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Fig.1 A. Typical dual symbiosis from West Indian waters (Inanidrilus belizensis). B. Typical dual symbiosis from
Australian waters (Olavius albidus). C. A large, oval gram-negative bacterium (gamma-Proteobacteria)
(Inanidrilus triangulatus). D. Phagocytosis of a gamma-Proteobacterium by epidermal cell of host (Inani-
drilus carterensis). E. Typical small, rod-shaped bacterium with solid membrane (Olavius albidus). F. Addi-
tional type of rod-shaped bacteria — larger size and different cytoplasmic structure (Inanidrilus carteren-
sis).
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beyond 2.5 ym). Only in the worms from the Algarve coast (Portugal), the typical size

range of this dominating bacterial type is clearly smaller.

rab.2 Typical bacterial size range of the “dual symbiotic pattern” in oligochaete species

arranged by genus and geographic location

Species Origin \ Typical size range of symbiotic bacteria (p:m) \ Remarks
Bact. I: oval Bact. II: small, rod-
shaped
| long | wide long | wide
Inanidrilus leukodermatus | Bermuda \ 3.0-4.0 \ 1.8-2.3 1.7-1.8 \ 0.4-0.5

Belize | 3.5-5.0 | 1.8-2.0 1.3-15 | 0.3-0.4
| | |
I belizensis Belize | 2.8-33 | 1.8-2.2 1.3-15 | 0.4
I makropetalos Bahamas | 2.9-3.2 | 1.6-1.9 1.4-1.6 | 0.4-0.5
L reginae Belize | 3.5-45 | 1.5-2.3 13-1.8 | 0.4-0.5
L. triangulatus Bahamas ‘ 2.9-4.0 ‘ 1.7-2.0 1.4-1.8 ‘ 0.5

LizardIsland | 2.0-2.6 | 1.2-1.3

\ \
\ |
\ \
| |
\ |
\ \
| \
\ |
\ \
| 1.1-1.3 | 0.3-0.34 |
‘ ‘ ‘ 1.4-2.0 ‘ 0.5.-0.6 ‘ some bact. II larger, with thick
\ |
\ |
\ \
\ \
| |
\ |
\ \

I carterensis

membrane
L fijiensis HeronIsland | 2.3.-2.6 | 1.4-1.6 13-15 | 0.4
1. manae Lizard Island \ 2.9-3.4 \ 1.5-1.6 1.7-1.9 \ 0.4
Olavius planus Bermuda | 3.4-3.9 | 1.4-1.8 1.4-1.6 | 0.4-0.5
0. imperfectus Belize 2.3-2.6 1.1-1.2 0.9-1.1 0.25-0.3 note size difference in bacteria
II between sites
Bahamas | 2.3-2.8 | 1.3-1.5 1.3-1.8 | 0.4-0.6
0. vacuus Belize | 27-33 | 1.2-1.3 0.9-1.0 | 0.4-0.45
Bahamas | 2.6-3.5 | 1.3-1.5 1.1-1.3 | 0.3-0.45
0. ullae Bahamas 3.1-3.5 1.3-1.4 2.5-3.0 0.3-0.4 bact. II max. 3.7 um long, but
straight
0. albidus | HeronIsland | 2.9-3.2 | 1.4-1.5 | 1.5-1.7 | 0.4-0.47 |
0. clavatus Heron Island 2.5-2.7 1.4-1.5 0.7-0.9 0.26-0.27 | bact. II rare, small, with thick
membrane
0. avisceralis Lizard Island | 3.3-3.8 1.8-1.9 1.6-1.7 0.5-0.6 in some hosts bact. I almost
globular, small

0. geniculatus LizardIsland | 4.0-4.6 | 2.3-2.4 | 1.6-1.9 | 0.4-0.5

0. cf. filithecatus LizardIsland | 2.8-3.1 | 1.4-1.6 | 0.8-0.9 | 0.2

bact. IT as in 0. clavatus

0. algarvensis Portugal | 1.7-24 | 0.8-0.9 | 1.2-1.5 | 0.2-0.4 from Giere et al. (1998)

