTCTGAGCCAG 16S rDNA (19-35) a-Proteobacteria Manz et al. 1992
GAM42A*Cy3 GCCTTCCCACATCGTTT 23S rDNA (1027-1043) y-Proteobacteria Manz et al. 1992
BET42A*Fluo GCCTTCCCACTTCGTTT 23S rDNA (1027-1043) p-Proteobacteria Manz et al. 1992
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capsules) analysed separately. Gram staining did not
detect Gram positive strains in any part of the eggs.

The results of FISH (DAPI staining, EUB338, AL-
FA1B, GAM42A probes) and PCR show that bacteria
are present in the eggs of I. biserialis, but only in the egg
capsules of L. vulgaris and S. lessoniana.

16S rDNA sequencing of egg case bacteria identified
y-proteobacteria (Vibrio, Shewanella) among cultured
strains (S. lessoniana) and a-proteobacteria (Agrobacte-
rium, Roseobacter, Rhodobium) among clones (S. les-
soniana and L. vulgaris).

Accessory nidamental glands analyses

In all squid species, Gram stained histological sections
of ANGs detected four morphotypes: rod-shaped,
small coccoid-shaped and large coccoid-shaped Gram
negative and some rare large coccoid-shaped Gram
positive.

Fluorescent in situ hybridization results after ethanol
fixation were the same as those obtained after PFA fix-
ation in L. vulgaris. These supported the analyses of

specimens for which only ethanol-preserved organs were
available. The results show the presence of targeted
bacteria strains, but do not allow precise quantification.
Different morphotypes corresponding to a—proteobac-
teria and y—proteobacteria were detected in the lumina
of the ANGs of all the investigated species.

Results of ANGs clone sequencing are summarized in
Table 3. In our study we obtained 128 sequences with 15
unique OTU that represented a calculate coverage of
88.8%, meaning that the probability of an additional
clone sequence falling into a not yet observed OTU is
11.2%.

All phylogenetic criteria for tree calculations (maxi-
mum-parsimony, maximume-likelihood and neighbor-
joining) produced the same phylogenetic groups (Figs. 1,
2), i.e. one group related to Cytophaga-Flavobacteria-
Bacteroides Phylum, four groups of y-proteobacteria,
and three groups of a-proteobacteria.

Cytophaga—it Flexibacter—it Bacteroidetes related
strains were identified in five cephalopod taxa (Fig. 1).
Among y—proteobacteria, one cluster gathered cepha-
lopod ANGs strains and various sulphur-oxidizing
endosymbionts from hydrothermal vent taxa (87-90%

Table 3 Phylogenetic affiliation of the clones from loliginid ANGs. C: Percentage of coverage (Good 1953); P: Percentage of clone

