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Summary: Due to their world-wide distribution in marine and terrestrial (as well as freshwater)
habitats, the order Isopoda (Crustacea: Malacostraca: Peracarida) provides an excellent model for
the evolutionary ecology of  terrestrialization.
(1) Terrestrial isopods (Oniscidea) harbor endosymbiotic bacteria in their midgut glands (hepato-
pancreas) that are lacking in marine isopods of  the suborders Valvifera and Sphaeromatidea, con-
sidered being (part of) a sister taxon of  Oniscidea. Thus, these bacterial endosymbionts seem to be
significant in the context of  living in terrestrial habitats and may have been important during the
course of  terrestrialization. In �truly terrestrial� species (Crinocheta), two different endosymbionts
have been characterized that are distantly related to known parasites and pathogens of  the orders
Rickettsiales and Mycoplasmatales, respectively. Both these endosymbionts form cytoplasmic ap-
pendages that are in contact with the host epithelium and may serve in the exchange of  nutrients
and information and or serve as holdfasts. In non-crinochete terrestrial isopods (Diplocheta, Tyli-
da, Synocheta), hepatopancreatic bacteria belong to the genus Pseudomonas.
Both marine and freshwater Asellota also harbor bacteria in their midgut glands. The lack of  bac-
teria in other marine suborders (as studied so far) may be due to antibiotic agents in these isopods.
Based on the present findings, I propose a common (marine) ancestor of  Asellota and Oniscidea
that acquired the ability to harbor bacterial endosymbionts inside the hepatopancreas. While sym-
biotic relationships remained unspecific in marine Asellota, they developed towards specific prima-
ry symbioses with bacteria that aid in digesting cellulosic and phenolic compounds, and thus, faci-
litate the utilization of  terrestrial food sources in semi-terrestrial and terrestrial Oniscidea and in
freshwater Asellota. I, further, hypothesize that later during early phylogeny of  Crinocheta, primary
symbionts have been replaced by secondary endosymbionts that are still characteristic of  recent
Crinocheta.
In contrast to previous studies, suggesting a role of  hepatopancreatic bacteria in nutrition, our present
knowledge does not provide any evidence for crinochete symbionts to supply any digestive enzymes
to their isopod host. However, Pseudomonas spp. are well-known to degrade both cellulosic and pheno-
lic compounds. Thus, I hypothesize that, while primary symbionts of  Oniscidea provide cellulases
and/or phenol oxidase, a transfer of  cellulase and/or phenol oxidase genes from symbiont to host
occurred in early Crinocheta, resulting in endogenous cellulase of  evolutionarily bacterial origin. Be-
sides (a) providing enzymes for the digestion of  leaf  litter, further possible contributions of  hepato-
pancreatic endosymbionts to their host�s physiological constitution and fitness include (b) increasing
the availability of  nitrogen on a nitrogen-poor food source, (c) protecting their host from secondary
(pathogenic) infection, (d) protecting their host from predatory attack, or (e) increasing fertility, mat-
ing success and fecundity of  their host � these hypotheses are briefly discussed.
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(2) Terrestrial isopods interact with leaf  litter-colonizing microbiota that they ingest along with their
major food source. While, however, it is well-documented that isopods gain from feeding on micro-
bially inoculated leaf  litter, reasons for this dependence are not well understood. Possibly, (a) micro-
biota serve as supplementary high-quality food source and provide essential or otherwise limiting
nutrients; (b) microbiota promote digestion of  leaf  litter itself, either prior to ingestion or during the
gut passage; (c) microbiota simply act as indicators of  easily digestible food sources of  high quality.
These explanations are not mutually exclusive, and the prevailing reason for preferentially consuming
microbially inoculated leaf  litter depends on both the species and developmental stage of  the isopod
and the nutritional context, i.e. the food source as such; recent results, however, indicate that cellu-
lolytic capabilities of  litter-colonizing microbiota [see (b)] may be less significant than previously
thought, while a role of  litter-colonizing microbiota in indicating high-quality food [see (c)] is sup-
ported. The ability to digestively utilize microbial cells as supplementary food [see (a)] depends on cell
wall characteristics as indicated by gram-staining of  the microbes, gram-positive bacteria being
digested more effectively than gram-negative bacteria and fungi, and being preferred as food source.
Despite numerous studies, the most recent ones using modern molecular techniques, it is still de-
bated whether or not terrestrial isopods harbor resident gut microbes in their hindgut. Most hind-
gut bacteria that may be candidates for hindgut residents appear to belong to gram-negative bac-
terial taxa, and are taxonomically related to anaerobic species. Thus, we have to assume anoxic
microhabitats in cuticular wrinkles. Further, the radial center of  the hindgut is anoxic, too, allowing
for fermentative digestive processes, while the periphery of  the hindgut lumen is largely oxic and
oxidizing, thus, allowing for aerobic and oxidative digestive processes. These processes are pro-
moted through cell compounds of  ingested microbiota resulting in homeostatic maintenance of  a
slightly acidic pH that is optimal for the activity of  involved enzymes. Potentially harmful effects of
phenolic food compounds that are likely under such conditions are counteracted through hydro-
lytic enzymes and surfactants of microbial origin.
In conclusion, our up-to-date knowledge as summarized and discussed herein strongly confirms
the assumption that (terrestrial) isopods strongly depend on microbial activity and nutrients for
their capability of  digestively utilizing terrestrial leaf  litter; on an evolutionary scale, this depend-
ence may indicate the role that microbiota played during the course of  terrestrialization, although
this aspect of isopod-microbe interactions is far from being understood.

Isopoda, terrestrialization, nutrition, digestion, endosymbiotic bacteria, symbiont-host interactions, leaf  litter-coloniz-

ing microorganisms, decomposition

Zusammenfassung: Aufgrund ihrer weltweiten Verbreitung in marinen und terrestrischen (sowie
limnischen) Lebensräumen eignet sich die Ordnung Isopoda (Crustacea: Malacostraca: Peracarida)
hervorragend als Modell für die Evolutionsökologie des Landgangs.
(1) Landasseln (Oniscidea) beherbergen endosymbiotische Bakterien in ihren Mitteldarmdrüsen
(Hepatopankreas), die ihren marinen Verwandten der Unterordnungen Valvifera und Sphaeromati-
dea � beide als (Teil einer) Schwestergruppe der Oniscidea betrachtet � fehlen. Demnach scheinen
diese bakteriellen Endosymbionten von Bedeutung für die Besiedlung terrestrischer Habitate zu
sein und könnten während der Terrestrialisierung eine wichtige Rolle übernommen haben. In �hö-
heren Landasseln� (Crinocheta)  konnten wir zwei verschiedene Endosymbionten charakterisie-
ren, die entfernt mit bekannten Parasiten und Pathogenen der Ordnungen Rickettsiales und Myco-
plasmatales verwandt sind. Beide bilden cytoplasmatische Zellfortsätze aus, die in Kontakt mit dem
Wirtsepithel treten und entweder am Austausch von Nährstoffen und Information beteiligt sind
oder als Verankerung dienen. In �niederen Landasseln� (Diplocheta, Tylida, Synocheta) gehören
die Endosymbionten in den Mitteldarmdrüsen zur Bakteriengattung Pseudomonas.
Auch Asellota � sowohl marine als auch limnische � beherbergen Bakterien in ihren Mitteldarm-
darmdrüsen. Das Fehlen dieser Bakterien in den bislang untersuchten anderen marinen Unterord-
nungen ist möglicherweise auf  antibiotische Agenzien in diesen Asseln zurückzuführen. Daher
schlage ich einen gemeinsamen (marinen) Vorfahren der Asellota und Oniscidea mit der Fähigkeit,
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bakterielle Symbionten im Hepatopankreas zu beherbergen vor. Während die daraus resultierende
Endosymbiose in marinen Asellota unspezifisch blieb, entwickelte sie sich in limnischen Asellota
und semi-terrestrischen � und später terrestrischen � Oniscidea zu einer primären spezifischen
Beziehung mit Bakterien, die den Abbau cellulosischer und phenolischer Verbindungen ermögli-
chen, und damit die Verdauung von Laubstreu erleichtern. Zudem vermute ich, dass später � wäh-
rend der frühen Phylogenie der Crinocheta � primäre Endosymbionten durch sekundäre Endo-
symbionten, die rezent in Crinocheta anzutreffen sind, ersetzt wurden.
Im Gegensatz zu früheren Untersuchungen, die eine Rolle der Bakterien im Hepatopankreas bei Ver-
dauungsvorgängen postulierten, gibt es nach heutigem Stand keinerlei Hinweise auf  entsprechende
Enzyme in den Endosymbionten der Crinocheta. Pseudomonas spp. dagegen sind wohl bekannt für ihre
Fähigkeit, cellulosische und phenolische Verbindungen abzubauen. Ich stelle also die Hypothese auf,
dass primäre Endosymbionten ihrem Wirt Cellulasen und/oder Phenoloxidasen zur Verfügung stellen,
vor dem evolutiven Austausch der Symbionten aber ein Gentransfer zwischen primären Endosymbion-
ten und Wirt stattfand, so dass �höhere Landasseln� endogen über diese Enzyme verfügen. Verschiede-
ne Beiträge der Endosymbionten zur Konstitution ihres Wirtes sind vorstellbar: (a) die Lieferung von
Verdauungsenzymen, (b) eine erhöhte Stickstoffverfügbarkeit auf  stickstoffarmer Nahrung, (c) Schutz
vor (pathogenen) Sekundärinfektionen, (d) Schutz vor Fressfeinden, oder (e) Steigerung von Fertilität,
Verpaarungserfolg und Fekundität. Diese Hypothesen werden kurz diskutiert.
(2) Landasseln interagieren mit Streu besiedelnden Mikroorganismen, die sie gemeinsam mit ihrer Haupt-
nahrungsquelle aufnehmen. Während aber wohl bekannt ist, dass Asseln davon profitieren, mikrobiell
besiedelte Streu zu fressen, sind die Gründe hierfür nur unzureichend verstanden. Möglicherweise (a)
dienen Mikroorganismen als zusätzliche hochwertige Nahrungsquelle und liefern essenzielle oder an-
derweitig limitierende Nährstoffe, (b) fördern Mikroorganismen die Verdauung der Laubstreu entweder
vor der Konsumption oder während der Darmpassage oder (c) Mikroorganismen fungieren lediglich als
Indikatoren leicht verdaulicher Nahrung hoher Qualität. Diese Erklärungen schließen sich nicht gegen-
seitig aus. Der Hauptgrund für eine Präferenz für mikrobiell besiedelte Laubstreu hängt sowohl von der
Art und dem Stadium der Asseln, als auch von der Nahrungsquelle ab. Aktuelle Ergebnisse deuten
jedoch an, dass cellulolytische Fähigkeiten Streu besiedelnder Mikroorganismen [siehe (b)] weniger be-
deutend sind als bislang angenommen, während eine Rolle der Mikroorganismen als Indikatoren hoch-
wertiger Nahrung [siehe (c)] wahrscheinlich erscheint. Die Fähigkeit der Assel, Streu besiedelnde Mikro-
organismen als zusätzliche Nahrungsquelle zu nutzen [siehe (a)], hängt von deren Zellwandeigenschaf-
ten, die durch Gramfärbung angezeigt werden, ab; gram-positive Bakterien werden effizienter verdaut
als gram-negative Bakterien und Pilze und zugleich als Nahrung bevorzugt.
Trotz zahlreicher Untersuchungen mit klassischen und molekularbiologischen Methoden wird bis
heute kontrovers diskutiert, ob Landasseln residente mikrobielle Enddarmbewohner beherbergen.
Die meisten Kandidaten scheinen zu gram-negativen Taxa zu gehören und mit Anaerobiern ver-
wandt zu sein. Demnach müssen wir anoxische Mikrohabitate in Kutikularfalten annehmen. Au-
ßerdem ist auch das radiäre Zentrum des Enddarms anoxisch und ermöglicht fermentative Ver-
dauungsprozesse, während die Bedingungen an der Peripherie oxisch und oxidierend sind, also
aerobe und oxidative Verdauungsvorgänge ermöglichen. Derartige Prozesse werden durch pH-
Homoiostasis infolge der Freisetzung mikrobieller Zellinhaltsstofe ermöglicht, die den pH-Wert in
einem optimalen Bereich für die entsprechenden Enzymaktivitäten konstant halten. Potenziell schäd-
lichen Wirkungen phenolischer Nahrungsbestandteile, die unter solchen Bedingungen wahrscheinlich
wären, wirken hydrolytische Enzyme und Detergenzien mikrobiellen Ursprungs entgegen.
Zusammenfassend bestätigt unser heutiges Wissen, das in diesem Beitrag zusammengefasst und
diskutiert wird, die ausgeprägte Abhängigkeit der Landasseln von mikrobiellen Nährstoffen und
Enzymen für ihre Fähigkeit, sich von Laubstreu zu ernähren. In evolutivem Maßstab mag diese
Abhängigkeit die bedeutende Rolle widerspiegeln, die Mikroorganismen während der Terrestriali-
sierung spielten, obwohl dieser Aspekt tierlich-mikrobieller Interaktionen kaum verstanden ist.

Isopoda, Asseln, Landgang, Ernährung, Verdauung, endosymbiotische Bakterien, Wirt-Symbiont Wechselwirkun-

gen, Laubstreu besiedelnde Mikroorganismen, Dekomposition
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1. Introduction

Adaptive are those characteristics of  an or-
ganism that increase an individual�s fitness
relative to that of  its conspecifics. Thus, the
respective characteristics will become more
and more frequent in the next generations
and will eventually become a common fea-
ture of  (almost) the entire population (e.g.
FUTUYMA 1986).

Due to �formal constraints� (GOULD

1989; = �universal constraints� introduced
by MAYNARD SMITH et al. 1985) and �histo-
rical constraints� (GOULD 1989; = �local
constraints� of  MAYNARD SMITH et al. 1985),
however, adaptation is not necessarily com-
plete or even optimal. On the other hand,
other characteristics of  organisms � having
been termed �pre-adaptation� (OSCHE

1962), �exaptation� GOULD & VRBA (1982),
or �pre-disposition� (see SUDHAUS & REH-
FELD 1992) � that are adaptive under recent
conditions have been adopted from ances-
tors to whom they may or may not have
been adaptive when they developed. Some
of  these pre-dispositions may have been
significant for the colonization of land via
the intertidal by animals with marine ance-
stors. Due to the high number of  recent
marine (ca 4,300), terrestrial (ca 3,500) and
freshwater (ca 650) species of  isopods
(Crustacea: Malacostraca: Peracarida), this
order (Isopoda) provides a valuable model
in helping us understand the evolutionary
ecology of  terrestrialization.

