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Invertebrates in Endosymbiotic Associations1 

Mary Beth Saffo 

Institute of Marine Sciences, University of California, Santa Cruz, California 95064 

Synopsis. Endosymbiosis is a phenomenon of central importance to the 

biology of many invertebrate animals. Parasitic, commensal and mutu- 

alistic endosymbioses are widely distributed among invertebrate taxa, and 

have arguably played a major role in the evolution of several invertebrate 

families, classes and phyla. Sometimes accounting for as much as 50% of 

invertebrate volume or biomass, endosymbionts can profoundly affect 
the ecology, physiology, development and behavior of invertebrate hosts. 

Endosymbiosis raises a number of questions that are worth the serious, 
sustained attention of a broad range of invertebrate biologists. 

Introduction 

Barring the complexities of clonal inver? 

tebrates, we tend to think of an individual 
invertebrate animal as just that: an individ? 
ual genome, a representative of a single 
taxon. But many invertebrate organisms are 
not merely individual genomes or single 
taxa; as hosts of persistent, intimately asso? 
ciated endosymbiotic communities, they can 
also be viewed as morphological, physio? 
logical or genetic chimeras of several taxa. 
With recent research, the pervasiveness and 

importance of symbiosis among inverte? 
brates are beginning to be appreciated, but 

they have not yet been integrated into 

everyday teaching and research perspec? 
tives on general invertebrate biology. To 
stimulate such integration, a workshop, The 

Impact of Symbiosis on Invertebrate Phys? 
iology, Ecology, and Evolution, was spon- 
sored by the Division of Invertebrate Zool? 

ogy for the Centennial Meeting of the 
American Society of Zoologists. 

Discussion 

Symbiotic associations vary in their 
selective consequences, in their mode of 

transmission, and in their pervasiveness 
throughout invertebrate host populations. 
Endosymbiotic interactions can be harmful 

(parasitism) to host or endosymbiont; they 

1 From the Workshop on The Impact of Symbiosis 
on Invertebrate Physiology, Ecology, and Evolution 
presented at the Centennial Meeting of the American 
Society of Zoologists, 27-30 December 1989, at Bos? 
ton, Massachusetts. 
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can also be mutually beneficial (mutualism), 
or have a beneficial effect on one partner, 
but a negligible effect (commensalism) on 
the other. Most commonly, the selective 
effect on the host or endosymbiont is either 
too poorly known, or too complex, to define 
in any of these three simple terms. 

Endosymbionts can be intracellular or 
extracellular inhabitants, transmitted 

hereditarily (vertically) with their host, or 

non-hereditarily (horizontally), neeessitat- 

ing re-establishment ofthe symbiotic asso- 
ciation each generation. Some endosym? 
bionts (as in many parasites) infect only 
some members of a given invertebrate pop? 
ulation. Others (as in many "mutualistic" 
or other endosymbioses which apparently 
benefit the host) are chronic symbionts 
(Saffo, 1991a), inhabiting 100% ofthe host 

population for a significant portion of the 
host's life history. Nevertheless, whatever 
the exact nature of symbiotic dynamics, 
endosymbionts can have profound effects 
on the biochemistry, physiology, morphol? 
ogy, behavior, population biology, ecology 
and evolution of invertebrate hosts. This 

impact can be demonstrated in a number 
of contexts: 

? Symbiosis is taxonomically wide- 

spread among invertebrate animals, involv- 

ing members of virtually every invertebrate 
class and phylum. No invertebrate taxon is 

entirely symbiont-free. At minimum, at least 
some percentage of individuals in every 
invertebrate species are hosts to parasites, 
commensalistic symbionts, or to pathogens. 