libraries for each host species

Phylogenetic affiliation Host species  Clones P (%) Reference strains (Accession n°) % of similarity
a-proteobacteria (C=92%)
Agrobacterium—Silicibacter L. vulgaris 3 18 A. atlanticum D88526 97-98
P. chinensis 7 30 A. meteori D88527 97-99
P. duvaucelii 7 39 Silicibacter lacuscaerulensis SLU77644 98-99
Loliolus beka 1 12 Silicibacter lacuscaerulensis SLU77645 90-92
S. lessoniana 8 29 Silicibacter lacuscaerulensis SLU77646 96-97
1. pygmaeus 1 8 A. meteori D88527 96-97
Roseobacter L. vulgaris 2 12 R. gallaeciensis RG16SRR 97-98
L. forbesi 2 29 R. gallaeciensis RG16SRR 91-92
P. chinensis 3 12 Crassostrea virginica symbiont AF114484 95-96
P. duvaucelii 5 28 R. algicola RA16SRNA1 97-98
P. edulis 1 17 R. gallaeciensis RG16SRR 93-94
Loliolus beka 2 25 R. algicola RA16SRNA1 92-98
Loliolus uyii 2 25 R. gallaeciensis RG16SRR 90-92
S. lessoniana 2 7 R. gallaeciensis RG16SRR 92-93
Rhodobacter L. vulgaris 11 65 Rhodobium orientis ROI6SRNAC 93-95
L. forbesi 4 57 Rhodobium orientis ROI6SRNAC 92-94
P. chinensis 7 30 Rhodobium orientis ROI6SRNAC 90-94
P. duvaucelii 3 17 Rhodobium orientis ROI6SRNAC 92-94
P. edulis 2 33 Rhodobium orientis ROI6SRNAC 90-92
Loliolus beka 1 12 Rhodobium orientis ROI6SRNAC 90-92
Loliolus uyii 5 63 Rhodobium orientis ROI6SRNAC 92-94
S. lessoniana 18 64 Rhodobium orientis ROI6SRNAC 90-92
1. pygmaeus 11 84 Rhodobium orientis RO16SRNAC 90-92
y-proteobacteria (C=58%) L. forbesi 1 14 Pseudoalteromonas sp. AF227238 85-86
P. chinensis 6 26 Riftia pachyptila endosymbiont RPU77478  90-95
P. duvaucelii 1 5 Pseudoalteromonas sp. AF227238 85-86
P. edulis 1 17 Riftia pachyptila endosymbiont RPU77478  91-92
Loliolus beka 1 12 Riftia pachyptila endosymbiont RPU77478  89-90
Loliolus uyii 1 12 Colwellia psychroerythrus CSU85841 86-87
Cytophaga-Flexibacter-Bacteroidetes  P. duvaucelii =~ 2 11 Empedobacter brevis FBRR16K 76-78
P. edulis 2 33 Cytophaga sp. AF235114 83-85
Loliolus beka 3 39 Empedobacter brevis FBRR16K 81-82
Gram positive bacteria L. vulgaris 1 5 Clostridium cellulovorans CC16SRNAD 80-81
1. pygmaeus 1 8 Clostridium cellulovorans CC16SRNAD 80-81
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APR244799 clone SOGA22 Sepia officinalis
GORG16SA Geodermatophilus obscurus

of ca. 1,000 bp y-proteobacteria . SP16SRNAG Sporichthya polymorpha
16S rDNA sequences. All sites Jo—clone S0ANG1 Loligo vulgaris Gram +
are taken into aCCQUHt~ Only 61 clone 11ANG45 Idiosepius pygmaeus
bO?tStr ap values higher than C16SRNAD Clostridium cellulovorans
60% are md}1:ate;i. Doubled APR244807 clone SOGA31 Sepia officinalis
i ll’f;f) gggfjs gyerézx‘ﬁour;;_ clone T63ANG234 Photololigo duvaucelii ™
parsimony and maximum- clone T65ANGS Photololigo duvaucelii
likelihood analysis FBRR16SK Empedobacter brevis
clone T66ANG1 Loliolus beka CFB

of similarity, i.e. 1250 to 1350 identical nucleotides).
These strains have no known related environmental
strains and might be highly adapted to symbiotic life.
Strains related to Vibrio, Shewanella (isolates) and
Pseudoalteromonas (clones) were also present in the
ANGs of some Western Pacific loliginid squids. A large
number of cephalopod bacterial clones were gathered
within two a-proteobacteria groups: a solid Rhodobium-
Stappia related group, and a Roseobacter—Agrobacte-
rium—Silicibacter related group (Fig. 2). The third group
isolated one deep branching cluster gathering clones of
L. forbesi, L. pealei, Loliolus uyii and L. beka; their
closest relative from the DDBJ/EMBL/GenBank is
Roseobacter (90% similarity).

The cluster related to Rhodobium—Stappia included
clones present in all the host species.

AF034937 clone EGGD49 Loligo pealei
clone IEGG3 Idiosepius biserialis
AF235114 Cytophaga sp.

clone 30ANG3 Photololigo edulis
AF034938 isolate EGGD11 Loligo pealei /
clone T67ANG3 Loliolus beka

clone 30ANG?2 Photololigo edulis \
clone T62ANGI Photololigo chinensis

STU62131 Solemya terraeregina gill symbiont

ﬁ[ clone 57ANGS Loligo forbesi
clone T63ANG230 Photololigo duvaucelii
ABO008796 Shewanella benthica

98|

AF022407 isolate ANGRO2 Loligo pealei
AF227238 Pseudoalteromonas sp.
clone T68ANG6 Loliolus uyii

