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Foreword

Insects and other invertebrates ranging from nematodes to earthworms,
isopods and millipeds usually host many microorganisms in both their
intestinal tracts and tissues. Outside of the gut these organisms are usu-
ally found in the hemolymph or are restricted to specialized bacteriocytes
(mycetocytes) and mycetoms. Many microorganisms have been character-
ized morphologically (for example, compilation by Edward A. Steinhaus
1967) and their transfer to other developmental stages has been studied
thoroughly (Paul Buchner 1953). In the gut this intra- and extracellular mi-
crobial diversity is often reflected by culturable forms but due to molecular
techniques more and more species can be identified taxonomically. It also
became evident that arthropod digestive tracts — with their outpocketings
such as foregut caeca, or malpighian tubules and their unidirectional bulk
flow of ingested food - represent primary habitats for microorganisms in-
cluding bacteria, fungi, yeasts and protozoa. These organisms may occur
intraepithelially, adhere to the gut wall or are free floating in the lumen of
the digestive tract. Number and composition of microorganisms can vary
considerably, depending on longitudinal gut position, temperature, pH,
anaerobic or aerobic conditions and various natural or laboratory diets.

These digestive tracts are characterized by an excess supply of more or
less degradable food, controlled water activities and often rather stable pH
and temperature conditions. On the other hand guts may represent unstable
environments because food composition may change in time and cuticle
linings of fore- and hindguts are lost with each molt. This reestablishing of
microbiota is especially interesting in holometabolous insects where larvae
and adults are found in different habitats.

The interaction between microorganisms and their host and the host guts
respectively is so far unknown. They may pass through the gut with food,
stay there for a longer period of time (as compared with the transportation
of food) or represent true symbionts. In addition intracellular symbionts
from outside the gut must be transferred through the digestive tract at some
pointin order to settle within the body cavity. The “symbiosis”-concept can
be seen from a broad or narrow angle. Today symbiosis has strong connota-
tions of strict mutualism and completely excludes parasitism (as symbiosis
was defined in 1891 by Antom de Bary (1831-1888)). Paul Buchner (1886-
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1978), who dedicated most of his life to the study of endosymbiosis, defined
it as cohabitation between two partners of different species, where one is
taken up in the body of the other, usually more highly organised, partner.

The biological role of these microorganisms may vary considerably: gut
microorganisms of exotic hosts such as larvae of the oil fly Helaeomyia
petrolei might be interesting due to their pronounced solvent tolerance or
may be a future source of industrially useful solvent-tolerant enzymes. In
addition these microbiota may detoxify allelochemicals or may be respon-
sible for the biosynthesis of essential compounds such as vitamins, sterols,
or nitrogen-containing constituents. Generally these microorganisms may
be the source of novel metabolic capabilities such as defense substances
and antibiotics or may fixate atmospheric nitrogen. It has been known for
many years that enzymes in the gut which originate from ingested fungal
tissue or gut microbes may mediate cellulolysis. A large number of insects
and invertebrates which usually utilize internal or external microbes have
evolved beneficial associations with these microorganisms.

The editors Helmut K6nig and Ajit Varma deserve credit for compiling
articles on these interesting phenomena. With Intestinal Microorganisms of
Termites and Other Invertebrates they — together with the authors - present
a fascinating and stimulating collection of articles focusing on intestinal
microorganisms of soil invertebrates and especially of termites, which have
been studied extensively. Finally, thisbook in the series Soil Biology is highly
innovative in covering both molecular and micromethods.

I am sure that the recently founded working group of the German Society
for General and Applied Entomology (DGaaE) entitled “Microbiology and
Arthropods” together with this promising and comprehensive book will
truly inspire this fascinating area of interdisciplinary research and I thank
both editors and Springer for realizing this project.

Bayreuth, July 2005 Konrad Dettner,

President

of the German Society
for General and Applied
Entomology (DGaaE)



Preface

The soil is an important natural habitat for a large number of taxonomic
groups such as bacteria, archaea, protists, fungi, algae as well as plants
and animals, which have adapted to the environmental conditions in soil.
It represents not only a steady state, but rather a constantly changing
environment, which is influenced by natural environmental factors and
human activities.