‘max.2.6 ‘max.l.l ‘ ‘
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The counterparts to these ‘oval’ bacteria, are small, rod-shaped or slightly bent Proteo-
bacteria. They occur less frequently, their abundance apparently varies depending on
body region and section layer. Their average size range (length about 1.3-1.6 um,
width about 0.3-0.5 pm, see Tab. 2) clearly separates them from the ‘oval’ bacteria.
Even where they reach a maximal length overlapping with the oval ones above (e.g.
in O. ullae), their width of 0.4 pm remains narrow. These ‘rods’ are bound by a solid
(17 nm) double membrane (Fig. 1E, O. albidus). Genetically, they have been identified
as either alpha-Proteobacteria or delta-Proteobacteria (DUBILIER et al. 2006). Lying in
direct vicinity to the large, oval type, they are mostly to be found in a more periph-
eral, subcuticular position. Their cytoplasm has often a fine electron-dense reticulate
matrix and rarely contains globular inclusions. In O. clavatus and O. cf. filithecatus
from the Great Barrier Reef this bacterial type was always unusually small. Some-
times, but not always, in allopatric hosts from different islands the bacterial size var-
ied (e.g. in O. imperfectus: length about 1.0 um in the Belize sites, about 1.5 ym in the
Bahama sites). Whether this size difference between the islands is consistent over a
wider sampling range, could not be ascertained. In some worm specimens (O. clava-
tus and O. cf. filithecatus) a small size coincided with a particularly thick cell mem-
brane (about 30 nm). In I. carterensis from Lizard Island (Australia) an additional
sub-morphotype of the rod-shaped Type II appears to co-occur with the normally
sized Type II. It deviates by somewhat larger size (1.2 um x 1.7 pm) and different
cytoplasmic structure.

More complex symbiotic patterns. Contrasting to the above dual bacterial sym-
biosis, assemblages with additional bacterial morphotypes can co-occur in the same
host species. This situation was found in oligochaete species from Belize and the
Bahamas (Tab. 3). Here, one encounters beside the two bacterial morphotypes pre-
sented previously (type I large, oval; type II small, rod-shaped) new slender, filiform
bacteria with often somewhat twisted appearance (Fig. 2A). Genetically identified as
previously unknown symbiotic spirochaetes (DUBILIER et al. 1999), this “type III”
usually occurs less frequently than the other ones, but is mostly found in close vici-
nity to them in a peripheral position. Due to their considerable length (equal to or
longer than type I bacteria, maximum length 4.4 ym in I. aduncosetis), the ‘filiforms’
are rarely found in complete sections with details well in focus. Their twisted surface
often yields an elongate body with a somewhat undulating membrane (Fig. 2B, L
aduncosetis). In some host species these bacteria have a diverging fine structure with

aggregations of globules in the peripheral cytoplasm (Fig. 2C, I. exumae).
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Fig.2 A. Typical filiform bacteria of morphotype III (Inanidrilus aduncosetis). B. Twisted filiform bacterium with
undulated cell wall (Inanidrilus aduncosetis). C. Filiform bacterium with electron dense globules in periph-
eral cytoplasm (Inanidrilus exumae). D. Additional (fourth) bacterial morphotype (arrow) (Inanidrilus
aduncosetis).
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tab.3 Typical bacterial size range of the “triple symbiotic pattern” in oligochaete species