Sulfur

oxidizing

RPU77478 Riftia pachyptila endosymbi symbiont
LCU77481 Lamellibrachia columna endosymbiont

LNS16SRRN Lucina nassula gill symbiont

AF022404 isolate EGGD10 Loligo pealei

isolate 6ANG2B Sepioteuthis lessoniana
AF022402 isolate ANG209 Loligo pealei
AF022403 isolate ANG309 Loligo pealei

AF026461 isolate ANGSQ10 Loligo opalescens
AF026460 isolate EggCapsuleSQ26 Loligo opalescens
AF530149 Shewanella gelidimarina
AF011335 Shewanelle pealeana

Shewanella
Gamma
Proteobacteria

J

Pseudoalteromonas
AF022408 isolate EGGD8 Loligo pealei

AF034936 clone EGGD35 Loligo pealei

SU85841 Colwellia psychroerythrus

-AF022409 isolate ANG218 Loligo pealei
VL16SRRNA Vibrio logei

VF16SRRNA Vibrio fischeri

isolate 6ANG4B Sepioteuthis lessoniana |yibrio
isolate 13EGG2B Sepioteuthis lessoniana

isolate 6ANG3B Sepioteuthis lessoniana

isolate 13EGG3B Sepioteuthis lessoniana J

Within the Roseobacter—Agrobacterium—Silicibacter
group, two subgroups were distinguished, (1) the Ro-
seobacter subgroup, and (2) the Agrobacterium—Silici-
bacter subgroup.

Roseobacter-related strains were identified in many
loliginid squids from all geographical regions. They
cluster with the non-phototroph Roseobacter reference
strains.

Several clones present only in European and Western
Pacific species (L. vulgaris, S. lessoniana, P. duvauceli, P.
chinensis, Loliolus beka, and I. pygmaeus) showed a high
similarity with the Agrobacterium—Silicibacter subgroup
which includes both symbiotic and free-living taxa (only
marine free-living Agrobacterium are used as reference).
In our study, sequence results showed three Agrobacte-
rium subgroups: Agrol, Agro2, and Silicibacter. Agrol
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Fig. 2 Consensus tree obtained
after neighbour-joining analysis
of ca. 1,300 bp a-proteobacteria
16S rDNA sequences. All sites
are taken into account. Only
bootstrap values higher than
60% are indicated. Doubled —
lines stress the relations
supported by maximum-
parsimony and maximum-
likelihood analysis

83

10

was present in P. chinensis, Idiosepius and Sepioteuthis
(Fig. 3). Agro2 was found only in one European loliginid
squid (L. vulgaris). Several bacterial clones from tropical
loliginids appeared related to Silicibacter (Fig. 3).

There is no relation between the associated strains
and the range of distribution of the host.

In order to include the data from a previous study of
L. pealei (Barbieri et al. 2001) and from egg case se-
quences from the present work, an analysis taking into
account only 500 bp was performed (data not shown).
The same clusters of a-proteobacteria groups were

83

clone T68ANGS Loliolus uyii

clone T67ANG? Loliolus beka
clone T68ANGI12 Loliolus uyii
clone S6ANGI Loligo forbesi

100 clone T66ANG3 Loliolus beka
100 clone T63ANG235 Photololigo duvaucelii
clone T67ANG6 Loliolus beka
clone T65SANGL1 Photololigo duvaucelii )