The terrestrial environment exhibits nu-
merous obstacles to hamper its coloniza-
tion. Required adaptations comprise the
structural rigidity of  the body, including
increased strength of  extremities, the struc-
ture and function of  respiratory organs,
water budget and osmo- and thermoregu-
lation, reproductive and developmental stra-
tegies, and many more. In addition, terres-
trial food sources (plants and parts of  them,
in case of  herbivores and detritivores) dif-
fer from aquatic food sources in terms of

physical and chemical characteristics. Sev-
eral excellent reviews have been published
(e.g., EDNEY 1954, 1968; HARTENSTEIN 1968;
WIESER 1968, 1984; WARBURG 1968, 1987;
SCHMALFUSS 1984, 1998; CAREFOOT 1993)
that describe morphological, anatomical,
physiological and ethological adaptations
and pre-dispositions of  (terrestrial) isopods,
but both reproductive (cf. ZIMMER 2001) and
nutritive (cf. ZIMMER 2002a) biology of  ter-
restrial isopods have been regarded rarely.
In particular, interactions of  isopods with
both environmental and endosymbiotic
microbiota and their potential contributions
to digestive processes is far from being un-
derstood. This review aims to summarize
our current knowledge extended by some
unpublished data of the author and his co-
workers on the significance of  animal-mi-
crobe interactions in ecology and evolution
of  terrestrial isopods.

2. Terrestrial food sources

For most terrestrial detritivores, the carbon
in plant tissue is not easily accessible, since
most of  it is part of  recalcitrant cellulose
molecules (KOZLOVSKAJA & STRIGANOVA

1977; SZEGI 1988; BREZNAK & BRUNE 1994).
The degradation of  native (crystalline) cel-
lulose is thought to usually be brought about
by a complex of  three enzyme classes
(REESE & MANDELS 1971; ERIKSSON 1978;
ERIKSSON & WOOD 1985) that have been
demonstrated in cellulolytic Protozoa (TRA-
GER 1932; YAMIN & TRAGER 1979) and fun-
gi (LJUNGDAHL & ERIKSSON 1985). Endo-β-
1,4-glucanases (endocellulases, C

x
-cellulases,

EC 3.2.1.4) cleave inner β-1,4-glucosidic
bounds and release oligosaccharides that,
in turn, are cut into cellobiose by cellobio-
hydrolases (exo-β-1,4-glucanases, exocellu-
lases, C

1
-cellulases, EC 3.2.1.91). Cellobiose

is the substrate of β-1,4-glucosidases (cello-
biases, EC 3.2.1.21) that produce two mol-
ecules of  glucose. Since exocellulases could
be demonstrated in only few bacteria (RAPP

https://www.researchgate.net/publication/301326074_Developmental_Constraints_and_Evolution?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
https://www.researchgate.net/publication/301326074_Developmental_Constraints_and_Evolution?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
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& BEERMANN 1991), LJUNGDAHL & ERIKS-
SON (1985) suggest the existence of  only
two bacterial enzymes (corresponding to
fungal endocellulases and cellobiases) that
appear to be cell wall-bound (WOOD &
GARCIA-CAMPAYO 1990). Cellulolysis by an-
aerobic bacteria � the radial center of the
isopod hindgut is anoxic (ZIMMER & BRU-
NE, 2005) � is brought about by cellulosomes
(summarized in LESCHINE 1995), consisting
of  several enzymes with endo- and exocellu-
lase activity and additional proteins that act
as structural components or serve in bind-
ing the substrate.

The degradation of  cellulose is further
constrained through its close association
with lignins (e.g. LJUNGDAHL & ERIKSSON

1985; BREZNAK & BRUNE 1994), high-mol-
ecular phenolic polymers with a high de-
gree of  methoxylation (SWAIN 1979; HAGER-
MAN & BUTLER 1991), that can only be de-
graded through oxidation (BREZNAK &
BRUNE 1994; TROJANOWSKI 2001). Numerous
different enzyme classes are known to be
involved in oxidative degradation of  phe-
nolic compounds (ANDER & ERIKSSON 1976;
WOOD 1980; MAYER 1987; CLAUS & FILIP

1990; SUMMERS & FELTON 1994; THURSTON

1994; FAURE et al. 1995), all of  them
containing a central metal ion (EVANS et al.
1991).

ABE & HIGASHI (1991) summarized their
up-to-date knowledge by proposing that
most (if not all) animals do not possess en-
dogenous cellulases. However, HARTENSTEIN

(1964, 1982) had suggested earlier that sev-
eral terrestrial isopods (Isopoda: Oniscidea)
of  the monophylum Crinocheta do produce
such enzymes [(HARTENSTEIN 1964: Oniscus

asellus Linnaeus, 1758 (Oniscidae); HARTEN-
STEIN 1982: Oniscus asellus, Trachelipus rathkii

(Brandt, 1833) (Trachelipodidae), Armadil-

lidium vulgare (Latreille, 1804) (Armadillidi-
idae)]. On the other hand, subsequent
studies agreed with ABE & HIGASHI (1991)
in that they suggested that woodlice depend
upon cellulases produced by litter-coloniz-

ing microbiota (HASSALL & JENNINGS 1975;
KOZLOVSKAJA & STRIGANOVA 1977), or at
least utilize fungal cellulases for cellulose
degradation (KUKOR & MARTIN 1986). Dur-
ing their studies on the gut physiology of
Porcellio scaber Latreille, 1804 (Porcellionidae),
ZIMMER & TOPP (1998a) discovered con-
trasting data on cellulase activity and micro-
bial counts in the hindgut: while the anter-
ior hindgut � in accordance with findings
by HASSALL & JENNINGS (1975) in Philoscia

muscorum (Scopoli, 1763) (�Philosciidae�) �
exhibited the highest cellulolytic activity, it
also contained the lowest density of  bac-
teria and fungi (ZIMMER & TOPP 1998a,b).
Further, in contrast to HASSALL & JENNINGS

(1975), but in agreement with HARTENSTEIN

(1964a), cellulase activity was 3-30-times
higher in the midgut glands (hepatopan-
creas) than in the leaf  litter, and thus, could
not be attributed  to enzymes ingested along
with the food (ZIMMER & TOPP 1998a,b) as
had been suggested by HASSALL & JENNINGS

(1975). As had already been proposed on
theoretical grounds (HOPKIN & MARTIN

1982), ZIMMER & TOPP (1998b) concluded
from results of feeding experiments with
artificial diets and antibiotics that cellulases
are produced by bacterial endosymbionts
inhabiting the lumen of  the hepatopancreas
(fig. 1), or even by the isopod endogenously
(cf. HARTENSTEIN 1964a). These enzymes
shall, thus, be considered �functional en-
dogenous� (cf. ZIMMER 2002a).

With respect to the origin of enzymes in-
volved in the oxidative degradation of  lig-
nins and other phenolic compounds in the
guts of  invertebrates, there is little agree-
ment either. Doubtlessly, phenol oxidases
are produced by arthropods, but these en-
zymes are mostly required for molting (e.g.,
ANDERSON 1985) and immune response (e.g.,
GILLESPIE et al. 1997). Woodlice (Porcellio

scaber and Oniscus asellus) produce endo-
genous enzymes that are active in degrad-
ing polycyclic aromatic hydrocarbons
(PAHs) (DEKNECHT et al. 2001), and phe-

https://www.researchgate.net/publication/14191090_Biological_mediators_of_insect_immunity?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
https://www.researchgate.net/publication/226191160_Localization_of_Degradative_Enzymes_in_White-rot_Decay_of_Lignocellulose?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
https://www.researchgate.net/publication/226191160_Localization_of_Degradative_Enzymes_in_White-rot_Decay_of_Lignocellulose?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
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nolic leaf  litter compounds are oxidized
during the gut passage (NEUHAUSER & HAR-
TENSTEIN 1976; ZIMMER & TOPP 1998c; ZIM-
MER 1999). Questing for ecophysiological rea-
sons for isopods storing vast amounts of  cop-
per in their midgut glands (discussed in ZIM-
MER 2002a), ZIMMER & TOPP (1998c) per-
formed feeding experiments with artificial
diets and antibiotics to observe correlations
between numbers of  hepatopancreatic bac-
teria and phenol oxidase activity in the hind-
gut of  Porcellio scaber; the copper store appears
to be significant for the production of cop-
per-containing phenol oxidases (see fig. 1).

Leaf  litter, the natural food source of
woodlice, is usually densely colonized by
microbiota, and woodlice were frequently
proven to depend upon these microbiota
with respect to growth, reproduction and
mortality; thus, woodlouse populations are
strongly influenced by the biomass and/
or activity of  leaf  litter-colonizing micro-
biota (UESBECK & TOPP 1995; ZIMMER &
TOPP 1997a, 2000; KAUTZ et al. 2000).
Hence, woodlice prefer feeding on densely
colonized leaf litter (GUNNARSSON 1987;
SOMA & SAITO 1983; STÖCKLI 1990) that is
localized through olfaction (ZIMMER et al.

Fig. 1: Digestive processes in the hindgut of  Porcellio scaber (Porcellionidae) (modified after ZIMMER

1998), including the ingestion of  leaf  litter, detoxification of  ingestion phenolics (Detoxif.) in the
foregut, digestion in the anterior hindgut through the activity of  endogenous and bacterial en-
zymes, absorption of  nutrients and copper, microbial proliferation (Microb. prolif.) in the posterior
hindgut, and egestion of  feces. See ZIMMER (2002a) for details.
Abb. 1: Verdauungsprozesse im Enddarm von Porcellio scaber (Porcellionidae) (verändert nach ZIM-
MER 1998), einschließlich der Aufnahme von Laubstreu, der Entgiftung phenolischer Inhaltsstoffe
(Detoxif.) im Vorderdarm, der Verdauungsvorgänge im vorderen Enddarm durch die Aktivität
endogener und mikrobieller Enzyme, der Resorption von Nährstoffen und Kupfer, der mikrobiel-
len Vermehrung (Microb. prolif.) im hinteren Enddarm, und der Ausscheidung von Faeces. Für
weitere Details, siehe ZIMMER (2002a).
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1996). Possible reasons for the significance
of  litter-colonizing microbiota can be sub-
sumed as follows: (1) Microbial biomass
serves as source of  readily digestible (es-
sential) nutrients (REYES & TIEDJE 1976;
MARTIN 1984; SWIFT & BODDY 1984; GUN-
NARSSON & TUNLID 1986; CAREFOOT

1984a,b; ULLRICH et al. 1991); (2) microbi-
al extracellular enzymes that are ingested
along with the leaf  litter (partly) degrade
the ingested lignocellulose (HASSALL & JEN-
NINGS 1975; KUKOR & MARTIN 1986); (3)
microbial procession of  leaf  litter removes
recalcitrant compounds (e.g., lignocellu-
lose) prior to consumption by woodlice,
thus facilitating digestion (HARTENSTEIN

1964a; RUSHTON & HASSALL 1983; HASSALL

et al. 1987).
Without any doubt, microbial extracel-

lular enzymes are active in the hindgut
of  woodlice (fig. 1), but their role in di-
gestive processes has been questioned
(e.g., ZIMMER & TOPP 1998b,c). Recent
results suggest that litter-colonizing
microbiota mainly serve as indicators of
high food quality to foraging woodlice
(ZIMMER et al. 2003a), but obviously,
digestive processes are also somehow pro-
moted through ingested microbiota (fig.
1). Possible reasons for this observation
are (1) homeostasis of a gut pH (5.5-6.5)
that is optimal for the activity of  cellulases
and phenol oxidases through cellular com-
pounds of  digested microbiota (ZIMMER

& TOPP 1997b); (2) avoidance of  toxic
effects of  phenolic litter compounds,
being likely under the prevailing pH con-
ditions (BERENBAUM 1980; MARTIN & MAR-
TIN 1983; SCHULTZ & LECHOWICZ 1986)
through (a) hydrolysis of  hydrolyzable
tannins through enzymes of microbial ori-
gin (ZIMMER 1999), or (b) precipitation of
phenolics through surfactants of possib-
ly microbial origin (ZIMMER 1997).

The above-mentioned aspects of  isopod-
microbe interactions will be discussed in de-
tail in turn.