Soil biology describes the systematics, complex activities and interac-
tions of the soil inhabitants. A special discipline, the soil microbiology,
characterizes the microbial community in the substratum. It plays a major
role in the degradation and recycling of organic material. Microbes are
involved in the first step of the soil food web, soil fertility, degradation of
xenobiotics as well as in plant pathology. In particular, the degradation of
lignocellulose, the most important renewable natural material, is mainly
a domain of microorganisms. It is therefore imperative to study ecological
and agricultural aspects of soil microbes. In the past, attention was mainly
directed towards the free-living or particle-bound microorganisms, and
the role of intestinal microbes occurring in gut systems of soil animals has
been neglected.

The primary decomposers of organic soil litter are the lumbricids, the
diplopods, the isopods, and dipteran larvae as well as termites in subtrop-
ical and tropical regions. Only a small percent of the soil microbes have
been screened axenically. The same is true for the intestinal microbes of
soil invertebrates. However, with the aid of molecular methods (e.g. total
16S rDNA sequence analysis), it was possible to get a rough estimate of the
total population in a given environment. In the last few years, the intesti-
nal microbial communities (microbiota) of some soil invertebrates such
as collembola, earthworms, nematodes, isopods, millipedes and termites
have been studied in more detail. The most intensively studied group is
that of the termites because of their interesting microflora and global role
in the decomposition of organic material.

The intestinal microbiota has only been investigated from a few soil
invertebrates. For the first time, the authors highlight this aspect and give
anoverview on the intestinal soil community in order to underline their role
in the soil food web. The goal of this book is to bridge a gap and to add a new
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mosaic stone to our knowledge of soil biology. The book is divided into three
sections. The first describes the intestinal microbiota of the investigated soil
invertebrates, while the second deals with termites, the best investigated soil
invertebrates with respect to their gut microbiota. The third part presents
novel techniques introduced in ecological microbiology, which have been
successfully applied to studies of the intestinal microbiota. The book covers
several novel facets and presents insights into the intestinal microbiota of
soil invertebrates. The text is mainly directed towards graduate students
and professional scientists with a general interest in the soil or intestinal
microbiota or in ecological microbiology in general.

We are grateful to all authors for providing their expertises and contri-
butions, making this special edition possible. We also express our thanks
to Springer-Verlag for accepting this unconventional and less investigated,
but ecologically important, subject for publication in this prestigious book.
We appreciate the efforts of Dr. Dieter Czeschlik and Dr. Jutta Lindenborn
from Springer Life Sciences Editorial, who managed this special book.

Mainz and Noida, April 2005 Helmut Konig and Ajit Varma
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Biology of Soil Invertebrates

G. Eisenbeis

1.1
Introduction

The soil is an important interface in nature which is influenced by dif-
ferent environmental spheres: the hydrosphere, the lithosphere and the
atmosphere. The soil compartment has developed over eons, and passed
through many stages of development and maturation. Soil is thus often
described as an archive of earth history. All the spheres determine soil
characteristics, but the influence of man and modern technology has in-
creased significantly since the last ice age. It is therefore reasonable to add
a fourth sphere influencing soil characteristics: the anthropo- or techno-
sphere. This is a multifactorial web of human influences, the importance
of which has increased greatly since the beginning of industrialization.
Soil degradation and desertification are catchwords describing fundamen-
tal changes in natural soil functions which have led to an irreversible loss
of high-quality soils worldwide. The key variables for the development of
soils, the rocky subground, the climate and the vegetation have become
more and more biased by modern soil tillage practices and inputs of con-
taminants and pollutants. Human impacts to soils have contributed much
to the modification of the soil as a component of global change.

In this area of conflict and change we find a realm of organisms which
have adapted to the specific conditions of life in the soil: the soil organisms.
These are primarily microorganisms and invertebrates which play major
roles in the soil community known as the edaphon and which are known to
have specific adaptations to soil conditions. A wide range of life forms from
euedaphic or endogeic species living within the soil profile up to epedaphic
or epigeic species living mainly on the soil surface makes up the soil fauna.
Between these main groups we can distinguish some intermediate life forms
which are called hemiedaphic. Some authors also divide the edaphon into
two major groups, the aquatic and the air-breathing organisms.