clone T67ANGS Loliolus beka

clone T63ANG237 Photololigo duvaucelii \
clone 53ANG2 Loligo vulgaris

clone T63ANG236 Photololigo duvaucelii

clone 6ANG12 Sepioteuthis lessoniana

clone 6ANGS516 Sepioteuthis lessoniana

clone 29ANG4 Photololigo chinensis

clone 53ANGS Loligo vulgaris

D88525 Stappia stellulata

clone 6ANGS36 Sepioteuthis lessoniana

D88520 Stappia agreggata

clone 28 ANG6 Photololigo chinensis

clone 30ANG®6 Photololigo edulis

clone I1ANG1 Idiosepius pygmaeus

clone T67ANGI Loliolus beka

clone 6ANGS531 Sepioteuthis lessoniana

APR244796 clone SOGA19 Sepia officinalis

clone T62ANGI10 Photololigo chinensis

RO16SRNAC Rhodobium orientis

RM16SRNAA Rhodobium marinum

clone S6ANGS Loligo forbesi

clone 50ANG3 Loligo vulgaris

clone 56 ANG®6 Loligo forbesi

clone 52ANG2 Loligo vulgaris

clone 30ANGS Photololigo edulis

Rhodobium-
Stappia
group

S N

clone 57ANG4 Loligo forbesi

AF022393 clone ANGIA Loligo pealei

AF022395 clone ANGIG Loligo pealei

AF022392 isolate APROT303 Loligo pealei

RG16SRR Roseobacter gallaeciensis

clone 53ANG1 Loligo vulgaris

clone T63ANG226 Photololigo duvaucelii

APR244810 clone SOGA34 Sepia officinalis
AF026462 isolate ROSEOJ2W Loligo opalescens
AF026463 isolate ROSEOJ8W Loligo opalescens
SME17387 Sulfitobacter mediterraneus

RL16SRN Roseobacter litoralis

RD16SRRNA Roseobacter denitrificans
RA16SRN1 Roseobacter algicola

Roseobacter
group

clone 51ANGI10 Loligo vulgaris \
APR?244786 clone SOGAS Sepia officinalis

AF098491 Silicibacter pomeroyi

clone T63ANG228 Photololigo duvaucelii

100 clone T62ANG12 Photololigo chinensis

clone T6AANG2 Photololigo duvaucelii

clone T49ANG?28 Sepioteuthis lessoniana

clone 31ANGS Sepioteuthis lessoniana
AB026194 alpha proteobacteria

clone T43ANG74 Photololigo chinensis

clone I1ANGS521 Idiosepius pygmaeus
APR244791 clone SOGA14 Sepia officinalis
D88527 Agrobacterium atlanticum
D88526 Agrobacterium meteori Y,

Agrobacterium-
Silicibacter
group

supported, although bootstrap values were reduced.
Pairwise comparison of sequences from egg capsules and
ANGs confirm the identity of the strains.

Discussion and conclusions
Potential roles of symbiotic ANGs bacteria

In contrast to octopuses, cuttlefishes and the vast
majority of squids deposit their eggs and leave them to



Fig. 3 Consensus tree obtained
after neighbour-joining analysis
of ca 950 bp 16S rDNA
sequences of Agrobacterium
sensu lato strains. All sites are
taken into account. Only 9%
bootstrap values higher than
60% are indicated
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fend for themselves. It is unknown why these eggs are
not immediately consumed by predators, as is the case
for untended octopus eggs. Similarly, untended octopus
eggs rapidly fall victim to algal, fungal or bacterial
infections, whereas the eggs of cuttlefishes and many
squids appear to resist such infections (Norman, per-
sonal observation).

Cephalopods that possess ANGs produce eggs with a
gelatinous outer coating. Certain bacterial strains within
the accessory nidamental glands may be associated with
chemical protection of the unguarded eggs (protection
from direct predation and infection), through inclusion
of toxic bacteria and/or their chemical compounds in the
outer layers of the egg capsule. Accordingly, the pro-
duction of antibiotics and toxic compounds by cultured
strains from ANGs and egg capsules was suggested for
L. pealei (Barbieri et al. 2001) and is presently being
investigated in other species.

Combinations of bacterial strains may enable
chemical protection. The presence of Stappia is known
to inhibit the proliferation of a Roseobacter pathogen of
Juvenile Oyster Disease (Boettcher et al. 2000). Two
groups of bacterial strains detected in cephalopod
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ﬂ': clone T62ANG12 Photololigo chinensis
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AB026194 alpha proteobacteria N
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clone T43ANG74 Photololigo chinensis
APR244791 clone SOGA14 Sepia officinalis
D88527 Agrobacterium atlanticum

AGRO1

D88526 Agrobacterium atlanticum )

ANGs (Roseobacter-like and Stappia-like) may act in
concert to inhibit the proliferation (and hence toxic
impact) of the Roseobacter related strains until the latter
bacteria are released into the gelatinous outer egg
casings during egg laying. Isolation of the embryo from
the bacteria, as evident from the presence of bacterial
strains in the egg case and absence in the embryo, would
effectively protect the developing cephalopod from toxic
bacterial by-products.