3. Bacterial endosymbionts

3.1 General remarks

About 25 years after the first report of  bac-
teria in the midgut glands of  terrestrial iso-
pods (DONADEY & BESSE 1972), ZIMMER &
TOPP (1998b,c) found correlations between
bacterial numbers and enzymatic activities
in the context of  lignocellulose degradation
(see fig. 1). Based on these results, they pro-
posed that hepatopancreatic endosymbionts
of  isopods facilitated or even made pos-
sible the colonization of land through their
contribution to the digestive utilization of
terrestrial food sources (cf. ZIMMER et al.
2001, 2002a). According to their original
hypothesis, these endosymbionts would
have been acquired once by a common
ancestor of  all oniscid isopods. In coinci-
dence, bacterial endosymbionts have been
found in midgut glands of  numerous spe-
cies of  Oniscidea (tab. 1), but not in ma-
rine Valvifera [ZIMMER et al. 2001: Idotea wos-

nesenskii (Brandt, 1851) (Idoteidae); WANG,
STINGL, BRUNE & ZIMMER, in review: Idotea

balthica (Pallas, 1772) (Idoteidae)] or Sphae-
romatidea [SLEETER et al. 1978: Limnoria tri-

punctata Menzies, 1951 (Limnoriidae); ZIM-
MER et al. 2001: Gnorimosphaeroma oregonense

(Dana, 1853) (Sphaeromatidae); ZIMMER &
FRAUNE, unpubl.: Sphaeroma rugicauda)]. In
contrast, midgut glands of  the freshwater
isopod, Asellus aquaticus (Linnaeus, 1758)
(Asellota: Asellidae), harbor bacterial endo-
symbionts that apparently provide cellulo-
lytic and phenol-oxidizing enzymes (ZIM-
MER & BARTHOLMÉ 2003). The authors con-
clude from their results  that Oniscidea and
freshwater Asellota � feeding on the same
food source, terrestrial leaf  litter � acquired
such endosymbionts during convergent evo-
lution. However, we recently found hepa-
topancreatic bacteria in marine Asellota,
Jaera albifrons Leach, 1814 (Janiridae) and
Eurycope cornuta Sars, 1864 (Eurycopidae)
(ZIMMER & FRAUNE, unpubl.), suggesting a

https://www.researchgate.net/publication/227134878_Relationships_between_marine_microorganisms_and_the_wood-boring_isopod_Limnoria_tripunctata?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
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Tab. 1: Selected characteristics of  hepatopancreatic bacteria in different isopod species.
Tab. 1: Ausgewählte Eigenschaften der Bakterien im Hepatopankreas verschiedenen Asselarten.

a: α-Proteobacteria; b: β-Proteobacteria; c: γ-Proteobacteria; d: Mollicutes; n.d.: not determined; ?:
determination unsuccessful; 1: WANG, BRUNE & ZIMMER, in review; 2: ZIMMER & BARTHOLMÉ 2003;
3: FRAUNE & ZIMMER, unpubl.; 4: WANG, STINGL, BRUNE & ZIMMER, in review; 5: ZIMMER et al. 2001;
6: WANG & ZIMMER unpubl.; 7: HOPKIN & MARTIN, 1982; 8: WOOD & GRIFFITHS, 1988; 9: ULLRICH et
al. 1991; 10: DONADEY & BESSE 1972; 11: HAMES & HOPKIN 1989; 12: ZIMMER 1998; 13: WANG et al.
2004a; 14: WANG et al. 2004b.

common ancestor of Oniscidea and  Asel-
lota (see below).

With respect to cellulose hydrolysis and
phenol oxidation in isopods, ZIMMER et al.
(2002a) discuss two evolutionary scenarios:
First, the ability to digest cellulose and oxi-
dize phenolics may have been acquired si-
multaneously with other physiological ad-

aptations (cf. CAREFOOT 1993) that allowed
colonization of  land. In this case, these ad-
aptations would be lacking from marine iso-
pods. Second, the ability to digest cellulose
and oxidize phenolics may have been a pre-
disposition to the colonization of land. In
this case, these capabilities would be pre-
sent at least in some marine species. At least
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those marine isopods that feed on brown
algae (Phaephycota) ingest considerale
amounts of phenolics (see ZIMMER et al.
2001), while consumers of  green algae
(Chlorophycota) have to face relatively high
cellulose  contents of their food (VINOT et
al. 1987; RUPEREZ & SAURA-CALIXTO 2001).
Therefore, there would be a selective ad-
vantage to the ability to digest cellulose and
phenolics in many marine isopods (cf. ZIM-
MER et al. 2001). If, however, the digestion
of  seaweed phenolics does not require their
oxidation � in contrast to lignins (see
above) � the disadvantages of  potentially
harmful oxidation products (AHMAD 1992;
APPEL 1993) would likely constrain the
evolution of  phenol-oxidizing capabilities
in marine isopods. Comparing the inter-
tidal Idotea wosnesenskii, Gnorimosphaeroma

oregonense and the semi-terrestrial Ligia pal-

lasii Brandt, 1833 (Oniscidea), we revealed
evidence for the ability to hydrolyze cellu-
lose and oxidize phenolics in intertidal and
semi-terrestrial isopods (ZIMMER et al.
2002a), and ZIMMER et al. (2002b) conclude
from their comparison of  semi-terrestrial
and terrestrial isopods in a U.S. saltmarsh
that phenolics in terrestrial leaf  litter have
not been an obstacle to colonizing land and
utilizing this food source. However, inter-
tidal and semi-terrestrial isopods differ in
their abilitiy to both hydrolyze cellulose
and oxidize phenolics, exhibiting a clear
gradient of  increasing digestive capabilities
with terrestriality of  the species� food
sources � Idotea wosnesenskii, preferentially
feeding on brown algae (Fucus spp.), do not
oxidize phenolics, thus preventing poten-
tially harmful effects of  phenolic oxida-
tion products.

On the other hand, as stated above, he-
patopancreatic bacteria appear to be a syn-
apomorphy of  all Oniscidea (and possibly
Asellota: see below). Yet no Microcheta
(Mesoniscidae) have been regarded so far,
and data on Tylida (Tylidae) and Synocheta
are still unpublished.

3.2 Characteristics and phylogeny of

bacterial endosymbionts

The up-to-date uncultured hepatopancreatic
bacteria of  terrestrial isopods have been
studied most thoroughly in Porcellio scaber re-
cently. Upon microscopic inspection, we
found three morphotypes of  bacteria (tab.
1); besides predominant species that could
be detected frequently, there seem to be op-
portunistic bacteria in Porcellio scaber (as well
as in other species). Molecular characteriz-
ation (WANG et al. 2004a,b) revealed only
little similarity (< 81 %) of the 16S rRNA
genes of  the two most frequent genotypes
with any other known bacterial species.
According to phylogenetic analyses, endo-
symbionts of  Porcellio scaber cluster with
Rickettsiales (α-Proteobacteria) and Myco-
plasmatales (Mollicutes), bacterial orders
mostly consisting of intracellular parasites
or pathogens in plants, animals and man.
For rickettsial symbionts, we propose Can-

didatus Hepatincola porcellionum (WANG et
al. 2004a); for mycoplasmal symbionts, we
propose Candidatus Hepatoplasma crino-
chetorum (WANG et al. 2004b).

Both Candidatus Hepatincola porcellio-
num and Candidatus Hepatoplasma crino-
chetorum live extracellularly in the hepa-
topancreatic lumen, but are aggregated in
the periphery where they are attached to
the epithelium by means of  cytoplasmic
appendages (henceforth �stalks�) that in-
sert into the spaces of  the microvillous
brush border. (WANG et al. 2004a,b). Al-
though the function of the stalks remains
unclear (see below), it is striking that two
taxonomically unrelated bacteria that share
the same habitat independently develop a
feature that is unknown from any of  their
relatives. According to STEINERT et al.
(2000), the ability to attach to a host is one
of the prerequisites for establishing a sym-
biotic relationship. Since the closest known
relatives of  hepatopancreatic bacteria are
intracellular parasites or pathogens (see

https://www.researchgate.net/publication/8880402_'Candidatus_Hepatincola_porcellionum'_gen_nov_sp_nov_a_new_stalk-forming_lineage_of_Rickettsiales_colonizing_the_midgut_glands_of_a_terrestrial_isopod?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
https://www.researchgate.net/publication/8880402_'Candidatus_Hepatincola_porcellionum'_gen_nov_sp_nov_a_new_stalk-forming_lineage_of_Rickettsiales_colonizing_the_midgut_glands_of_a_terrestrial_isopod?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
https://www.researchgate.net/publication/8880402_'Candidatus_Hepatincola_porcellionum'_gen_nov_sp_nov_a_new_stalk-forming_lineage_of_Rickettsiales_colonizing_the_midgut_glands_of_a_terrestrial_isopod?el=1_x_8&enrichId=rgreq-b8ddc290ff0bcaab29943162f5ba7734-XXX&enrichSource=Y292ZXJQYWdlOzI2MTcwNDY5MjtBUzo5ODU1NDA0NzYzMTM2NUAxNDAwNTA4NTI0MTMx
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above), we hypothesize that the stalks not
only serve in attaching to the host epithe-
lium, but may represent an early evolu-
tionary stage towards host cell invasion.
Candidatus Hepatincola porcellionum and
Candidatus Hepatoplasma crinochetorum
would then be representatives of  an early-
branching phylogenetic line of  Rickett-
siales and Mycoplasmatales, respectively,
and the low sequence similarity corrobor-
ates this assumption; Mycoplasma penetrans,
a human pathogen that has first been iso-
lated from AIDS patients, forms tip-like
appendages that insert deeply into infected
cells (e.g., LO et al. 1993; ROTTEM 2003).

Based on our limited knowledge of  Can-

didatus Hepatincola and Candidatus Hepato-
plasma, we can only speculate on functions
of  the stalk. In known prosthecate α-Pro-
teobacteria (e.g., Caulobacter spp.; Caulobac-
terales: Caulobacteraceae), stalks are in-
volved in a complex life history with station-
ary stages that are in close contact with the
substrate in order to prevent drifting (HOLD

et al. 2001); bacterial endosymbionts of
Porcellio scaber could also utilize their stalks
as holdfasts that insert in the microvillous
brush border of  their hosts in order to
avoid being washed off  their habitat. On
the other hand, well-studied symbiont-host
systems (cf. SAVAGE 1972) suggest an ex-
change of  material and/or information
between closely associated symbionts and
host (WANG et al. 2004a,b). TOKUDA et al.
(2000) concluded such an exchange from a
close association of endosymbiotic bacte-
ria (Clostridium spp.) and microvilli of  epi-
thelial cells in the mesenteron of  their ter-
mite host (Nasutitermes takasagoensis; Isoptera:
Termitidae).

Comparative studies of  different species
of  Crinocheta provided evidence for Can-

didatus Hepatincola being harbored by at
least three species: Porcellio scaber [individuals
from Kiel and  Cologne (Germany) and
Vancouver Island (B.C., Canada)], Oniscus

asellus [Kiel, Cologne, Poitiers (France)], and

Trachelipus rathkii (Kiel), and Candidatus

Hepatoplasma also being present in Porcel-

lio scaber, Oniscus asellus and Trachelipus rath-

kii, but also in Philoscia muscorum (Kiel), Ar-

madillidium vulgare (Kiel) and Alloniscus per-

convexus Dana, 1856 (Alloniscidae) (Vancou-
ver Island). Overall, however, Candidatus

Hepatoplasma was relatively rarely found
in Alloniscus perconvexus (n = 16; 25 %), Phi-

loscia muscorum (n = 10; 60 %) and Armadil-

lidium vulgare (n = 10; 10 %), but � if  pre-
sent � in high densities of 108-1011 per iso-
pod (WANG & ZIMMER, unpubl.).

Considering the existence and identity of
hepatopancreatic endosymbionts a valuable
taxonomic feature (cf. HENNIG 1966; E1966;
Brooks 1985), we propose a (preliminary)
phylogenetic tree of  the mentioned species
(fig. 2a) that is in good agreement with trees
based on morphological (SCHMIDT & WÄ-
GELE 2001: fig. 2b) and molecular data (MI-
CHEL-SALZAT & BOUCHON 2000: fig. 2b;
MATTERN & SCHLEGEL 2001: fig. 2c); it is
only the relation of  Armadillidium (Armadil-
lidiidae in SCHMIDT & WÄGELE 2001) to the
other Crinocheta that distinguishes our tree
from that of  SCHMIDT & WÄGELE (2001) and
of  MICHEL-SALZAT & BOUCHON (2000) in
that their tree would require a secondary
loss of  Candidatus Hepatincola in Armadilli-

dium if  we considered the identity of  hepa-
topancreatic symbionts we found in this
species. In addition, our tree deviates from
that by MATTERN & SCHLEGEL (2001) in that
their tree would require a secondary loss
of  Candidatus Hepatincola in Philoscia, too.
Thus, our phylogenetic tree of  crinochete
isopods as based on microbiological cha-
racteristics provides the simplest solution
to the interspecific distribution of endosym-
biotic bacteria. However, in contrast to
morphology-based trees, the current pro-
position does not consider numerous com-
plex characteristics but, alike most molecu-
lar trees, only a single feature, namely the
identity of  hepatopancreatic endosym-
bionts. Furthermore, we cannot exclude that
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quent than the latter both in Porcellio scaber

(20:80) and in Oniscus asellus (40:60). About
30 % of  all screened individuals of  Oniscus

asellus (n = 171) but only ca 10 % of all
investigated Porcellio scaber (n = 265) did not
harbor any bacteria in their hepatopancreas
(tab. 2; WANG & ZIMMER, unpubl.; cf. WOOD

& GRIFFITHS 1988). Preliminary results of

Candidatus Hepatincola does exist in Ar-

madillidium and/or Philoscia, but we were thus
far unable to detect this endosymbiont. De-
tailed studies are needed and in progress in
our laboratory.

Candidatus Hepatincola and Candidatus

Hepatoplasma never occurred together in
a single specimen; the former was less fre-

Fig. 2: Phylogenetic tree of
some families of  Crinocheta; (a)
as based on the identity of he-
patopancreatic bacteria; (b) in
comparison with a tree as pro-
posed by MICHEL-SALZAT &
BOUCHON (2000) and SCHMIDT &
WÄGELE (2001); (c) in compari-
son with a tree as proposed by
MATTERN & SCHLEGEL (2001).
Abb. 2: Stammbaum einiger
Familien der Crinocheta, (a)
auf der Basis der Identität der
Bakterien im Hepatopankreas,
(b) im Vergleich mit einem
Stammbaum nach MICHEL-
SALZAT & BOUCHON (2000) und
SCHMIDT & WÄGELE (2001),
und (c) im Vergleich mit einem
Stammbaum nach MATTERN &
SCHLEGEL (2001).



138 MARTIN ZIMMER

long-term studies in the laboratory (WANG

& ZIMMER, unpubl.) suggest that both loss
and re-acquisition of  hepatopancreatic bac-
teria are possible and occur frequently in
Porcellio scaber. However, seasonal changes
in frequency or density of these endosym-
bionts could be detected neither in Porcellio

scaber nor in Oniscus asellus in the field (WANG

& ZIMMER, in prep.). In addition to our ob-
servation of  symbiont loss without any ob-
vious harm, the relatively high number of
aposymbiotic isopod specimens (tab. 2) casts
doubt on the nutritive significance of  he-
patopancreatic bacteria (as will be discussed
below) that had been proposed repeatedly
(ZIMMER & TOPP 1998b,c; ZIMMER 1999;
ZIMMER et al. 2001, 2002a; ZIMMER &
BARTHOLMÉ 2003). On the other hand, the
proportion of  aposymbiotic Porcellio scaber

in a given population appears at least in part
to be controlled by food quality. When feed-
ing on high-quality food (leaf litter of the
raspberry, Rubus cf. fruticosus; Rosaceae), the
number of  symbiotic isopods decreases
(WANG & ZIMMER, unpubl.). Possibly, the
degradation of  lignocellulose or an addi-
tional source of  nitrogenous nutrients is not
necessary on this food source. According
to HASSALL (pers. comm.) three nutritional
strategies of isopods are possible: (1) on
high-quality food with high moisture, wood-
lice simply squeeze out water-soluble nu-
trients off  the food and draw the nutritious
fluid into the hepatopancreas for resorp-
tion of  nutrients, while the remaining food
compounds pass through the hindgut es-

sentially without any further nutritive utili-
zation; (2) food of  intermediate quality is
enriched with digestive enzymes derived
from the hepatopancreas at the transition
of  proventricle and hindgut and is digested
as efficiently as possible during a slowed-
down gut passage; (3) since digestive util-
ization of  low-quality food is hardly pos-
sible, this kind of  food source is egested
virtually undigested, and after microbial in-
cubation and processing of feces  they are
utilized as food source with increased quali-
ty (for a recent discussion of  coprophagy,
see KAUTZ et al. 2002).