arranged by genus and geographic location

Species | origin | Typical size range of symbiotic bacteria (1m) | Remarks
Bact.I: Bact.II: Bact.III:
oval small, rod-shaped slender, filiform
\ \long \ wide \long \ wide \long \ wide
Inanidrilus scal- Belize 2.3-3.0 1.4-1.9 1.1-1.6 0.3-0.4 2.3-2.8 0.27-
prum 0.38
L aduncosetis | Belize | 2.9-3.3 | 1.4-1.8 | 1.2-1.4 | 0.3-0.4 | 3.0-40 | 0.3-0.4 |
1.3-1.8 0.4-0.6 additional
broader type pre-
sent
I. exumae Bahamas | 2.3-2.5 1.0-1.4 1.5 0.4-0.5 2.0-2.3 0.4 Bact. III with
specif. fine struc-
ture
Olavius longissi- Bermuda 3.0-3.5 1.9-2.3 1.8 0.35 Bact. III not
mus recorded in Giere
(1979)
Belize 2.5 1.3 1.3-1.5 0.35- 2.0-2.5 0.35-0.4 Bact. III not
0.44 always found,
rare!
| Bahamas | 2.5-3.0 | 1.3-1.6 | 1.1-1.3 | 0.4 | 20-3.0 | 03-04 |
0. tantulus | Belize | 27-3.3 | 1.3-1.6 | 1.0-1.3 | 0.3-0.4 | 2.0-2.8 | 0.3-0.36 |
| Bahamas | 2.0-2.7 | 1.3-1.6 | 1.3-1.5 | 0.3-0.4 | 1.7-2.4 | 0.3-0.4 |
0. avitus | Bahamas | 2.6-3.5 | 1.5-1.7 | 1.1-1.5 | 0.4-05 | 2.5 | 0.3-0.4 |
0. soror Bahamas 1.9-2.6 1.2 1.0-1.8 0.3-0.4 2.0-3.0 0.25-0.3 Bact. III: max. 4
long, bacteria II
very rare
0. algarvensis Elba 2.6+0.3 1.4+0.1 1.1+0.1 0.4+0.05 1.8+0.6 0.4+0.1 bacteria in host
from Portugal
different;
1.5+0.2 0.60.1 additional
broader type pre-
sent

In O. longissimus from Belize not all individuals inspected carried the third bacterial

type. This variation might also hold for a geographical one, since O. longissimus from

Bermuda was generally devoid of type III bacteria while they regularly occurred in

the specimens from Belize and the Bahamas. A corresponding geographical variation

in the symbiotic pattern of morphologically identical host species was found in O.

algarvensis: the specimens from the locus typicus in Portugal had only the ‘classical’

two bacterial morphotypes (GIERE et al. 1998; Tab. 2), while worms from the Mediter-

ranean coast of Elba Island harboured three and even more types (Tab. 3; see DusI-
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LIER et al. 2001): Even a fourth morphotype is sometimes discernible which is as short
as type 11, but clearly broader in shape (O. algarvensis, see GIERE & ERSEUS 2002; I.
aduncosetis, see Fig. 2D).

A different dual bacterial symbiosis. In four Olavius species from the Caribbean
a different type of association with two symbiotic bacteria was found (Tab. 4). While
the larger, oval bacteria corresponded in size and structure with those described
before (Tabs. 2, 3), the four host species listed in Tab. 4 were found devoid of any
small rod-shaped bacteria. Here, in all the specimens sectioned the worms contained
beside the omnipresent oval bacteria of type I filiform bacteria as additional morpho-
type only (Fig. 3A, O. finitimus). In cytoplasmic details they have numerous granular
aggregations in common, lying often in a polar position (Fig. 3B, O. finitimus, Fig. 3C,
O. furinus). In the sections of O. furinus some of the “filiforms” appeared unusually
short, but also here they shared the slender shape, a slightly twisted cell membrane
and the cytoplasmic structures (Fig. 3C, O. furinus) typical for the filiforms.

tab.4 Typical bacterial size range of a different dual symbiotic consortium in oligochaete
species arranged by genus and geographic location
Species \ Origin \ Typical size range of symbiotic bacteria (p:m) \ Remarks
| | Bact.I: oval | Bact. III: slender, vermiform |
| | long | wide | long | wide |
Olavius “n. sp. A” (Nieser) | Belize | 2.0-2.9 | 1.2-15 | 2.8-3.0 | 0.25-0.4 |
0. finitimus Belize 1.9-2.6 0.9-1.2 2.0-3.5 0.25-0.4 Bact. III with specific
fine structure
0. cf. speroi | Bahamas | 2.5-3.0 | 1.3-1.4 | 2.3-4.0 | 0.3-0.4 |
0. furinus | Bahamas | 1.5-2.0 | 0.7-0.9 | 1.5-1.9 | 0.3-0.5 | Bact. Ivery small
Discussion