Beyond the ubiquitous distribution of 

>7 
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parasites and pathogens, chronic endosym- 
bioses (Table 1) are also broadly distributed 

throughout invertebrate phyla. Associa- 
tions between invertebrates and autotro- 

phic endosymbionts are among the most 
well-known chronic symbioses. For exam? 

ple, a wide range of fresh-water and marine 
invertebrate taxa from temperate and trop? 
ical latitudes are habitually associated with 

protistan or cyanobacterial photoauto- 
trophs. Chemoautotrophic (especially sul- 

fur-oxidizing) bacteria are chronic inhabi? 
tants of vestimentiferan and perviate 
pogonophorans; lucinids, thyasirids and 
other bivalves, and several species of nem? 

atodes, oligochaetes and turbellaria (Ott et 

al, 1982; Cary etal, 1988; Wood and Kelly, 
1989). 

Many more invertebrate taxa contain 
chronic heterotrophic endosymbionts, most 
of which have received little study. Several 

species of bioluminescent sepioloid squid 
(Wei and Young, 1989; Mcfall-Ngai and 

Ruby, 1989) harbor luminescent bacteria, 
as do Pyrosoma (Leisman et al, 1980) and 
some insect pathogenic nematodes (Neal- 
son, 1991). In the above symbioses, at least 
one effect of the endosymbionts (biolumi- 
nescence) is obvious, although the ecologi? 
cal significance of the luminescence is not 

always clear. Less is understood about other 

heterotrophic endosymbionts. For instance, 
although dicyemid "mesozoans" colonize 
the kidneys of 100% ofthe populations of 

temperate and boreal octopods, the meta? 
bolic and ecological impact ofthe symbiosis 
is not known (Hochberg, 1983). Heterotro? 

phic bacteria are found in placozoa (Grell, 
1981), demosponges and sclerosponges 
(Vacelet, 1975; Bergquist, 1978); in leeches 
and earthworms (Buchner, 1965); in the 

cytoplasm of Nephromyces, a protistan 
endosymbiont of molgulid ascidians (Saffo, 
1990, 1991a); in shipworms and terrestrial 

prosobranchs (Pomatias elegans: Buchner, 
1965); and in species of echinoids, brittle 
stars and asteroids (De Ridder et al, 1985; 
Walker and Lesser, 1989; Bosch, 1992). 
Mollicutes (mycoplasmas) and walled bac? 
teria have been reported from larval and 
adult bryozoans (Lutaud, 1969; Woollacott, 
1981; Zimmer and Woollacott, 1983; Boyle 
et al, 1987). Ten percent of all insect species 

(Douglas, 1989; Ishikawa, 1989), as well as 
some arachnids (e.g., ticks and mites), har? 
bor non-pathological bacterial endosym- 
bionts, either as extracellular intestinal 

symbionts (as in termites and cockroaches), 
or as intracellular inhabitants of "myce- 
tomes" or other organs (as in grain weevils, 
aphids, sucking lice, and cockroaches). Only 
in shipworms (Waterbury et al, 1983), 
luminescent symbioses and herbivorous 
insects have the metabolic activities of het- 

erotrophic symbiotic prokaryotes been 

clearly demonstrated. 
? Especially among chronic endosym- 

bioses, a significant percentage of "inver? 
tebrate" biomass can be microbial symbi- 
ont biomass. A typical termite gut, for 

instance, contains as many as 107 protozoan 
cells and 109-10 bacterial cells (Smith and 

Douglas, 1987), accounting for 33-50% of 
total termite weight (Whitfield, 1979). Sim- 

ilarly, bacterial symbionts make up 37.5% 
ofthe uncontracted mesohyl volume ofthe 

demosponge Verongia, equal to, or slightly 
exceeding, the volume of host cells (Vacelet, 
1975; Bergquist, 1978). In larvae ofthe grain 
weevil Sitophilus oryzae, there are 1 to 3 
million endosymbiotic bacteria, compara- 
ble to the total number of host cells (Nardon 
and Grenier, 1991). Parasitic symbionts 
(e.g., rhizocephalan symbionts in crabs, 
acanthocephalan symbionts in pill bugs) can 
also take up a significant percentage of host 
volume (Moore, 1984a, b\ Schmidt and 