Under favorable nutritional conditions
(high-quality food; see above), the gain from
harboring bacterial endosymbionts might be
lower than costs (e.g., by contributing little
to digestion but utilizing food-derived nu-
trients); according to a model by JOHNSTO-
NE & BSHARY (2002), a host would be ex-
pected to get rid of  symbionts under such
conditions, particularly, if  re-acquisition of
symbionts is possible when conditions
change. On the opposite, one can deduce
that digestively mutualistic symbionts are
promoted by their host when only low-qua-
lity food is available, as had been assumed
for cockroaches (Blattopteroidea: Blattodea:
Blattariae) and their intracellular endosym-
bionts (BROOKS 1970) and could later be
proven experimentally (GIJZEN et al. 1994)
for Periplaneta americana and their symbiotic
ciliates, Nyctotherus ovalis (Protista: Ciliopho-
ra), that presumably provide cellulases. This
hypothesis would also explain why not all

Tab. 2: Percent of  aposymbiotic individuals of  different species of  crinochete isopods (after WANG

& ZIMMER, in prep.).
Tab. 2: Anteil aposymbiotischer Individuen verschiedener Crinocheta (nach WANG & ZIMMER, in
Vorb.).
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woodlice harbor hepatopancreatic bacteria
(see above). GOMULKIEWICZ et al. (2003)
developed a model to demonstrate that in-
teractions of  two potential mutualists need
not necessarily be mutualistic at any given
time, at any given place; reciprocal adapta-
tions (co-evolution) exhibit geographical va-
riation (cf. THOMPSON & CUNNINGHAM 2002).
Although our data show that both Candida-

tus Hepatoplasma and Candidatus Hepatin-
cola are abundant in Porcellio scaber and Oni-

scus asellus from Germany, France and Ca-
nada (WANG & ZIMMER, unpubl.: tab. 2), we
do not know anything about geographical
variation in symbiont-host interactions or
local adaptation of isopods and their sym-
bionts (cf. LIVELY 1999).

To test the hypothesis of  the common
ancestor of all Oniscidea already harboring
the hepatopancreatic endosymbionts we
found in crinochete species as an early ad-
aptation to a new habitat, we investigated
representatives of  the prototypal (SCHMAL-
FUSS 1978, 1989; CAREFOOT & TAYLOR 1995)
genus Ligia (Diplocheta: Ligiidae). Although
we found Pseudomonas n. sp. (γ-Proteobac-
teria: Pseudomonadales) in midgut glands
of  Ligia oceanica (Linnaeus, 1767) (WANG et
al., in review), we were unable to demon-
strate the existence of  Candidatus Hepatin-
cola or Candidatus Hepatoplasma. On the
other hand, some individuals of  both Porcel-

lio scaber and Oniscus asellus (and Alloniscus per-

convexus: ZIMMER & FRAUNE, unpubl.) also
contain rod-shaped bacteria (HOPKIN &
MARTIN 1982; WOOD & GRIFFITHS 1988;
ULLRICH et al. 1991; ZIMMER 1998; tab. 1)
that resemble Pseudomonas spp. and were
classified as γ-Proteobacteria (WANG et al.,
unpubl.). Rod-shaped bacteria in Ligidium

hypnorum (Cuvier, 1792) (Diplocheta: Ligii-
dae), in Tylos ponticus Grebnitzsky, 1874 (Ty-
lida: Tylidae) and in Trichoniscus pusillus

Brandt, 1833 and Hyloniscus riparius (Koch,
1838) (Synocheta: Trichoniscidae) were also
identified as representatives of  the genus
Pseudomonas by hybridization of  their 16S

rRNA genes with specific oligonucleotide
probes (ZIMMER & FRAUNE, unpubl.). By
contrast, coccoid cells in Ligia pallasii (ZIM-
MER et al. 2001; WANG & ZIMMER, unpubl.),
in T. ponticus and in T. pusillus and H. riparius

(ZIMMER & FRAUNE, unpubl.) as well as rod-
shaped symbionts in the marine Asellota
Jaera albifrons and Eurycope cornuta could thus
far not be determined (tab. 1). The coinci-
dence between different phylogenetic lin-
eages of  Oniscidea (see fig. 3) with respect
to the existence of  Pseudomonas corrobora-
tes our hypothesis concerning a single in-
itial acquisition event of  bacterial symbionts
in an early evolutionary stage of  terrestria-
lization. Possibly, the common ancestors of
the Diplocheta (here: Ligia and Ligidium) and
all other Oniscidea or even a common ma-
rine ancestor of Oniscidea and Asellota
somehow developed the ability to harbor
bacteria in its midgut glands that get
there by chance, and implemented an un-
specific endosymbiosis. In evolutionary
early stages of  Oniscidea, bacteria of  the
genus Pseudomonas then established as spe-
cific symbionts of  terrestrial isopods that
are still present in Diplocheta, Tylida and
Synocheta (and in some Crinocheta?) and
may be capable of  degrading cellulose and/
or phenolics. Based on a comparison of  16S
rRNA gene sequences, we conclude that en-
dosymbionts on Ligia oceanica derived from
marine pseudomonads. Thus, the acquisiti-
on of  the primary symbionts of  Oniscidea
probably took place before the colonization
of  terrestrial habitats, at least, however, no
later than in the intertidal (WANG et al., in
review). By contrast, marine Asellota appear
to exhibit unspecific endosymbioses with
different bacterial species (WANG et al., in
review; cf. tab. 1). In Asellus aquaticus evolu-
tion may � in convergence to Oniscidea �
have led to specific symbioses that enable
the host to feed on leaf  litter.

Hepatopancreatic bacteria have been de-
monstrated in several aquatic crustaceans
(MUSGROVE 1988; HARRIS et al. 1991; ZIM-
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MER & BARTHOLMÉ 2003; WANG et al., in
review; ZIMMER & FRAUNE, unpubl.); the
symbionts of  the freshwater crayfish, Para-

nephrops zealandicus (Decapoda: Parastacidae),
for instance, belong to the γ-proteobacteri-
al genera Aeromonas (Aeromonadales), Cit-

robacter and Hafnia (Enterobacteriales), and
seem to provide cellulases for the digestion
of  leaf  litter (MUSGROVE 1988). Freshwater
isopods of the species Asellus aquaticus also
harbor endosymbiotic bacteria (see tab. 1)
of  the genera Rhodobacter (α-Proteobacteria:
Rhodobacteriales), Burkholderia (β-Proteo-
bacteria: Burkholderiales), Aeromonas, and
Rickettsiella (γ-Proetobacteria: Legionellales)
in their midgut glands (WANG et al., in re-
view). Both the high intraspecific diversity
of bacterial endosymbionts and their tax-
onomic identity apparently contradicts a
common evolutionary origin of  endosym-

bioses in Asellota and Oniscidea and sug-
gests convergent adaptations to terrestrial
food sources (leaf litter) in Asellus aquaticus

and terrestrial isopods, unless we accept the
idea of an intially unspecific symbiotic re-
lationship in marine ancestors of Asellota
and Oniscidea that is still unspecific in ma-
rine Asellota and evolved towards the func-
tional endosymbiosis in freshwater Asello-
ta. Feeding experiments actually provided
evidence that (some of) the bacteria in A.
aquaticus produce cellulases as well as phe-
nol oxidases that are utilized for the diges-
tion of  leaf  litter (ZIMMER & BARTHOLMÉ

2003). As discussed by ZIMMER (2002a) and
ZIMMER & BARTHOLMÉ (2003), we can, how-
ever, not exclude the possibility of  endo-
genous cellulases in the tested isopods. The
conclusion by ZIMMER & TOPP (1998b,c) and
ZIMMER & BARTHOLMÉ (2003) are based on

Fig. 3: Phylogenetic tree of  some suborders of  Isopoda as based on the existence and identity of
endosymbiotic bacteria, with four evolutionary steps of  symbiotic establishment; 1.: loss of  anti-
biotic agent and (passive) acquisition of  hepatopancreatic bacteria in an unspecific endosymbiosis;
2.: specific acquisition of  Pseudomonas n. sp. in a common ancestor of  all Oniscidea; 3.: acquisition
of  Candidatus Hepatoplasma sp. in a common ancestor of  all Crinocheta; 4.: acquisition of  Candida-

tus Hepatincola sp. (see also Figure 2).
Abb. 3: Stammbaum einiger Unterordnungen der Isopoda, auf  der Basis von Existenz und Identi-
tät endosymbiotischer Bakterien, mit vier evolutiven Schritten: 1. Verlust antibiotischer Agentien
und (passive) Akquirierung bakterieller Mitteldarmsymbionten, 2. spezifische Akquirierung von
Pseudomonas n. sp. in einem gemeinsamen Vorfahren aller Oniscidea, 3. Akquirierung von Candidatus

Hepatoplasma sp. in einem gemeinsamen Vorfahren aller Crinocheta, 4. Akquirierung von  Candida-

tus Hepatincola sp. (s. Abbildung 2).
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correlations between bacterial numbers and
enymatic activities. According to HARTEN-
STEIN (1964a), suggesting endogenous cel-
lulases in crinochete isopods (see above),
and to RAY & JULIAN (1952), providing evi-
dence for endogenous cellulases in the
wood-boring Limnoria lignorum (Rathke,
1799) (Sphaeromatidea: Limnoriidae), it is
well possible that the experimental treat-
ment simultaneously but independently re-
duced both the number of  hepatopancreatic
bacteria and the release of  endogenous cel-
lulases into the gut lumen (for further
discussion, see below).

The endosymbionts of  Crinocheta make
us conclude that primary symbionts (Pseu-

domonas) of  Oniscidea were replaced (or
supplemented) by secondary symbionts
(Candidatus Hepatoplasma and Candidatus

Hepatincola) soon after the branching of
Crinocheta (see fig. 3). Such an evolutionary
takeover has recently been demonstrated ex-
perimentally in aphids (Hemiptera: Sternor-
rhyncha: Aphidomorpha: Aphidina), replac-
ing their primary symbionts, Buchnera aphi-

dicola, by secondary symbionts (unknown γ-
Proteobacteria), and has been discussed in
the context of establishing symbiotic rela-
tionships (KOGA et al. 2003). Even in natu-
ral systems, aphids harbor at least three dif-
ferent secondary symbionts, belonging to
the genus Spiroplasma (Mollicutes: Mycoplas-
matales) (FUKATSU et al. 2001), the γ-3 sub-
division of  the Proteobacteria and to the
genus Rickettsia (α-Proteobacteria: Rickett-
siales) (MONTLLOR et al. 2002). Similarly, tse-
tse flies (Glossina spp.; Diptera: Glossinidae)
may lodge a commensal, Sodalis glossinidius

(γ-Proteobacteria: Enterobacteriaceae) as
secondary symbiont that belongs to the
same family as the primary symbiont, Wig-

glesworthia glossinidia (DALE & MAUDLIN

1999). In dryophtherid beetles (Coleoptera:
Curculionoidea) even three lineages of  En-
terobactericeae exist that colonized their
host in independent evolutionary steps (cf.
NARDON et al. 2003).

Applying a model by DOEBELI & DIECK-
MANN (2000), I conclude that either the in-
itial acquisiton of  Pseudomonas sp. or the sub-
sequent symbiotic takeover, possibly, led to
the branching and later speciation of  Onis-
cidea or Crinocheta, respectively, as has been
discussed by BUCKLING & RAINEY (2002) in
a broader context. LEONARDO & MUIRU

(2003) recently presented evidence for nu-
tritional specialization being determined by
the identity of  facultative bacterial sym-
bionts in aphids.

In contrast to Asellota, marine Valvifera
and Sphaeromatidea do not harbor hepato-
pancreatic bacteria, although these animals
live in a microbe-rich environment and not
being infected by bacterial endosymbionts
seems unlikely. SLEETER et al. (1978) pro-
posed the production of antibiotics in the
gut of  the wood-boring Limnoria tripunctata

(although ZACHARY & COLWELL (1979)
found gut microbiota in this species). Thus,
I extend the above hypothesis in that anti-
biotics of  endogenous or external origin in
marine isopods (except Asellota; see below)
prevent the colonization of  the midgut
glands by bacteria (see fig. 3). HELLIO et al.
(2000) found antibiotic agents in 9 out of
16 species of  marine macroalgae that might
still be active in the guts of  consumers (e.g.,
isopods or amphipods) and may prevent
bacteria from conquering the hepatopan-
creas. The initially unspecific(?) acquisition
of  hepatopancreatic endosymbionts as a re-
sult of  the loss of  antibiotic agents would
then simply be a consequence of  an evolu-
tionary change in feeding habits from con-
suming fresh algae to preferring detritus.

In this context, PLANTE et al. (1990)
discuss the significance of the habitat in de-
termining an invertebrate�s role as host to
microbial endosymbionts. In case of  marine
invertebrates, the gut lumen and the envi-
ronment exhibit virtually identical condi-
tions in terms of  ionic and osmotic levels,
while this is not true for freshwater inver-
tebrates. The gut of  terrestrial invertebrates
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provides a valuable aquatic habitat in a ter-
restrial environment. Thus, the significance
of microbial gut symbionts can be explained
from different points of  view: (1) For
marine microbiota, it is not advantageous
to colonize the gut of  an invertebrate in-
stead of  living in sea water, while the gut
of  a terrestrial invertebrate grants a more
favorable environment than soil or leaf  lit-
ter; (2) for terrestrial invertebrates, in turn,
gut symbionts in a stable environment are
more reliable than soil or litter-colonizing
microbes in a variable milieu, while this dif-
ference is supposed to be insignificant for
marine invertebrates (HARRIS 1993). Gut
anatomy � in particular, the existence of
midgut glands in shape of blind-ending
tubes � can be interpreted as pre-disposi-
tion (cf. HARRIS 1993).