The French ecophysiologist Guy Vannier has characterized the soil habi-
tat as a porosphere. It is composed of a hierarchy of micropores (fine,

G. Eisenbeis: Institut fiir Zoologie, Johannes Gutenberg-Universitdt, 55099 Mainz, Germany,
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4 G. Eisenbeis

medium and large), of visually detectable macropores, and of megapore
systems (i.e. larger cavities like corridors, tubes, crevices, clefts, and gal-
leries). In this porosphere, Vannier differentiates three basic conditions
depending on the water status of the soil: an ‘aquatic systeny’, an ‘edaphic
system’ and an ‘aerial system’” as shown in Fig. 1.1. The best living con-
ditions for soil organisms prevail in the ‘edaphic system’” with sufficiently
high humidity within the pore spaces and capillary bound, residual water
around the soil particles. The aquatic system, with its water filled pores,
is unfavourable for all members of the air-breathing soil fauna, but all life
forms which depend on free water or which are able to swim in water films
will find good conditions there. Such organisms are the naked protozoans,
the rotifers, and the nematodes often considered to be inhabitants of wa-
ter films. According to Dunger (1983), most soil protozoans are the same
species as occur in ponds and lakes, and only a small contingent can be
classified as being endemic soil species. Many soil dwelling species differ
from their free-living relatives only in their reduced body size. The aerial
soil system, with its lower intrapore humidity is lethal for any soil organism
with a highly permeable integument, and which lose body water rapidly.
Generally, the atmosphere filling the soil pores differs from the free atmo-
sphere above ground by its elevated humidity, relatively low temperature
and increased concentration of CO,.

The community of soil organisms forms the soil food web (Fig. 1.2),
consisting of two subwebs (Beck 1993), which are composed of different
trophic levels reflecting multiple relations and interactions between the
soil fauna and micro-organisms. The main function of the food web is the
processing of a variety of complex polymers, e.g. proteins and carbohy-
drates, to oligomers and monomers and finally to CO,, H,O and minerals.

ADSORPTIONAL MOISTURE CAPILLARY MOISTURE GRAVITATIONAL MOISTURE

Donilh N, water vapour
& ///" ‘fscll Yair =51°/s ﬁ

BSOII‘-Bukr =15°C % 86=850il <Bair

W ’

¥ soil=95.4%

free water

Bs0il *8=10C

G f/_, %

P 50il =100%/e

— water vapour capillary
bound water

7=pF=47 L7=pF=25 25=pF=0

AERIAL SYSTEM <———— EDAPHIC SYSTEM <——— AQUATIC SYSTEM

Fig.1.1. The soil pore system (called the porosphere by Vannier 1983). It is classified into
three main stages with relation to the soil water regime. pF Logarithm of the height in
centimetres of a column of water corresponding to the water suction power of the soil, ¢
relative humidity, 6 temperature (e.g. 8, dry temperature, 8y wet temperature due to the
cooling effect of evaporation of a water-saturated soil)
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Food web of soil animals
and associated microorganisms

v ’ humic substances

Sub web of saprophages | =9 Low molecular units

\

2 ¢h Feces —p Coprophages Sub web of
oophages s > . . .
Phag Sl mineralization
Macrophytophages 14
Microphytophages 4—L
Necrophages ¢ Microorganisms
’ Bacteria + Fungi H

Main steps: Main steps:

e Comminution of plant and animals tissues with * Final decomposition of residues to basic
their associated extracellular matrix, e.g. skeletal components (CO,, H,O and minerals) and
elements synthesis of humic substances by the action of

e Partial breakdown of macromolecules by microorganisms
interaction between microorganisms (mainly

Bacteria) and the gut compartments of soil
animals

*  First synthesis of humic substances during the
gut passage

Fig.1.2. Components of a dual soil food web (food web of saprophages and food web of
mineralizers) derived from Beck (1983) and different authors

Only the indigestible fraction of carbon (20% in carbohydrates and 75%
in lignins, tannins, aromatic amino acids, fats, and waxes) enters into the
formation of humic matter.

For pragmatic reasons the classification of the soil fauna is based on the
bodylength of the animals resulting in the following groups: the microfauna
(< 0.2mm), the mesofauna (0.2—4 mm), the macrofauna (4—80 mm), and
the megafauna (> 80 mm). Whereas most soil invertebrates can be ranked
among the smaller groups (micro- to macrofauna), the larger soil animals
(> 80 mm), e.g. insectivores, rodents and hamsters, are mostly vertebrates.
It must be noted that there is no correlation between the size of a soil
animal and its trophic position in the food web. To carry out such an
assessment, the life style and feeding habits must be known. A new method
for detecting lines of food processing along food chains by primary and
secondary consumers or by predators, has recently been introduced: the
analysis of stable isotopes (Ehleringer et al. 1986; Eggers and Jones 2000;
Scheu and Falca 2000). The ratio of a heavy to a light isotope of a given
element (e.g. "*N/**N or C'*/C'*) within a sample is compared with a known
standard sample, giving a difference (&) in %o. As a rule, the heavier isotope
component is enriched as the organic material pass from a lower to a higher
trophic level. Thus, if plant biomass (e.g. litter material) is transferred



6 G. Eisenbeis

into the body mass of a plant (litter) feeder, then the §-value for N/*N
commonly is about 3.4 %o (Eggers and Jones 2000).