The bacteria found in cephalopod ANGs accumulate
carotenoids during sexual maturation of the host, evi-
dent as bright red glands visible through the ventral
mantle wall of mature females in many species. Rhodo-
bium-like strains and Roseobacter strains are known to
produce carotenoids. The role of this pigment produc-
tion remains unknown.

In the bobtail squids (family Sepiolidae), acquisition
of luminous bacteria (Vibrio fisheri) from the environ-
ment instigates remodelling of the complex bacterial
light organ from a sterile structure at birth that remains
undifferentiated in the absence of the appropriate bac-
teria (McFall-Ngai and Ruby 1991, 1998). The accessory
nidamental gland is undeveloped at birth. The role of
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symbiotic bacteria (such as Agrobacterium or Vibrio) in
organogenesis in these cephalopods is currently being
investigated.

Sources of transmission

Kaufman et al. (1998) suggested ‘“‘horizontal transmis-
sion” for L. opalescens, where bacteria are acquired
within a generation, i.e. not passed down from the
parental generation. The absence of bacteria in the
embryos of Sepioteuthis and L. vulgaris would support
this hypothesis. However, if loliginid embryos lack
bacteria (i.e. are ‘‘aposymbiotic”’), the egg capsules
harbor dense populations of bacteria, most of which
are also present in the ANGs (Kaufman et al. 1998;
Barbieri et al. 2001; present study). Some have no
reference related strains from the environment. Either
ANGs colonization is strictly horizontal and these
bacteria belong to the vast amount of as yet unidenti-
fied species, or infestation takes place at hatching from
the egg capsules, in the same way as termites feed the
newly hatched juveniles feces of the adults (Nalepa et
al. 2001). This hypothesis is being investigated by
experimental approach, in aquarium-reared animals
(water tank enrichment at hatching, bacteria sampling
from egg capsules and maternal ANGs at spawning).
However, some y-proteobacteria present only in sym-
biotic associations in cephalopod ANGs and in other
taxa from hydrothermal vents, have not yet been
identified in egg capsules: their origin remains unre-
solved.

Bacteria diversity across cephalopod hosts,
biogeography

The DNA analyses of bacteria from the ANGs of loli-
ginid squids show the presence of wa-proteobacteria
(Roseobacter, Agrobacterium, Silicibacter, Stappia,
Rhodobium-like), of y-proteobacteria (Vibrio, Shewanel-
la, Pseudoalteromonas) and of Cytophaga-Flavobacteria-
Bacteroides-like strains.

In the L. pealei study (Barbieri et al. 2001), all the
bacterial taxa were present in the same species. In our
study, the various strains were present in different spe-
cies. Results concerning y-proteobacteria may be biased
as L. pealei cloning of bacterial DNA from tissue ex-
tracts mainly detected a-proteobacteria, whereas in cul-
tured isolates y-proteobacteria were mainly present. This
is confirmed by a calculated coverage of 92% for -
proteobacteria and only 58% for y-proteobacteria
among cloned sequences (Table 3). Only two groups of
y-proteobacteria were detected by clone sequencing in
our study (y—symbionts in three cephalopod species,
Pseudoalteromonas in two cephalopod species). The
identification of the other two y-proteobacteria groups
(Vibrio, Shewanella) occurred only in cultured isolates of
the ANGs and egg capsules of Sepioteuthis, as was the

case for L. pealei and L. opalescens. Thus, the presence
or absence of y-proteobacteria in some cephalopod
groups may be due to problems with bacterial DNA
extraction rather than actual bacterial distributions
amongst taxa. As our procedure concentrates on cloning
bacterial DNA from tissue extracts, only a-proteobac-
teria were included in interpretations of host/bacteria
relationships.

When compared to the reported bacterial consortium
present in the ANGs of Sepia officinalis (Grigioni et al.
2000), it appears that most a-proteobacteria were
present in both cuttlefishes and loliginid squids, whereas
differences between the two cephalopod groups were
detected in relation to Gram species and y-proteobac-
teria.