Our current knowledge of  endosymbiotic
bacteria in isopods makes the proposal of  a
(preliminary) phylogenetic tree of  some
suborders of  Isopoda possible (fig. 3); this
tree contradicts most of  the currently
discussed trees (WÄGELE 1989; BRUSCA &
WILSON 1991; TABACARU & DANIELOPOL

1999) in that Asellota and Oniscidea are
considered sister taxa here, forming a mo-
nophylum that propose to be named Hepa-
toconvivata (if  the hosts provide nutrients)
or Hepatohospita (if  the hosts provide a
habitat rather than food). For the verifica-
tion or rejection of  this hypothesis and thus
a decision upon the validity of  this taxon,
we urgently need additional data from
aquatic isopod suborders.

3.3 Symbiont-host interactions

Symbioses are generally accepted to act as
evolutionary motor (MARGULIS & FESTER

1991; DOUGLAS 1992a; MAYNARD SMITH &
SZATHMÁRY 1995; WATSON & POLLACK

2003). Further, it is frequently assumed that
mutualistic symbioses derive from parasitic
ones (BOUCHER et al. 1982; VANDERMEER

1983; PRICE 1991; YAMAMURA 1993; but see

NUISMER et al. 2003, for a different opin-
ion), since the aim of  a (vertically trans-
mitted) parasite to be transferred to its host�s
offspring conflicts the host�s interest of
keeping its offspring free of  parasites, and
results in an evolutionary arms race. The
symbiont increases its transmission rate by
reducing its virulence until both partners
gain from its transmission to the next gen-
eration. If  this is the case, the symbiotic
relationship will be mutualistic (cf. THOMP-
SON 1982). In addition, the exploitation of
the host by the symbiont should not reduce
the host�s longevity and fitness, because this
would simultaneously reduce the fitness of
a vertically transmitted symbiont (ROUGH-
GARDEN 1975). Even though � in spite of
initial assumptions by ZIMMER & TOPP

(1998b,c) and ZIMMER et al. (2001, 2002a) �
we could not yet unambiguously clarify what
kind of  relation exists between isopods and
their hepatopancreatic symbionts, their phy-
logenetic affiliation with predominantly pa-
rasitic and pathogenic bacteria is in agree-
ment with this model.

Both aphids and their intracellular bac-
terial endosymbionts, Buchnera aphidicola,
evolved towards obligatory dependence on
each other (CHARLES & ISHIKAWA 1999;
SHIGENOBU et al. 2000). Buchnera symbionts
are hosted in specialized cells, bacteriocytes,
and provide essential amino acids to their
host that feeds on nitrogen poor food
sources (see above) (WILKINSON & DOUGLAS

1996; WILKINSON & ISHIKAWA 2000; DOU-
GLAS et al. 2001; BERNAYS & KLEIN 2002).
As briefly discussed above, the transmission
of  symbionts is critical in mutualistic sym-
bioses, both for obligatory endosymbionts
and for their host. It is only through verti-
cal transmission that a host can ensure that
none of  his progeny will stay aposymbiotic.
Further, given that competition between
different symbionts may exert negative ef-
fects on the host (discussed in KOGA et al.
2003), it seems advantageous to the host to
keep the diversity of  symbionts low, and
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the best way to achieve this aim is controlled
vertical transmission (KORB & AANEN 2003).
Symbiotic bacteria of  the nudibranch, Den-

drodoris nigra (Gastropoda: Ophistobranchia),
are directly transferred from the vestibular
gland, where they intrude between the epi-
thelial microvilli, to the egg masses prior to
spawning (KLUSSMANN-KOLB & BRODIE

1999). The transmission of  yeast-like in-
tracellular endosymbionts (Symbiotraphina

spp.) in the ceca of  Stegobium paniceum and
Lasioderma serricorne (Coleoptera: Anobiidae)
that provide vitamin B and sterols (PANT &
FRAENKEL 1954) and detoxify harmful food
compounds (DOWD 1989; SHEN & DOWD

1991) is brought about by smearing the eggs
during oviposition (NODA & KODAMA 1996).

Yet, many mutualists rely on horizontal
transmission (discussed in WILKINSON &
SHERRATT 2001), and horizontal transfer of
symbionts is the rule in sexually reproducing
animals with symbionts that are not harbored
inside the reproductive tract (DOUGLAS 1995;
but see YAMAMURA 1993). Larvae of  pony
fish (Leiognathus nuchalis; Perciformes: Leio-
gnathidae) hatch aposymbiotic and get in-
fected by luminescent bacteria at an age of
at least 45 days (WADA et al. 1999). Similarly,
aposymbiotic juveniles of  lucinid mussels
(Mollusca: Bivalvia) acquire sulfide-oxidizing
intracellular gill symbionts (γ-Proteobacteria)
horizontally. The flatworm, Convoluta roscof-

fensis (Plathelminthes: Turbellaria), harbors
endosymbiotic algae of  the genus Tetraselmis

(Chlorophyta), but host individuals differ in
what species of  Tetraselmis they accommo-
date. Aposymbiotic juveniles take up algae
while feeding and reject all but one spe-
cies (DOUGLAS 1980). A similar trans-
mission mechanism, with bacteria being in-
gested along with the food, have been pro-
posed for the sponge, Halichondria panicae

(Porifera: Demospongiae), and its sym-
bionts of  the genus Rhodobacter (α-Proteo-
bacteria) (ALTHOFF et al. 1998; discussed
in STACKEBRANDT & PUKALL 1999; MÜLLER

1999).

Both Candidatus Hepatoplasma and Can-

didatus Hepatincola, too, appear to be trans-
mitted horizontally or even through abiotic
vectors in the environment: under sterile
conditions in the laboratory, neither em-
bryos nor 1d-old mancae I or 1wk-old man-
cae II of  Porcellio scaber harbored hepato-
pancreatic bacteria (WANG et al., in review).
If  kept non-sterile, however, both embryos
and mancae I are void of  bacteria, too, while
bacteria can be found in the midgut glands
at the age of  one week. Thus, either marsu-
pial fluids are free of  bacteria � contrasting
preliminary results by STEVENS & ZIMMER,
unpubl. (in ZIMMER 2002a) and electron-mi-
croscopic studies by STEVENS & GREVEN

(pers. comm.) � or embryos and marsupial
mancae are unable to take up bacteria into
their digestive tract. One possible obstacle
to bacterial colonization of the midgut
glands could be the filter system between
proventricle and hepatopancreas that is
common in Isopoda, Amphipoda and most
Malacostraca, preventing the influx of  par-
ticles into the glands (MARTIN 1964; SCHE-
LOSKE 1976; OSHEL & STEELE 1988; WÄGE-
LE 1989). According to WOOD & GRIFFITHS

(1988) particles larger than 1.17 µm in dia-
meter are excluded, but HAMES & HOPKIN

(1989) observed a mesh size of  just 40-50
nm. However, it is questionable how the
pressure should be built up that would be
needed to push fluids through a filter of
such small mesh size into the hepatopan-
creas. STORCH (1987) discussed the possibil-
ity of  actively changing the mesh size of
the proventricular filter. Yet, in this case,
contamation of the midgut glands with lit-
ter-colonizing microbiota would be likely.
On the other hand, there must be some way
for hepatopancreatic endosymbionts to pass
the filter and enter the glands; this problem
could thus far not be solved (cf. ZIMMER

2002a).
In the Spider Crab, Chionoectes opilio (Deca-

poda: Brachyura: Majidae), males transfer an-
tibiotic agents with their sperm (BENHALIMA
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& MORIYASU 2001), and comparable findings
have been reported for the fruitfly, Droso-

phila melanogaster (LUNG et al. 2001). In iso-
pods, too, such substances could be drawn
into the marsupium to help prevent micro-
bial contamination of  marsupial embryos
(but see above).

Horizontal transfer of symbionts via feces
or litter, as suggested by our findings in
Porcellio scaber (see above), seems to be inef-
ficient, since it cannot be ensured that all
offspring get access to (the correct) sym-
bionts (see above). On the other hand, even
vertical transmission of  (bacterial) sym-
bionts is a bottleneck with respect to the
number of  transferred symbionts (MIRA &
MORAN 2002), and the risk of  enriching
harmful mutations in symbionts is higher
than in symbiont-host systems with hori-
zontal transmission (RISPE & MORAN 2000).
In this context, a comparison of Candidatus

Hepatincola with other Rickettsiales is in-
teresting: while Wolbachia (see BOUCHON et
al. 2005, in this issue) is usually transmitted
vertically, horizontal transmission is typical
for Rickettsia and Ehrlichia (ANDERSON &
KARR 2001; SCHULENBURG et al. 2001); but
Wolbachia can be transferred horizontally,
too (CORDEAUX et al. 2001).

Despite the risk inherent to horizontal trans-
mitting, Candidatus Hepatincola or Candidatus

Hepatoplasma are present in 60-100 % (de-
pending on the population and the season;
see above) (WANG & ZIMMER, unpubl.).
Thus, woodlice successfully detect and find
bacteria in their environment (see also ZIM-
MER et al. 1996), or the probability of en-
countering and taking up these bacteria (or
their propagules) is increased by the wide
distribution in the isopods� environment (see
YAMAMURA 1993). Since bacteria inside the
hepatopancreatic lumen actively proliferate
(WANG et al., unpubl. TEM studies), we ex-
pect surplus bacteria to be drawn to the
hindgut and egested in feces (discussed in
ZIMMER 2002a). Extracellular luminescent
endosymbionts of  deep sea fish (Berycifor-

mes: flashlight fishes, Anomalopidae; pine-
cone fishes, Monocentridae) (NEALSON et
al. 1984) and of  cuttlefish (Euprymna scolo-

pes; Cephalopoda: Sepiidae) (LEE & RUBY

1994) are excreted at rates of  106-108 per
day. Such a transfer mechanism could ex-
plain the presence of  Candidatus Hepatin-
cola and Candidatus Hepatoplasma in most
crinochete species tested thus far, if  we as-
sume that isopods but not their bacterial
endosymbionts exhibit high specificity with
respect to their symbiotic partner (cf. FEIN-
SINGER 1983). Up to now, however, we were
unable to detect either Candidatus Hepatin-
cola or Candidatus Hepatoplasma using spe-
cific fluorescence-labeled probes in the
hindgut, or the feces of isopods or in leaf
litter or soil (WANG & ZIMMER, unpubl.).
Possibly, the symbionts are present as pro-
pagules that cannot be detected with this
technique. We currently try to detect them
through PCR-amplification of their 16S
rDNA using sequence-specific primers.

Neither in Porcellio scaber nor in Onicus asel-

lus we ever found Candidatus Hepatincola
and Candidatus Hepatoplasma occurring to-
gether (WANG & ZIMMER, unpubl.). Given
that symbionts are transmitted horizontally
(see above), an infection of  an isopod with
one of its potential endosymbionts seems
to preclude a secondary infection with the
other one. Such interactions have been ex-
plained in terms of  competition between
symbionts for their habitat (see KOGA et al.
2003), but could also be due to induced de-
fense of  the host (cf. KURTZ & FRANZ 2003).

Based on our current knowledge we are
to suppose that the initial inoculation of
juveniles (as well as re-inoculation of  apo-
symbiotic adults; see above) depends on the
uptake of  potential endosymbionts with the
food, the most likely and reliable source of
symbionts are probably feces of conspeci-
fics. Beside its nutritional role (cf. KAUTZ et
al. 2002), coprophagy, thus, seems to be
adaptive in the context of  acquiring hepa-
topancreatic endosymbionts.
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Symbiotic relationships between micro-
biota and blood- or sapsuckers or detriti-
vores (cf. BUCHNER 1965) have frequently
been described to include the transfer of
nutrients or a nutritive exploitation of  sym-
bionts by the host (e.g., BAUMANN & MO-
RAN 1997; CAZEMIER et al. 1997; STEINERT

et al. 2000). Aphids (see above) and termi-
tes (Blattopteroidea: Blattodea: Isoptera) are
among the best-studied symbiotic arthro-
pods. Although both face the problem of
nitrogen-poor food source, termites � in con-
trast to the sap-sucking aphids � are in ad-
dition confronted with remarkable amounts
of lignocellulose and other recalcitrant and
deterrent compounds of  their natural food
sources (see BREZNAK & BRUNE 1994). Ho-
wever, only some termite species rely on
gut symbionts for the production of cellu-
lases (cf. DOUGLAS 1992): lower termites
(Mastotermitidae, Kalotermitidae, Hodoter-
mitidae and Rhinotermitidae) harbor cellu-
lolytic flagellates (Protista: Sarcomastigo-
phora: Mastigophora) in their gut that pro-
vide short-chained fatty acids to the nutri-
tion of their host; cellulases of symbiotic
origin are supplemented by endogenous cel-
lulases (MARTIN 1984; TOKUDA et al. 2002;
OHKUMA 2003). Higher termites (Termiti-
dae) hydrolyze cellulose by endogenous
cellulases that are produced in their midgut,
but do not harbor cellulolytic protists (cf.
OHKUMA 2003). Macrotermitinae, on the
other hand, garden fungi (genus Termitomy-

ces) in their colonies and feed on cellulase-
rich nodules of  the fruit bodies; cellulases
maintain their activity during the gut passa-
ge and contribute to cellulose digestion
(MARTIN 1984). However, the nutritive sig-
nificance of  these enzymes for digestive
processes is unclear (cf. VEIVERS et al. 1991)
as has also been stated with respect to cel-
lulases in midguts of  wood-feeding beetles
(Coleoptera; e.g., Cerambycidae, Anobiidae,
Bupestridae) or wood wasps (Hymenopte-
ra: Symphyta: Siricoidea: Siricidae) (MARTIN