According to Anderson (2000) the smaller soil animals contribute dis-
proportionately to the metabolic activity of the edaphon, and there are
many interactions between them and the microflora, e.g. by grazing. Con-
versely the larger soil animals are more important in the modification of the
physical properties of soils, e.g. by geophagy, comminution of dead plant
biomass and by promoting both vertical and horizontal translocation by
the process of bioturbation or biomixis. Therefore the larger soil animals
are often called ‘soil engineers’ because they have a strong input to such
overall soil parameters as infiltration capacity and texture.

The main function of the soil food web (Fig. 1.2) is the processing and
recycling of the dead biomass (litter) which is added annually to the soil.
There are two main pathways of input. I: Above ground (exogenous) by
(1) all sorts of vegetation products (e.g. leaves, remnants of sprouts, twigs
and logs), (2) remnants of dead animals, large and small, (3) remnants of
micro-organisms, e.g. the dead fruiting bodies of some fungi, and (4) ani-
mal excrement, e.g. the faeces of herbivores (phytophages) and carnivores
(zoophages), and II: within the soil (endogenous) by (1) dead microbial
biomass, e.g. bacteria and fungal hyphae, (2) dead roots, (3) root exudates,
(4) animal carrion, and (5) the excrement of edaphic and hemiedaphic
animals. The process of decomposition in a wider sense includes a cascade
of steps resulting in both mechanical and chemical breakdown (comminu-
tion and reduction/mineralization) of complex structures and molecules
(polymers) to basic units which are added again (recycled) to the pool of
usable materials (CO,, H,O and minerals). The basic role of the animals
in this context is the initial comminution of the litter by their feeding, but
some of them are also involved in regulating the density of microorgan-
isms, e.g. by grazing bacterial colonies and mycelia, and by cleaning up
dead micro-organisms. It is known that parts of the microbial populations
in a soil survive in a dormant stage; such dormant stages constitute an
enormous pool of species. They are able to survive hard times and may
be reactivated by better conditions and/or new substrates. Often they need
a strong change within their milieu. Such hot spots of microbial biodiver-
sity are considered to occur, e.g., during the gut passage of the biomass or
within carrion and faecal deposits.

The basic ecological function of saprophytophagous soil animals is com-
minution of the dead plant biomass followed by incubation during gut
passage. There under specific and constant conditions in succeeding gut
compartments, the fine grained food particles are attacked by enzymes
at high pH. It is assumed that most of the soil animals cannot digest the
litter material using their own enzymes but need the help of the gut mi-
croflora. Therefore the incubation of food material in the gut takes place
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in a close contact with micro-organisms which provide some of the en-
zymes for digestion, especially those for the breakdown of polymers like
cellulose, lignin and their derivatives. But micro-organisms are themselves
a further source of food for soil animals, both those which have colonized
the food material before entering the gut and those which live permanently
as endosymbionts within the gut.

In the case of non-specific soil feeders which ingest a mixture of or-
ganic material and mineral particles, both the gut milieu and the close
contact of components insure that faeces leave the body enriched with
organo-mineral (clay-humus-) complexes. These are regarded as valuable
constituents of a healthy soil texture which minimizes soil erosion and
improves the porosity and stability of the soil matrix.

Soil animals which are involved in the first steps of comminution of
litter are classified as primary decomposers or saprophytophages. The key
members of this group are the lumbricids, the diplopods, the isopods and
the larger dipteran larvae. They produce large numbers of faecal pellets
with a high proportion of undecomposed material. Such deposits in the soil
which are more or less colonized by gut microorganisms are submitted to
further colonization by freeliving micro-organisms. This stage, the material
is ready to enter the next stages of decomposition. These are mainly the
task of those soil animals which are classified as secondary decomposers.
Here the key groups are mites, collembolans and enchytraeids, which feed
on the pellet material. Isopods are also known to feed on their own faeces.
This type of nutrition is called coprophagy. This transformation of litter
into a fine grained stage increases the relative surface area of the material
and improves the colonization and penetration of micro-organisms. Soil
litter in a recalcitrant stage has to pass through the gut of soil animals
several times, which increases the chance that different functional types
of micro-organisms can colonize it. During these gut passages, first steps
of humification are performed by micro-organisms which can synthesize
cyclic (aromatic) compounds.