Roberts, 1989). 
? Endosymbiosis has played a major role 

in the evolution of several invertebrate taxa. 
The ubiquitous distribution of endosym- 
bionts among several groups of inverte? 
brates suggests that chronic symbionts have 
been intimately involved in the evolution 
and radiation of a number of invertebrate 

genera, families and orders (lucinid bivalves, 
molgulid ascidians, hermatypic scleractin- 
ian corals: Saffo, 1991a, b\ classes (Hiru- 
dinea: Buchner, 1965) and even phyla 
(Pogonophora: Vetter, 1991). Endosym- 
bionts can affect the evolution of their hosts 

directly, by coevolution or cospeciation with 
their hosts, or indirectly, by their impact on 
host metabolism and ecology. 

Many invertebrates are themselves sym? 
bionts. Several orders and classes, especially 
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among flatworms, nematodes, and annelids, 
consist exclusively of endo- or ecto-para- 
sites, and some phyla (orthonectids, 
dicyemids and acanthocephalans) contain 

only endosymbiotic species. Several other 
orders and classes (e.g., polychaetes, iso- 

pods, copepods, cirripedes), include many 
parasitic or commensalistic members. These 

organisms show striking morphological, 
developmental and physiological adapta? 
tions to endosymbiotic life. 

Endosymbiont-induced speciation has 
been demonstrated, thus far, in about a 
dozen species of arthropods (Thompson, 
1987; Nardon and Grenier, 1991). Patho- 

logic or nonpathologic symbionts can effect 
host speciation either through reproductive 
isolation of individuals with differing (or 
absent) endosymbiotic communities, or 

through divergent selection of host popu? 
lations which differ in symbiont composi? 
tion or in dynamics of host-symbiont inter? 
actions (Thompson, 1987; Saffo, 19916). 

? Invertebrate endosymbioses can have 

major ecoiogical impact, both on the habitat 

range and inter-species relationships of the 
invertebrate hosts themselves, and on the 

ecosystems of which they are a part. 
Many invertebrate hosts of chronic endo? 

symbioses, such as termites, cockroaches, 
scleractinian corals, and molgulid ascidians 
are abundant or globally distributed taxa, 
conspicuously present in terrestrial or 
marine ecosystems. For these and other 

symbiotic invertebrates, the physiological 
contributions of chronic endosymbionts can 
allow exploitation of profoundly new niches. 

Symbioses with autotrophic symbionts have 
allowed species from at least 7 phyla (Table 
1) to lead partially or exclusively autotro? 

phic lives, where some of them, such as 
scleractinian corals, Pogonophora, and 
lucinid bivalves, play significant or even key 
roles in tropical reefs, sulfur-rich habitats 
and other marine communities. The met? 
abolic contributions of cellulases, amino 

acids, B vitamins, sterols, and nitrogen fix- 
ation or nitrogen recycling by intracellular 
bacteria and microbial intestinal symbionts 
have allowed insects, bivalves and others to 

exploit specialized, nutritionally limited 

plant diets such as wood, phloem, and grain. 
All blood-sucking invertebrates, including 

sucking lice, leeches and ticks, are obligately 
associated with bacterial endosymbionts. 

? Beyond the contributions of symbionts 
to host nutrition per se, both parasitic and 
mutualistic endosymbioses can have pro- 
found effects on many other aspects of the 

biology of invertebrate hosts. In several 
mutualistic endosymbioses, some of these 
effects can be interpreted nevertheless as 

general consequences of symbiont contri? 
butions to host nutrition, underscoring the 

impact of endosymbiont metabolism in 

many such symbioses. In bacterial-grain 
weevil symbioses, for instance, aposym- 
biotic populations of the hosts, Sitophilus 
oryzae and S. zeamais (Nardon and Gren- 

ier, 1991) cannot fly. Further, the devel? 

opment time of aposymbiotic weevils is 

lengthened, and their fertility reduced, com? 

pared to their symbiotic counterparts. All 
these effects are plausibly linked to the con? 
tributions of vitamins and amino acids and 
enhancement of mitochondrial enzyme 
activity by the bacterial symbionts of Si? 