1991) and detritivorous stoneflies (Pteron-

arcys proteus; Plecoptera) or caddisflies (Py-

cnopsyche luculenta; Trichoptera) (SINSABAUGH

et al. 1985).
Although ABE & HIGASHI (1991) stated,

that �most animals [...] lack the ability to
produce the enzymes necessary for decom-
posing cellulose� (p. 127), evidence for en-
dogenous cellulases have been presented for
the marine isopod Limnoria lignorum (RAY &
JULIAN 1952) and the freshwater amphipod
Gammarus pulex (MONK 1977; ZIMMER &
BARTHOLMÉ 2003; but see BÄRLOCHER 1982,
and BÄRLOCHER & PORTER 1986) as well as
in the silverfish Thermobia domestica (Zygen-
toma: Lepismatidae) (TREVES & MARTIN

1994) and the applesnail Ampullaria crossean

(Mollusca: Gastropoda) (WANG et al. 2003).
Further, parts of  an active cellulase com-
plex, namely β-glucosidases, have been
demonstrated in numerous invertebrates:
Locusta migratoria (Orthopteroidea: Caelife-
ra: Acrididae) (MORGAN 1975), Rhynchoscia-

ra americana (Diptera: Nematocera: Sciaridae)
(FERREIRA & TERRA 1983), Erinnyis ello (Le-
pidoptera: Sphingidae) (SANTOS & TERRA

1985), Sitophilus oryzae (Coleoptera: Curcu-
lionidae) (BAKER & WOO 1992), Abracris fla-

volineata (Orthopteroidea: Caelifera: Acrid-
idae) (MARANA et al. 1995), Spodoptera frugi-

perda (Lepidoptera: Noctuidae) (MARANA et
al. 2000). �Incomplete� (see above) cellu-
lase complexes, consisting of  endo-β-1,4-
glucanases and β-glucosidases but lacking
exocellulases and being capable of  degrad-
ing soluble but not native crystalline cellu-
lose (see SKAMBRACKS & ZIMMER 1998), have
also been described: Trachelipus rathkii (KU-
KOR & MARTIN 1986), Gammarus lacustris

(Amphipoda: Gammaridea) (MCGRATH &
MATTHEWS 2000), Macrotermes mülleri (Iso-
ptera: Termitidae) (ROULAND et al. 1988),
Panesthia cribrata (Blattopteroidea: Blattodea:
Blattariae) (SCRIVENER & SLAYTOR 1994a).
Although the degradative capacity of  such
enzymes is lower than that of  microbial
cellulases (SLAYTOR 1992; SCRIVENER & SLAY-
TOR 1994b), it is obviously sufficient to hy-
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drolyze cellulose without microbial assis-
tance (SLAYTOR 1992); the low efficacy is
compensated through high rates of produc-
tion (SCRIVENER & SLAYTOR 1994b). Possibly,
the supplementary uptake of  fungal cellu-
lases that provide critical components of
cellulase complexes is significant for these
animals (MARTIN 1984). Neither ZIMMER &
TOPP (1998b,c) nor ZIMMER & BARTHOLMÉ

(2003) distinguished between different com-
ponents of the cellulase complex in their
analyses of  cellulase activity.

At least the fungal symbionts (genus Ter-

mitomyces) of  some termites (Macrotermes

spp.) degrade lignins, thus facilitating cellu-
lose digestion by the hosts (HYODO et al.
2000, 2003); JOHJIMA et al. (2003) isolated
and characterized a peroxidase from Termi-

tomyces albuminosus. Leaf-cutting ants (Hyme-
noptera: Apocrita: Formicoidea: Myrmici-
dae) and their gardened fungi show only
little overlap in their enzymes (D�ETTORE

et al. 2002), suggesting a stable dependence
of  the hosts on their symbionts. No matter
whether or not cellulolytic or pectinolytic
enyzmes are provided by the fungi (cf. AB-
RIL & BUCHER 2002), the fungal activity
seems to facilitate the ants� access to the
nutritious cell contents of  plant tissues. Job-
sharing is also common in the marine aba-
lone, Haliotis midae (Mollusca: Gastropoda:
Prosobranchia), with resident gut bacteria
degrading cellulose (ERASMUS et al. 1997).
In this same context, we are to interpret the
suggestion that cellulases and phenol oxi-
dases in terrestrial isopods � and, as a re-
sult of  convergent evolution to feeding on
terrestrial leaf  litter, also in the freshwater
isopod, Asellus aquaticus (ZIMMER &
BARTHOLMÉ 2003) � are provided by hepa-
topancreatic bacteria (ZIMMER & TOPP

1998b,c; ZIMMER 1999; ZIMMER et al. 2001,
2002a).

Whether or not bacterial endosymbionts
of isopods contribute cellulases and/or phe-
nol oxidases can only be clarified by means
of  genetic detection of  the respective

genes. Relatives of  Candidatus Hepatoplas-
ma and Candidatus Hepatincola within the
Mollicutes and Rickettsiales, respectively, are
not known to produce any cellulolytic or
phenol-oxidizing enyzmes which contradicts
the proposed function of  these symbionts.
However, even the closest relatives are so
distantly related that we cannot convincingly
deduce any physiological characteristics of
Candidatus Hepatoplasma or Candidatus He-
patincola from what we know about myco-
plasmas or rickettsias. ESHAM et al. (2000)
were unable to predict the ability to degrade
lignins based on the phylogenetic affiliation
of  several α- and γ-Proteobacteria and
gram-positive bacteria.

On the other hand, close relatives of  en-
dosymbionts in non-crinochete isopods (see
above), e.g. Pseudomonas fluorescens, are capable
of  degrading both cellulose and hemicellu-
lose and polycyclic aromatic hydrocarbons
(see also Pseudomonas putida: PLAGGENBORG

et al. 2003). Similarly, relatives of  hepato-
pancreatic symbionts in Asellus aquaticus,
Aeromonas spp. and Burkholderia spp. are well-
known as xylanase and phenol oxidase pos-
tive; these symbionts, thus, could well be
involved in litter degradation in Asellus aqua-

ticus (cf. ZIMMER & BARTHOLMÉ 2003). Based
on these, I hypothesize that the primary
symbiosis with Pseudomonas n. sp. provided
digestive enzymes for the degradation of
terrestrial food source to early semi-terres-
trial isopods. Afterwards, prior to the evol-
utionary loss of  Pseudomonas and the take-
over by Candidatus Hepatoplasma (and later
Candidatus Hepatincola), a gene transfer
took place between symbiont and host, re-
sulting in endogenous production of  cellu-
lase and/or phenol oxidase by the host (al-
ternatively, the respective genes could have
been transferred from the primary to the
secondary symbiont). Horizontal gene trans-
fer beyond the species level is well-known
from both bacteria (e.g., JAENECKE et al.
1996; KELLY & KADO 2002; HILL & WEIGHT-
MAN 2003) and between prokaryotes and
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eukaryotes (e.g., NESTER 2000; BIRD et al.
2003; DOUGLAS & RAVEN 2003), and are
considered significant for the evolution of
symbiosis-specific capabilities of symbionts
(FARRANT et al. 1997; TSUDA  et al. 1999;
NESTER 2000; DOUGLAS & RAVEN 2003; HILL

& WEIGHTMAN 2003; PARKER 2003; VAN

ELSAS et al. 2003). YAN et al. (1998) assume
that endogenous cellulases in plant-parasi-
tic nematodes are evolutionarily of  bacterial
origin. In some cases, close relatives of  the
proposed primary symbionts of  Oniscidea,
Pseudomonas putida (JAENECKE et al. 1996) and
P. fluorescens (LILLEY et al. 2003), are involved
in such events; especially under nutrient-
rich conditions, as prevail in the lumen of
the midgut glands, the probability of  inter-
specific gene transfer is high (DROGE et al.
1998) and could play an important role dur-
ing the establishment of  pathogens and
parasites in their prospective host (WILSON

& SALYERS 2003).
In contrast to termites, ingesting remark-

able amounts of lignocellulose and its deri-
vates as well as other recalcitrant com-
pounds (e.g., BREZNAK & BRUNE 1994),
aphids, being sapsuckers, do not have to face
many recalcitrant or deterrent food com-
pounds. Both, however, have in common
that their food sources are extremely nitro-
gen-limited so that they are in need of  ad-
ditional sources of  nitrogen. In the gut of
Tetraponera ants, VAN BORM et al. (2002) re-
cently demonstrated nitrogen-fixing Pseudo-

monas that share >97 % sequence similarity
with the endosymbionts of Ligia oceanica.
The closely related Ligia pallasii mostly feeds
on stranded macroalgae (CAREFOOT 1973;
PENNINGS  et al. 2000) containing signifi-
cantly less than 1 % N, and we assume a
similar nutritive behavior of  Ligia oceanica.
Thus, the nutritive significance of  bacterial
symbionts could also be related to their ca-
pability of  making nitrogen available to their
N-limited host (discussed by NARDI et al.
2002), as has been demonstrated repeatedly
for the intracellular endosymbionts of

aphids (Buchnera aphidicola) and yeast-like
symbionts in the grasshopper Nilparvata lu-

gens (Hemiptera: Auchenorrhyncha: Del-
phacidae) (cf. DOUGLAS et al. 2001; WILKIN-
SON & ISHIKAWA 2001; BERNAYS & KLEIN

2002). In addition, vitamins and essential
amino acids are produced and released by
endosymbiotic microbiota and can be uti-
lized by their hosts (DOUGLAS 1989, 1992).
However, bacteria in the midgut glands of
Ligia pallasii are apparently not closely re-
lated to those in L. oceanica (WANG & ZIM-
MER, unpubl.; tab. 1), questioning the evol-
utionary significance of  a potential nitro-
gen source by means of  endosymbiotic bac-
teria.

Overall, our up-to-date knowledge as
summarized herein (phylogenetic affiliation
of  symbionts, high proportion of  aposym-
biotic isopods without any obvious harm)
does provide only weak arguments in favor
of  a nutritional significance of  hepatopan-
creatic bacteria. Further, the ability to hy-
drolyze cellulose and oxidize phenolics is
present (as a pre-disposition for the terres-
trial habitat) in (some) Sphaeromatidea and
Valvifera (ZIMMER et al. 2002a). On the other
hand, despite their phylogenetic affiliation,
nothing hints on a parasitic or pathogenic
life style of bacterial symbionts in Onisci-
dea. Thus far, we can only speculate on
the nature of the symbiotic relationship
and the role symbionts play in the life of
their host. I will discuss some hypotheses
in turn.
• Hepatopancreatic symbionts protect

their host from secondary infections by
(microbial) pathogens or parasites.

Although woodlice are confronted with high
densities of  (potentially pathogenic) micro-
biota in their natural environment, the
microbial diversity in their midgut glands is
remarkably low (see above). While the cuti-
cular intima of the fore- and hindgut pro-
tects from pathogens intruding the body
cavity, there is no such protection for the
midgut epithelium; solely the proventricular
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filters might act in this respect (see below).
Most insects and crustaceans counteract
pathogens through phenol oxidase activity
(cf. GILLESPIE et al. 1997; see above). Al-
though we proved phenol oxidation in the
gut lumen of  Porcellio scaber (ZIMMER & TOPP

1998c), alike Glyptonotus antarcticus Eights
1852 (Valvifera) (SMITH & SÖDERHÄLL 1991)
and presumably Asellus aquaticus (DEZFULI

2000), woodlice apparently do not possess
phenol oxidases in their hemolymph (IRMAK

et al. 2005). Presumably, hemocyanine is
involved here (for review, see DECKER &
TUCZEK 2000) that also exerts antibacterial
activity (BOUCHON, pers. comm.; HERBINIÈRE,
unpubl.). On the other hand, hepatopan-
creatic bacteria may prevent the establish-
ment of  (microbial) parasites and pathogens
in the hepatopancreatic lumen before they
can enter the body cavity, either as well-
adapted, and thus superior, competitors, or
through antibiotic agents; obviously, both
Candidatus Hepatoplasma and Candidatus

Hepatincola are capable of  excluding the
other potential symbiont from its habitat
(see above). Comparable interactions between
potential symbionts have recently been de-
scribed in the pea aphid, Acyrthosiphon pisum

(KOGA et al. 2003). Besides producing a
endo-β-(1-4)-glucanase (PASTOR et al. 2001),
Paenibacillus sp. (Bacillales) exhibits a endo-
β-(1-3)-glucanase that exerts fungicidal ef-
fects through degrading the fungal cell wall
(HONG & MENG 2003). Several unidentified
Pseudomonas strains produce both chitinases
and cellulases as well as additional enzymes
that act fungicidal (SINDHU & DADARWAL

2001), and some fluorescing soil pseudo-
monads bring about a derivate of  the phe-
nolic phloroglucinol that also acts as fungi-
cide (RAMETTE et al. 2003). Pseudonocardia-
like (Actinomycetes) symbionts in leaf-cut-
ting ants provide antibiotics that prevents
parasitic fungi from intruding nutritionally
significant fungal colonies (CURRIE et al.
1999). However, thus far we were unable
to detect any antibiotic activity in the hepa-

topancreas of  Porcellio scaber (WANG & ZIM-
MER, unpubl.).
• Metabolites of  hepatopancreatic sym-

bionts protect their hosts from preda-
tors.

A close relative of  Pseudomonas aeruginosa and
the symbionts in Ligia oceanica, Ligidium hyp-

norum, Tylos ponticus, Hyloniscus riparius and
Trichoniscus pusillus gives rise to the defen-
sive compound pederine in the rove beetle,
Paederus sabaeus (Coleoptera: Staphylinidae)
(KELLNER 2001, 2002). Woodlice, too, exert
chemical defense against predatory attack.
Lobed glands in their uropods and the mar-
gins of  their epimera secret fluids upon
stimulation that deter at least some inverte-
brate  predators (GORVETT 1952). Epimeral
glands contain fluorescing compounds that
exhibit similar characteristics as those in
Zenker cells of  the freshwater isopod, Asel-

lus aquaticus (LORENZEN & ZIMMER, in prep.).
Since lobed glands of  terrestrial isopods are
assumed homologous to the Zenker cells
of Asellidae (TER-POGHOSSIAN 1909), and
bacterial symbionts in the gut of Asellus

aquaticus may bring forth the fluorescence
of  the Zenker cells (ZIMMER et al. 2002c),
we hypothesize a correlation between bac-
terial symbionts and the defensive function
of  the lobed glands. However, experimen-
tal evidence is lacking thus far.
• Hepatopancreatic bacteria increase fer-

tility (production of  oocytes or sperm)
and reproductive success (mate choice)
of their host.