Other soil animals are less dependent on their own gut micro-organisms
as the main food source. Their strategy of foraging is to graze bacterial
colonies and fungal hyphae directly from soil substrates. This grazing of
micro-organisms is thought to stimulate the metabolic activity and the
renewal of microbial populations. Therefore it must be noted that all the
activities of both soil animals and the micro-flora increase the overall
activity of a soil resulting in high decomposition rates and rapid turnover
of matter.

The spectrum of soil the fauna includes many groups of soil dwellers from
Protozoa up to the Vertebrata. Vertebrates like rodents and hamsters are
well-known for digging in soil and storing large amounts of food in subsoil
cavities. This improves both soil aeration and soil mixing, but generally
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they are regarded to be only locally active. Soil invertebrates, on the other
hand, are more active over the whole soil area and their main task is litter
processing and the promotion of basic cycling of elements like carbon and
nitrogen. In the following the focus is turned to selected groups of soil
invertebrates which are known to be very active in the soil or to share the
soil life with interesting biological features.

1.2
The Microfauna

The most important microfaunal groups (< 0.2 mm) are the Protozoa and
the smaller Nematoda. Other semiaquatic soil dwellers include the Rotato-
ria and the Tardigrada, which have evolved sophisticated mechanisms of
anabiosis, which enable them to resist extreme conditions of drought and
cold. They have commonly been neglected in soil studies because their role
in the soil food web is considered to be less important.

1.2.1
Protozoa

Size: 5 to 500 pm in diameter; species number: > 15,000, about 10% are
restricted to soil habitats; abundance: &~ 10,000 per gram soil; key literature:
Lousier and Bamforth 1990; Foissner 1994

Since the 1970s, the soil protozoans have received greater attention from
soil biologists in the context oflarge-scale ecosystem studies (e.g. the Solling
project in Germany) even though their study requires the experience of
a well-versed expert (Weigmann 1998). For a good introduction into their
systematics, biology and ecology with a fantastic visualization of their cell
bodies, see Foissner (1994) and Darbyshire (1994).

Most relevant are the rhizopods including both testate (Testacea) and
naked forms (Amoebina), the flagellates, the ciliates and parasitic sporo-
zoans (Sporozoa). Foissner (1994) gives some good tips for the extraction,
the fixation and the staining of protists. Further chapters treat their use as
bioindicators and discuss a special phenomenon known from ciliates, and
which has been termed the stasis phenomenon. It refers to extreme compe-
tition among species and the production of inhibitors by micro-organisms
which result in a low population density of ciliates in a normal moistened
soil, termed by Foissner ciliatostasis. Indeed, many ciliates are encysted
in a dormant stage, especially in deeper soil layers. However, after a soil
sample is dried and then rewetted, there is an explosion of the ciliate popu-
lation as many of the cysts are activated. Foissner (1994) recommended this
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Fig.1.3. The respiratory activity of: soil fauna, soil microorganisms, and of the major soil
fauna groups according to Meyer et al. (1989)

procedure to survey the species pool of a soil sample. Analysis of 14 ecosys-
tem studies revealed that the protozoa of a forest soil, regardless of their
apparently low level of activity, make up nearly one-third of the biomass
of the soil fauna (Fig. 1.3; Meyer et al. 1989). This high proportion doubles
once again if their contribution to soil respiration is considered. More than
two-thirds of soil respiration by animals is contributed by protozoans, and
the share of worms and arthropods is overshadowed.

Protozoans feed mainly on bacteria, and thus accumulate in the rhizo-
sphere. Foster and Dormaar (1991) used transmission electron microscopy
to show the ingestion of bacteria by pseudopods of naked amoebae which
were grazing close to the root surface called rhizoplane. Amoebae have been
estimated to ingest about 10,000 bacteria per day. A further spectacular in-
teraction between ciliates and fungal hyphae was described by Foissner
(1994). The protoplasm of fungal hyphae is sucked out via a channel cre-
ated by the ciliate, which penetrates the chitinous cell wall of a hypha. The
same behaviour has been observed in amoebae of the family Vampyrel-
lidae, which use enzymes to penetrate the cell wall and to suck out the
nutritious protoplasm.