In those gutless oligochaete species found in the Australian Great Barrier Reef the
structural pattern of bacterial symbioses was rather uniform consisting of the typical
dual symbioses only (Tab. 2). This contrasts to the worm species from the West Atlan-
tic (Caribbean) where more than half of the species lived in a more complex symbiosis
with three or even more bacterial partners (Tab. 3; see also GIERE et al. 1995, BRIGHT &
GIERE 2005). However, some of the earlier studied gutless species from the Great Bar-
rier Reef (e.g. O. loisae) and from Mediterranean and Pacific coasts did harbour triple
and more complex symbioses (DUBILIER et al. 1999; GIERE & KRIEGER 2001; GIERE &
ERSEUS 2002; BLAZEJAK et al. 2005).

Hence, there may be a dominance of the characteristic dual symbiosis in Australian
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Fig.3 A. Filiform symbiotic bacteria in consortium with oval bacteria while small rods are absent (Olavius finiti-
mus). B. Cytoplasm of filiform bacteria with characteristic granules in polar position (Olavius finitimus). C.
Bacteria corresponding in structure with typical filiforms, but in size with short rods (Olavius furinus).

waters, but a general pattern valid for that geographic region cannot be derived.
Moreover, a greater structural uniformity in bacterial morphotypes does not necessa-
rily mirror parallels in the underlying genetic patterns. A good example is the structu-
rally dual symbiosis of Inanidrilus leukodermatus from Bermuda that maintains a
high genetic diversity (BLAZEJAK et al. 2006).

On the other hand, morphologically identical host species from different sampling
sites can harbour different bacterial consortia, e.g. O. algarvensis from the Atlantic
east compared to those from the Mediterranean west coast (GIERE et al. 1998; BLAZE-
JAK et al. 2006, DUBILIER et al. 2006, RUHLAND et al. 2008). A similar divergence might
exist in O. longissimus from Bermuda (with two morphs of bacteria only) and from
Belize or the Bahamas (with three bacterial morphs).
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In the light of modern molecular genetics, there remains another possible explana-
tion for variations of bacteria within the same nominal host taxon: Identical mor-
phospecies may represent clusters of genetically different species. Apparently, this
situation is realized in O. longissimus from the different Caribbean sites sampled
here (personal communication C. ERsSEus).

It seems worthwhile to genetically examine those species that were found lacking
the typical small rods (Tab. 4). Are these worms really devoid of delta- or alpha-Proteo-
bacteria? This would represent a novel symbiotic pattern among the gutless oligo-
chaetes with possibly new functional pathways. Also a genetic comparison of those
oval bacteria (morphotypes I) seems worthwhile which exceptionally divide by longi-
tudinal fission, e.g. in I. exumae from the Bahamas, in O. crassitunicatus from Peru
waters, and in O. algarvensis from Elba.

Not only the genetic, but also the structural patterns of symbioses in the numerous
species of gutless oligochaetes, studied so far, show some general features. The oval
bacteria (type I, this study; sulphur oxidizing gamma Proteobacteria) are always
found without exception. This would speak for a direct, vertical parent-to-egg trans-
mission of bacteria. The other bacterial combinations encountered (types II and III
and others) are not regularly present in gutless oligochaetes, there is a certain variabil-
ity involved. This suggests an environmental transmission, i.e., the worm eggs get
infected by bacteria present in the surrounding water. This mode of infection is evi-
dently prone to accidental chance and might result in variations in the composition
of symbiotic bacterial consortia (see GIERE & LANGHELD 1997; GIERE & KRIEGER 2001).
However, the ‘obligate’ large, oval gamma bacteria are never found without another
bacterial symbiotic partner. Do they need these other bacterial partners? What are
the reasons? We don’t know the answers yet. Many more species of gutless oligo-
chaetes (see Erstus 1981, 1984, 1990, 1992, 2003) remain unstudied in their ultrastruc-
tural patterns. Perhaps they contain interesting new bacterial types and symbiotic

consortia that could help to answer open evolutionary and functional questions.
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