Gram positive and negative strains have previously
been reported in juvenile L. opalescens (Kaufman et al.
1998). Gram positive strains from adult loliginids have
not previously been detected (Kaufman et al. 1998;
Barbieri et al. 2001), and are reported here for the first
time. There appears to be a specific difference in Gram
strains between loliginid squids and cuttlefishes: Gram
positive strains are abundant in adult cuttlefishes (Gri-
gioni et al. 2000); they are present but rare in adult lo-
liginids and life cycle related in L. opalescens (Kaufman
et al. 1998). The parallel analysis of cephalopod phy-
logeny and ANGs Gram positive symbiotic strains
suggests high specificity of Gram positive strains to
cephalopod taxonomy at higher taxonomic levels
(Bonnaud et al. 2005). They may represent interesting
candidates for co-evolutionary studies.

A specific difference exists also between cuttlefishes
and loliginid squids in relation to y-proteobacteria: they
are more abundant in loliginids.

It has previously been shown (Pichon et al. 2005) that
the a-proteobacterium Roseobacter is present in many
cephalopod species and includes three main strains, two
of which are specific to cephalopod taxa, the third being
included in a cluster with known reference strains. No
geographical grouping was evident. Our results support
these findings.

The marine Agrobacterium species were recently
reclassified, A. atlanticum being transferred to the genus
Ruegeria together with R. algicola (Uchino et al. 1998)
and Silicibacter (Gonzalez et al. 2003). In our study, as
in the cuttlefishes (Grigioni et al. 2000), Silicibacter was
included in the Agrobacterium cluster, clearly distinct
from Roseobacter. An additional Ruegeria (Agrobacte-
rium) atlantica strain is present in the GenBank (Jansen
et al., unpubl.,, AF124521) which appears effectively
close to Roseobacter. But it was not the latter that was
considered in the reclassification (Gonzalez et al. 2003),
but the Ruegeria (Agrobacterium) atlantica sequence
(D88527) of Uchino et al. (1998). In our results the se-
quence D88527 appeared related to Silicibacter, but not
to Roseobacter. Obviously, the nomenclatural status of
these taxa deserves further clarification. To avoid con-
fusion, we still use the name A. atlanticum and restrict it
to the sequence D88527.



Agrobacterium-related strains are abundant in the
ANGs of all the European and West Pacific species
analyzed. They were not reported from L. opalescens
and L. pealei (Kaufman et al. 1998; Barbieri et al. 2001).
Several Agrobacterium strains present in loliginid ANGs
are related to those present in Sepia and Idiosepius and
to the recently described Silicibacter pomeroyi (Gonzalez
et al. 2003). Subgroups of Agrobacterium were clearly
delineated in S. officinalis (Grigioni et al. 2000), one
subgroup being closely related to the free-living strain
(Agrol), the other (Agro2) having no known close rel-
ative. Agro2, the most represented Agrobacterium strain
in S. officinalis, was found only in one European loligi-
nid squid (L. vulgaris).

Agrobacterium—Silicibacter strains appear to reflect a
geographical grouping: Agrol and Agro2 are present in
temperate hosts and are related to temperate reference
free-living strains; Silicibacter strains are present in
tropical loliginids and are related to tropical Silicibacter
reference strains. Thus from the present results it appears
that only bacterial strains within the Agrobacterium
sensu lato group are related to the host origin. Nishiguchi
et al. (1998) interpreted the specificity of bacterial strains
present in Mediterranean sepiolids versus those present
in Pacific sepiolids as evidence of co-evolution. This
could also be the case for the A. sensu lato strains, con-
firming that in these strains adaptive evolution might
take place under the pressure of symbiosis, as already
suggested for the same bacterial group in cuttlefishes
(Grigioni et al. 2000). Moreover, the presence of closely
related strains in phylogenetically distinct cephalopod
taxa from similar geographic regions suggests a regional
evolution of symbiotic bacterial associations. Data on
additional cephalopod taxa from diverse regions are
currently being analysed and should shed further light
on this fascinating and complex system.
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