If  bacterial endosymbionts are (evolu-
tionarily) advantageous to their host, we
will expect a positive effect on their host�s
fitness. Aphids, for instance grow more
slowly if  kept void of  Buchnera (ADAMS et
al. 1996). Experimental tests of  selective
advantages to isopods from harboring he-
patopancreatic bacteria in terms of  higher
growth rates, higher fecundity, or higher
mating success thus far failed to demons-
trate any gain to P. scaber (WANG & ZIM-
MER, unpubl.).
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4. Leaf  litter-colonizing microbiota

Interactions of  woodlice and litter-coloniz-
ing microbiota can be classified either as
predator-prey interactions, i.e., ingested
microbiota are digested and utilized as food
(e.g., REYES & TIEDJE 1976; KOZLOVSKAJA

& STRIGANOVA 1977; COUGHTREY et al. 1980;
BECK & FRIEBE 1981; MÁRIALIGETI et al.
1984; GUNNARSSON & TUNLID 1986; HAS-
SALL et al. 1987; ZIMMER & TOPP 1998b), or
as synergism or even mutualism with pro-
motion of microbial biomass and/or acti-
vity and distribution of microbial propa-
gules (DUNGER 1958; STRIGANOVA 1967;
HASSALL 1977; SOMA & SAITO 1983; HAS-
SALL et al. 1987; TEUBEN & ROELOFSMA 1990;
TEUBEN 1991; LUSSENHOP 1992; SZLÁVECZ

1993; VAN WEMSEN et al. 1993; KAUTZ &
TOPP 2000; ZIMMER & TOPP 1999; ZIMMER

et al. 2002b) on one hand, and microbial
processing of  leaf  litter prior to feeding by
woodlice (HARTENSTEIN 1964A; RUSHTON &
HASSALL 1983; HASSALL et al. 1987) and/or
during the gut passage (HASSALL & JENNINGS

1975; KUKOR & MARTIN 1986) on the other
hand. With respect to the latter, it has been
shown repeatedly that consumption of
densely colonized leaf  litter is advantage-
ous both on individual (UESBECK & TOPP

1995; ZIMMER & TOPP 1997a) and on popu-
lation level (KAUTZ et al. 2000; ZIMMER &
TOPP 1997a, 2000). Despite this general
agreement, the nutritive significance of  lit-
ter-colonizing microbiota is not well under-
stood in detail (ZIMMER et al. 2003); the de-
bated results and hypotheses can be sum-
marized as follows:

(1) Digestion and utilization of  micro-
bial cells increase the nutritive value of  leaf
litter to consumers, since ingested micro-
biota � upon digestion � serve as source of
easily accessible (essential?) nutrients, such
as nitrogen (CAREFOOT 1984a,b; ULLRICH et
al. 1991). However, other strategies than
utilizing microbiota as food source to cope
with nitrogen limitation are known, too:

shrimp, Litopenaeus setiferus (Decapoda: Pe-
naeidae), respond to protein deficiency with
increased production of proteolytic en-
zymes (BRITO et al. 2000), and, similarly,
aquatic detritivorous cranefly larvae (Di-
ptera: Nematocera: Tipulidae) counteract
the low nitrogen availability in their food
with extremely efficient protein degradation
in their midgut with a correspondingly high
pH level of  11.5 (MARTIN et al. 1980) for
optimal proteolytic activity and, at the same
time, minimal harm through phenolic com-
pounds (cf. GRAÇA & BÄRLOCHER 1998); in
addition, β-1,4- and β-1,3-glucanases make
the digestion of  ingested fungi, and access
to valuable, possibly even essential, nu-
trients, possible. Woodlice (Trachelipus rath-

kii) also exhibit these enzyme activities in
their hindgut, and thus, are capable of  di-
gesting fungal cells (see above; KUKOR &
MARTIN 1986). Wood-boring isopods, Lim-

noria spp., although presumably producing
endogenous cellulases (RAY & JULIAN 1952),
are in need of  wood-colonizing fungi as a
supplemental source of high-quality food
(RAY 1959).

According to the literature (e.g., REYES &
TIEDJE 1976; KOZLOVSKAJA & STRIGANOVA

1977; COUGHTREY et al. 1980; BECK & FRIEBE

1981; MÁRIALIGETI et al. 1984; GUNNARSSON

& TUNLID 1986; HASSALL et al. 1987), we know
that ingested microbiota are digested in the
anterior hindgut (ZIMMER & TOPP 1998b), and
surviving cells are egested in feces
(COUGHTREY et al. 1980; HANLON & ANDER-
SON 1980; INESON & ANDERSON 1985; HAS-
SALL et al. 1987; ULLRICH et al. 1991) after ex-
tensive proliferation (GUNNARSSON & TUNLID

1986; HASSALL et al. 1987) in the posterior
hindgut (ZIMMER & TOPP 1998b). Thus, micro-
bial density of  feces equals or surpasses that
of  the ingested leaf  litter (discussed in ZIM-
MER 2002a). Due to the prevailing pH condi-
tions in different gut sections (ZIMMER & TOPP

1997b; ZIMMER & BRUNE 2005), however, this
predominantly applies to bacteria but not to
fungi (ZIMMER & TOPP 1998b).
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Yeasts (Saccharomyces cerevisiae), accelerate
growth and increase fecundity of  the milli-
pede, Polydesmus angustus (Myriapoda: Diplo-
poda), when experimentally supplemented
to the diet (DAVID & CÉLÉRIER 1997); yeast
cells are digested in the midgut of  milli-
pedes (BYZOV et al. 1993), but their ener-
getic contribution to the consumers� nutri-
tion is low, and DAVID & CÉLÉRIER (1997)
assume them to be sources of  nitrogen (see
above). In earthworms (Lumbricus terrestris;
Annelida: Oligochaeta), microbial cells are
cleaved  before they reach the foregut
(SCHÖNHOLZER et al. 2002). During the sub-
sequent gut passage, mostly Proteobacteria
(gram-negative) of  the α-, β- and γ-divi-
sion are reduced in their number (SCHÖN-
HOLZER et al. 2002), but overall there is an
increase in bacterial numbers from fore- to
hindgut (SCHÖNHOLZER et al. 1999). By con-
trast, it is chiefly δ-Proteobacteria that pro-
liferate on feces (SCHÖNHOLZER et al. 2002).
The mayfly, Ephemera danica (Ephemerop-
tera), digests unselectively ingested bacterial
species with different efficacies (AUSTIN &
BAKER 1988): while gram-negative α-Pro-
teobacteria � Aeromonas hydrophila (Aeromo-
nadales) and Citrobacter freundii (Enterobac-
teriales) � are digested effectively, Flavobac-

terium spp.  (Bacteroidetes = Flavobacterium-
Flexibacter-Bacteroides-Cytophaga group:
KIRCHMANN 2002; gram-negative) attach to
the hindgut wall. In Porcellio scaber, too, we
found specific digestibilities of  different
microbial taxa (IHNEN & ZIMMER, in prep.).
Thus, digestibility of  actinomycetes [gram-
positive: Streptomyces celluloflavus (Streptomy-
cetaceae) and Pseudonocardia autotrophica

(Pseudonocardiaceae)] is significantly
higher that that of  gram-negative bacteria
[Pseudomonas fluorescens (α-Proteobacteria:
Pseudomonaceae) and Myxococcus xanthus (δ-
Proteobacteria: Myxococcaceae)] and fungi
[Chaetomium globosum (Ascomycetes: Pyreno-
mycetaceae) and Fusarium ventricosum (Deu-
teromycetes)], possibly due to cell wall char-
acteristics. Digestive specificity is, in addi-

tion, reflected by feeding preferences (IH-
NEN & ZIMMER, in prep.). In preference tests,
P. scaber consumed artificial diets in higher
rates when inoculated with actinomycetes
than any other offered food, no matter
whether cellulolytic or non-cellulolytic
microbiota were offered. Overall, microbial
inoculation increased consumption rates
only in case of  low-quality food (cellulose),
while consumption of diets of high quality
(cf. ZIMMER & TOPP 1998b) was not altered
by microbial inoculation. These results are
in agreement with findings by KAUTZ et al.
(2002), indicating a decreasing nutritional
significance of feces-colonizing microbiota
with increasing quality of the initial leaf lit-
ter material, but, on the other hand, contra-
dict ZIMMER et al. (2003), concluding an in-
creasing positive effect of  litter-colonizing
microbiota on digestion and utilization of
food with increasing food quality. In any
case, our recent results (IHNEN & ZIMMER,
in prep.; see above) indicate (i) that micro-
biota obviously increase the attractiveness
of  low-quality food, but (ii) that microbial
cellulases do not appear to be significant in
this context (see also ZIMMER et al. 2003),
since the increased consumption rates due
to microbial inoculation did not depend on
the cellulolytic capability of  actinomycetes.
Actinomycetes also increased consumption
by Oniscus asellus, but the same was true for
different microbiota and high-quality food
(IHNEN & ZIMMER, in prep.). As already sug-
gested by ZIMMER & TOPP (2000), Porcellio

scaber and Oniscus asellus obviously differ from
each other with respect to nutritional re-
quirements.

In addition to the above potential direct
nutritive gain, indirect ways of  how ingested
microbiota positively influence digestive
processes have been described, too. In
terrestrial isopods (Porcellio scaber), litter-co-
lonizing microbiota appear to be involved
in hindgut pH homeostasis (ZIMMER & TOPP

1997b) and in detoxification of  phenolic
compounds through providing surfactants
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(ZIMMER 1997) and/or hydrolytic enzymes
(ZIMMER 1999), releasing simple, harmless
phenolics and glucose. However, the release
of  glucose is not always advantageous, sin-
ce most microbial β-glucosidases are inhi-
bited by their product glucose (cf. DECKER

et al. 2001).
Similarly, bacterial proliferation in the hind-

gut need not have positive effects on a con-
sumer, since the gut lumen may simply act
as an incubator, providing appropriate envi-
ronmental conditions, without any gain from
microbial activity to the consumer, particu-
larly if microbial proliferation occurs in the
posterior hindgut where no resorption of
nutrients takes place (as in terrestrial isopods:
ZIMMER & TOPP 1998b). Woodlice appear to
gain from bacterial proliferation in the pos-
terior hindgut through being coprophagous
(discussed in ZIMMER 2002a). The advantages
of  coprophagy to isopods have, however,
been discussed controversially during the last
couple of decades (summarized in ZIMMER

2002a; see also KAUTZ et al. 2002). While
WIESER (1966) stressed the essential import-
ance of  coprophagy to survival of  Porcellio

scaber, others (WHITE 1968; COUGHTREY et al.
1980; HASSALL & RUSHTON 1982, 1985; HOP-
KIN & MARTIN 1984) maintained isopod po-
pulations in the laboratory without access to
feces; SZLÁVECZ & MAIORANA (1998: Porcellio

scaber) did not find any evidence for a nutri-
tional advantage of  being coprophagous, and
this behavior may be insignificant in the field
(HASSALL & RUSHTON 1982; HOPKIN & MAR-
TIN 1984; but see above). In the laboratory,
the gain from feeding on feces is generally
low, but depends upon the quality of  the in-
itial leaf  litter, increasing with decreasing lit-
ter quality (KAUTZ et al. 2002). It is only in
case of  low-quality food (e.g., wide C:N ratio)
that microbial activity or biomass adds to the
nutritive value  of  the feces, while high-quali-
ty litter is of  higher value than feces. These
findings are in good agreement of  HASSALL�s
(pers. comm., see above) suggestion of  differ-
ent nutritive strategies in terrestrial isopods.

(2) Activity of  microbial cells promotes
digestion of  leaf  litter by consumers, since
extracellular microbial enzymes are utilized
for digestive processes (HASSALL & JENNINGS

1975; KUKOR & MARTIN 1986), and micro-
bial processing of the leaf litter prior to
consumption may be even more important.
Woodlice prefer feeding on decomposing
rather than fresh leaf  litter (HARTENSTEIN

1964A; HASSALL et al. 1987; RUSHTON &
HASSALL 1983), the former being reduced
in toughness (RUSHTON & HASSALL 1983)
and in phenolics and other repellents (KUI-
TERS & SARINK 1986; POINSOT-BALAGUER et
al. 1993; ZIMMER 2002b). BROOKS & BELL

(2001) state that fungal processing of  the
substrate plays a significant role in habitat
choice by the wood-boring Sphaeroma tere-

brans Bate, 1866 (Sphaeromatidea: Sphae-
romatidae).

Wood wasps, Sirex cyaneus (Hymenopte-
ra: Symphyta: Siricoidea: Siricidae), digest
wood with assistance of  enzymes derived
from their fungal symbiont Amylostereum

chailletii (Basidiomycetes) (KUKOR & MAR-
TIN 1983). Unknown bacteria provide cel-
lulases to desert millipedes (Myriapoda: Di-
plopoda: Orthoporus ornatus und Comanchelus

sp.) (TAYLOR 1982). In marine blood-sucking
isopods of  the genus Gnathia (Gnathiidea:
Gnathiidae) bacteria have been isolated
from the hindgut that belong to the genera
Pseudomonas (Pseudomonadales), Bacillus (Ba-
cillales) und Streptococcus (Streptococcales)
and presumably are involved in digesting
fish blood (JUILF & WÄGELE 1987; DAVIES

1995). In natural microbial soil commu-
nities, Pseudomonas fluorescens is one of  the
most effective degraders of  humic acids
(FILIP & BIELEK 2002), but complex bac-
terial communities are much better in de-
grading such substances than any tested
isolate (ESHAM et al. 2000). By contrast, it
is mostly fungi that are responsible for the
degradation of  aromatic compounds in
wood and leaf  litter (cf. RABINOVICH et al.
2004).
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Enzymes of  microbial origin may also
play a role in the digestion of  ingested
microbiota. The degradation of  chitin in the
gut of  fungus-feeding springtails, Folsomia

candida (Collembola: Isotomidae), is brought
about by Xanthomonas maltophilia (γ-Proteo-
bacteria: Pseudomonaceae) and Curtobac-

terium sp. (Actinomycetales: Corynebacteri-
aceae) (BORKOTT & INSAM 1990). In conse-
quence, leaf  litter that is inoculated with these
bacteria is preferred as food, but mechanisms
of  how springtails find and choose this food
source remain unclear. In Porcellio scaber, vo-
latile microbial metabolites are detected by
olfaction and serve in finding food by for-
aging isopods (ZIMMER et al. 1996).