tophilus. 
Other effects of symbiont infection sug? 

gest biochemical interactions that are not 
tied to nutrient exchange between symbiont 
and host. In rhizocephalan-parasitized crus? 

taceans, for instance, the alteration of sec- 

ondary sexual characteristics of hosts, and 
reduction or elimination of host reproduc? 
tion by parasites result from hormonal 
interactions between parasite and host. In 
several insects and mites, bacterial or pro- 
tozoan symbionts can alter sex ratios of host 

populations, usually through selective mor? 

tality of male embryos or juveniles (Huger 
etal, 1985). 

Parasites can also dramatically alter host 

behavior, especially that of invertebrate 
intermediate hosts. Acanthocephalan infes- 
tation of arthropods (Moore, 1984a, b) can 
reverse typical host responses to light (in 
infected amphipods and cockroaches), 
humidity, shelter and background color 

(infected pill bugs). Individuals of the gas- 
tropod Ilyanassa obtusata parasitized by the 
trematode Gynaecotyla adunca crawl higher 
up into the intertidal zone than either 

unparasitized individuals, or individuals 

parasitized by other species (Curtis, 1987); 
G. adunca and other trematode species 
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influence, both positively and negatively 
(depending on the species), the response of 

nonbreeding /. obsoleta to carrion (Curtis, 
1985). As Moore (19846) noted, field obser? 
vations of invertebrate behavior need to take 
into account that some observed behaviors 

"may have been 'rigged' 
" 

by the presence 
of endoparasites. 

In some cases (e.g., the symbiotic light 
organs of sepiolid squid, colonized by Vib- 
rio fischeri: McFall-Ngai and Ruby, 1991) 
the development of symbiont-containing 
invertebrate organs is affected by the pres? 
ence or absence of symbionts. In others, the 
absence of chronic symbionts may affect not 

only the development of the symbiotic 
organ, but larger developmental patterns: 
Schwemmler (1989) has asserted, though not 
without controversy (Douglas, 1989), that 

aposymbiotic leafhoppers do not develop 
abdomens. In addition, the function and 
evolution of several other invertebrate 
structures (e.g., mycetocyte tissues of other 

insects, the renal sac of molgulid ascidians, 
the trophosome of pogonophorans) are 

closely tied to the chronic presence of 
microbial symbionts in such tissues. 

Given such data, it is clear that symbiotic 
invertebrates are not marginal exotica, but 
rather a significant phenomenon of inver? 
tebrate biology worthy of the serious, sus- 
tained attention of a broad range of 
researchers. From this perspective, work? 

shop participants have exploited novel 

experimental approaches and less familiar 
invertebrate systems to provoke fresh views 
on several symbiotic questions: 

? (Mark Patterson) How is the metabolic 

economy of endosymbionts affected by their 
lack of direct communication with the out? 
side environment? How does the architec- 
ture ofthe host-environment interface affect 
nutrient and oxygen flux in the endosym- 
biont? 

? (Wayne Sousa) What factors determine 
the diversity and density of symbiotic com? 
munities within an invertebrate host? What 
role do interspecific interactions, such as 

competition, play in structuring commu? 
nities of endoparasites? 

? (Michael M. Martin) How do mutu- 
alistic endosymbioses evolve? How does 



564 Mary Beth Saffo 

mutualism and endosymbiosis affect pat? 
terns of speciation in symbiotic partners? 

The following articles document the par? 
ticipants' perspectives on these questions, 
drawn from their studies of symbiotic 
invertebrates in marine and terrestrial hab? 
itats. While focused on particular cases of 

symbiotic interactions?biomechanical 

aspects of algal-cnidarian symbiosis, the 

community ecology of trematode parasites 
in marine gastropod hosts, and the evolu? 
tion of insect-fungus symbioses?we hope 
that the questions raised by the workshop 
will play a broader role in helping restruc- 
ture our general perspectives both on sym? 
biosis and on invertebrate biology. 
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