(3) In both of  the above cases, we would
expect increased digestibility by, as well as
higher growth rates of, consumers. Alterna-
tively, litter-colonizing microbiota may serve
as indicators of  nutrient-rich, easily digestible
food source that are used as cues while for-
aging. Actually, Porcellio scaber responds posi-
tively to volatile metabolites of  litter-colo-
nizing microbiota (ZIMMER et al. 1996). If
so, we expect increased consumption of
densely colonized litter, while digestion and
growth may be affected only marginally. Re-
cent results by ZIMMER et al. (2003) are in
favor of  the latter hypothesis: microbial in-
oculation of experimental food increased
consumption and slightly enhanced growth
rates, but did not affect digestibility.

The millipede, Polydesmus angustus, by con-
trast, did not show any effect of  microbial
colonization (yeasts) of experimental food
on mortality, but both growth and fecun-
dity were promoted significantly (DAVID &
CÉLÉRIER 1997). These authors conclude
that the microbial contribution to nutrition
is qualitative rather than quantitative (see
above). In contrast to our recent results
(ZIMMER et al. 2003), previous studies re-
vealed a positive effect of  litter-colonizing
microbiota on female fecundity and juve-
nile mortality (ZIMMER & TOPP 1997a). Thus,
the nutritional significance of  litter-coloni-

zing microbiota is not only species-speci-
fic, but also depends on the context. Both
extracellular microbial enzymes and essen-
tial nutrients may promote some physiolo-
gical processes that are related to growth
and reproduction. In addition, the litter it-
self appears to be of predominantly quan-
titative importance. Such nutritional diffe-
rences have been demonstrated in a com-
parison of  aquatic detritivores, Asellus aqua-

ticus and Gammarus pulex; while isopods
preferentially graze fungal biomass off  the
leaf  surface and thus directly depends on
fungal biomass, amphipods consume fun-
gally inoculated and processed leaf  litter. As
we demonstrated for terrestrial isopods (see
above; IHNEN & ZIMMER, in prep.), the fun-
gal species is of  crucial significance for the
nutritive value of  the fungal biomass (BÄR-
LOCHER & KENDRICK 1973a,b).

5. Gut microbiota and their environment

Until now is unclear, and still controver-
sially debated, whether (species-specific?)
resident gut microbes exist in terrestrial
isopods, or whether the community of  gut
microbiota is a random assemblage that
depends on the ingested food with mi-
crobes simply being passive gut passengers.
The abundance of  Chryseobacterium sp.
(Bacteroidetes) in the hindgut of  the cock-
roach, Periplaneta americana (Blatteroptoidea:
Blattodea: Blattariae), alters with changing
food sources (DUGAS et al. 2001), and the
abundance of  Mycoplasma sp. in the gut of
the Atlantic Salmon, Salmo salar (Salmon-
idae), differs between populations fed on
different food sources (HOLBEN et al.
2002). By contrast, the microbial commu-
nity in the hindgut of  Neotrypeaea (Callia-

nassa) californiensis (Decapoda: Thalassin-
idae) seems to be independent of  nutri-
tional conditions. Predominantly α-Proteo-
bacteria, Bacteroidetes and gram-positive
bacteria make up the resident gut micro-
biota (LAU et al. 2002).
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HASSALL & JENNINGS (1975) doubted the
existence of microbial residents in the iso-
pod hindgut, while other authors disagreed
(summarized in ZIMMER 2002a). In starving
crinochete isopods (REYES & TIEDJE 1976;
BECK & FRIEBE 1981; INESON & ANDERSON

1985), and during feeding on sterile arti-
ficial diet (ZIMMER & TOPP 1998b; ZIMMER

1999), the number of  gut microbes is dras-
tically reduced. Both observations argue
against resident gut microbes. CAREFOOT

(1984a), however, did not notice any changes
in the microbial community of  Ligia pallasii

after five weeks of  starving; two out of  21
platable bacteria were only found in the
hindgut but not on stranded macroalgae, the
natural food source of  this species (SPENCE,
unpubl.; cited in CAREFOOT 1984b).

GUNNARSSON & TUNLID (1986) assumed
gram-positive bacteria to prevail in the hind-
gut of  O. asellus, and ULLRICH et al. (1991)
characterized predominantly corynefor-
mous Micrococcaceae (Firmicutes). Most
other investigators, however, mainly found
gram-negative bacteria. BEERSTECHER et al.
(1954) isolated nitrogen-fixing Azotobacter

sp. (γ-Proteobacteria: Azotobacteriaceae) in
the hindgut of  cf. Armadillidium vulgare.
REYES & TIEDJE (1976) were unable to find
some of  the (gram-negative) bacteria that
colonized feces of  Trachelipus rathkii in the
litter layer, while hindgut and feces were
similar in species composition, and HASSALL

et al. (1987) isolated (cellulolytic?) Cytopha-

ga spp. (Bacteroidetes) from feces of  O. asel-

lus that could not be detected in the leaf
litter, either. As early as 1985, GRIFFITHS &
WOOD (1985) found irregularly distributed
rod-shaped bacteria in close association with
the (posterior) hindgut cuticle of Oniscus

asellus that they affiliated to the genera Pseu-

domonas (see also REYES & TIEDJE 1976: Tra-

chelipus rathkii), Plesiomonas (Vibrionaceae)
and Enterobacter (along with other Entero-
bacteriaceae) of  the gram-negative γ-Pro-
teobacteria � at least some representative
of  these genera are (facultatively) anaero-

bic (see below). GRIFFITHS & WOOD (1985)
did not notice actinomycetes, and  MÁRIA-
LIGETI et al. (1984) proposed that these
gram-positive bacteria do not belong to any
kind of  gut community but are passive gut
passengers. DROBNE et al. (1996) described
by means of  SEM filamentous and rod-
shaped bacteria attached to the hindgut wall
in Porcellio scaber, but did not provide any
information on whether or not these bac-
teria were also detectable in feces and/or
litter. Later, KOSTANJI�EK et al. (2002) found
high bacterial diversity in the hindgut of
this species and concluded from results of
molecular studies that about half of the
present species are not only unknown, but
share less than 80 % sequence similarity
with any known bacteria. About 70 % of
these bacteria are, however, distantly related
to typical (anaerobic) intestinal bacteria,
namely Streptococci and Enterococci
(Streptococcales; gram-positive) and Bac-

teroides group (Bacteroidetes; gram-nega-
tive), while the remaining species are related
to soil bacteria such as Bacillus and Pseudo-

monas. From these data, and from that some
bacteria are specifically attached to cuticu-
lar spines of  the hindgut, KOSTANJI�EK et
al. (2002) concluded that Porcellio scaber do
harbor resident gut microbiota. Similarly,
DROBNE (1995) described numerous bac-
teria in association with the hindgut cuticle
of  Porcellio scaber � some of  them having
been characterized by KOSTANJI�EK et al.
(2002) � and Ligidium hypnorum (Diplocheta:
Ligiidae), but not in Hyloniscus riparius (Syn-
ocheta: Trichoniscidae). On the other
hand, freshly molted Porcellio scaber  and
Ligidium hypnorum do not contain cuticle-
attached bacteria in their hindgut (DROBNE

1995); she discusses this observation as
active protective mechanism by the iso-
pod against microbial infection during a
sensitive phase with a unsklerotized gut
cuticle, and thus, proposes re-acquisition
of  specific bacteria from the environment
(see above).
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Despite the assumption of  a relatively
short gut passage of  several hours (HARTEN-
STEIN 1964a, in Oniscus asellus; ALIKHAN 1969,
in Porcellio laevis; ZIMMER 1998, in Porcellio sca-

ber; GRÜNWALD 1987, in different species), flu-
orescent markers of  the size of  bacterial cells
could be detected as long as 16 days after
ingestion by Porcellio scaber (CLEGG et al. 1996).
Bacteria can be expected to be retained in
and on cuticular structures (wrinkles and
spines) and to remain in the gut for some
time as transient resident (KOSTANJ�EK et al.
2002). Since some of the mentioned bacte-
ria are taxonomically related to obligate ana-
erobic species, we have to consider that the
radial center of the hindgut, but not the pe-
riphery is anoxic (ZIMMER & BRUNE 2005);
thus, anoxic microhabitats in cuticular
wrinkles are to be postulated.

As early as 1976, REYES & TIEDJE (1976)
suggested hypoxic conditions to prevail in
the hindgut of  Trachelipus rathkii due to oxy-
gen consumption and limited gas diffusion,
and MÁRIALIGETI et al. (1984) proposed fa-
cultatively anaerobic microbiota (mostly
actinomycetes) to be the most stable gut
passengers. The assumption of  aerobic ac-
tivity and oxygen consumption is confirmed
by in situ and in vivo measurements with
microelectrodes, demonstrating an oxic
hindgut periphery but an anoxic hindgut
center (ZIMMER & BRUNE 2005). Thus, the
periphery allows for aerobic and oxidative
digestive processes, while the radial center
may be a site of  fermentative degradation.
However, thus far, we could not detect any
fermentation products.

Optimal pH conditions for digestive pro-
cesses (cellulose digestion and phenol ox-
idation) in the anterior, and for bacterial pro-
liferation in the posterior, hindgut as well
as coinciding redox potentials were also de-
monstrated by utilizing microelectrodes in
situ (ZIMMER & BRUNE 2005). Both cellu-
lases and most known phenol oxidases ex-
hibit maximal activity under these pH con-
ditions (HARTENSTEIN 1964a; MAYER & HA-

REL 1979; WOOD 1980; ZIMMER & TOPP

1997b), and actually, pH gradients are re-
flected by gradients of  enzymatic activities
(HARTENSTEIN 1964b; SALEEM & ALIKHAN

1974; HASSALL & JENNINGS 1975; ZIMMER

& TOPP 1998a,b; ZIMMER 1999). Excep-
tionally high redoxpotentials of  > +600 mV
in the hindgut and the midgut glands facili-
tate the aerobic and oxidative degradation
of  leaf  litter compounds. Despite poten-
tially harmful or toxic effects of  phenolic
litter compounds at acidic pH conditions
(BERENBAUM 1980; MARTIN & MARTIN 1983;
SCHULTZ & LECHOWICZ 1986) and under ox-
idizing conditions (APPEL 1993), a slightly
acidic gut pH of 5.0-6.0 in the anterior hind-
gut (Crinocheta: ZIMMER & TOPP 1997b;
ZIMMER & BRUNE 2005), thus, appears to be
adaptive to the need of  digesting the most
common leaf  litter compounds. Further,
surfactants (ZIMMER 1997) and tannin hy-
drolysis (ZIMMER 1999) in the hindgut lu-
men counteract potentially damage caused
by phenolics. Proliferation of  surviving
bacteria in the posterior hindgut takes place
under optimal pH conditions of 5.5-7.0
(ZIMMER & TOPP 1998b). A rise in pH, thus,
seems to be adaptive with respect to copro-
phagy (see above), since favorable condi-
tions for microbial processing of  undigested
litter compounds are provided in freshly
dropped feces. Homeostasis of  gut pH in
the hindgut lumen have been attributed to
cell compounds of  ingested and digested
microbiota (ZIMMER & TOPP 1997b). ZIM-
MER & BRUNE (2005), by contrast, discuss
pH reduction as a consequence of  fermen-
tative digestive processes in the anoxic hind-
gut center; the rise of pH in the posterior hind-
gut would then be brought about by active
influx of  K+ ions as has been described for
caterpillars (DOW 1992).

While NICHOLLS (1931) in Ligia oceanica

also found a pH gradient of  6.0 to 7.2, the
pH level in the anterior hindgut of  Tylos

granulatus Krauss, 1843 (Tylida: Tylidae)
changes from 6.9 to 7.4 to drop to 6.8 again
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in the posterior hindgut (KENSLEY 1974). In
the hindgut of  Trichoniscus pusillus it is solely
the most anterior section that exhibits a
higher pH (6.8) than the remaining regions
with pH 6.3-6.5 (ZIMMER & BRUNE 2005).
Overall, the pH gradients are rather insig-
nificant in the latter species as compared
with Ligia oceanica and some studied Crino-
cheta; furthermore, the gut pH is signifi-
cantly higher in Ligia oceanica, Tylos granula-

tus and Trichoniscus pusillus than in any of
the studied Crinocheta. No pattern in he-
patopancreatic pH can be brought in con-
gruence with isopod phylogeny (ZIMMER &
BRUNE 2005): values range from 6.1 in Oni-

scus asellus and Porcellio scaber to 6.3 in Tylos

granulatus (KENSLEY 1974) and 6.5 in Tricho-

niscus pusillus and Trachelipus rathkii. In ho-
mogenates of  the midgut glands WOOD &
GRIFFITHS (1988) used colored indicators to
determine data of  pH 4.7-5.4 and pH 5.4-
6.1 in Oniscus asellus and Porcellio scaber. Thus,
the nutritive and/or evolutionary significance
of  these differences between phylogenetic
lineages of  Oniscidea remains unclear.

6. Conclusions

Although we do not yet fully understand
isopod-microbe interactions in detail, it is
obvious that microbiota are significant to
the ecology of  terrestrial isopods, and may
have been important evolutionarily in the
course of  terrestrialization. Possibly, the
acquisition of  hepatopancreatic symbionts
rendered woodlice less dependent on litter-
colonizing microbiota. Although the nutri-
tional utilization of  terrestrial leaf  litter is
promoted by litter-colonizing microbiota
through their activity and their role as a
supplementary nutrient source, and this may
have facilitated the evolutionary coloniza-
tion of  land, woodlice appear to be able to
feed upon litter of  low quality � low micro-
bial density, wide C:N ratio, high structural
toughness � during early stages of  decom-
position. This difference to other detri-

tivores, brought about by endosymbiotic
bacteria, may explain the evolutionary suc-
cess of  terrestrial isopods as detritivores
ages after occupation of  this niche by
insects, millipedes and eartworms, but the
function(s) of  hepatopancreatic bacteria as
well as how they interact with their host are
only beginning to be understood.
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