In summary, some important functions are attributed to protozoans
in the soil food web, primarily within the inner zone of the rhizosphere,
including:
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e Regulation of bacterial and fungal populations by grazing.

e Mobilization of nutrients, especially of N (because the C/N ratio of their
body is more extended (10:1) than that of bacteria (3:1 to 10:1). In turn,
if they share a high biomass then nutrients are also immobilized by
themselves.

e Protozoans do exert suppressive effects by downregulation of pathogenic
microbial populations.

e They serve as an important food source for other soil organisms, e.g.
nematodes.

1.2.2
Nematoda - Roundworms, Eelworms

Size: typically 50 pm in diameter/2 mm in length; species number: de-
scribed 20,000, estimated half a million; abundance: 1-100x10° m™2, 10~
1,000 g™! soil; body mass: 1.6 pg (0.03 to 15 pg); key literature: Freckman
1982; Freckman and Baldwin 1990; Lee 2002

Nematode worms are some of the most common and widely distributed
invertebrates on earth. They inhabit the soils in huge numbers and are often
associated with plants and other animals or attack them as parasites. They
are worms with a simple body construction consisting mainly of a mono-
layer muscle tube allowing them to move like a snake. Despite their simple
body construction they exert key functions in the food web due to their
high density and short life cycles. They take part in litter decomposition
and colonize the rhizosphere or decaying animals in large numbers. Con-
sequently, they are involved in nutrient cycling (e.g. release of NHj ), which
stimulates microbial populations and plant growth. They contribute to the
dispersal of microbes, and they attack and penetrate the root tissues. Ac-
cording to structural and behavioural differences they show a high diversity
in feeding types (Yeates et al. 1993). These are classified mainly according
to the external micro-morphological structures lining the mouth region,
but the internal construction of the pharyngeal region is also very impor-
tant distinguishing the type of nutrition. Ideally, the feeding-group-specific
structures should reflect the type of food (e.g. spines, papillae, stylets). The
following types of feeding have so far been described:

e Bacterial feeders
e Fungal feeders
e Plant feeders

e Predatory nematodes
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Fig.1.4. Anterior body of a nematode with ribbed cuticle (cut), pharyngeal stylet (styl) and
sucking bulb (sb)

e Omnivorous nematodes
e Plant associated nematodes

e Entomopathogenic nematodes

Those nematodes which penetrate plant tissue are provided with a stylet
which is retracted with its base into the pharyngeal pocket (Fig. 1.4). To
attack a target, it is protruded to open a channel in the food source. Preda-
tors which feed on nematodes include not only other predatory nematode
species but also fungi which are specialized to catch nematodes, as well
as predatory groups of mites, collembolans, protozoans, insect larvae and
some bacteria. The fungi trap the nematodes in adhesive loops of their
hyphae, which are exposed as sticky traps.

Since nematodes are indicators of soil changes in soil environments,
due to their high density and high reproductive rate, they are used as
bioindicators. For this purpose, the Maturity Index (MI) was introduced
by Bongers (1990). It is primarily applied to the free-living forms, but later
on it was modified to serve as a Plant Parasite Index (PPI) to character-
ize better the specific communities of parasitic species. The MI attempts
to reflect the strategy of nutrition and reproduction of nematodes. It is
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based on a so-called ‘colonizer-persister-scale’ (c-p). The colonizers are
ranked as nematode species which are able to increase their population
rapidly and to disperse, if soil conditions and food supply improve. They
are able to colonize new substrates very quickly (r-strategists) and they
tolerate greater disturbances of soil environments, such as mechanical and
chemical stresses, e.g. tillage, eutrophication and anoxybiosis. On the other
hand, there are the so-called persisters, which are less able to adapt when
subjected to changing conditions. Their reproductive rate is low and their
ability to disperse is reduced. They need a relative stable environment and
their species are classified as K-strategists. The ranking along the c-p-scale
starts with the value of 1 for the colonizers and ends with the value of 5
for the most specialized persisters. The intermediate values are assigned
to intermediate forms. The classification is mostly based on the taxonomic
level of families and genera and the MI emerges as the weighted mean of
the specific c-p values according to the following formula:

n

MI = " v(i) = £(i) (1.1)

i=1

where v(i) =c-p value of the taxon i, (i) =relative frequency of the taxon i.

The calculation includes either the free-living or the parasitic taxa, al-
though sometimes a mix from both groups has been used. In the literature
one can find some modifications of the MI, e.g. Yeates (1994), Bongers
and Ferris (1999) and Neher (2001). There is abundant literature available
about the MI which can be downloaded via http://www.dpw.wageningen-
ur.nl/nema.

1.3
The Mesofauna

The mesofauna of a soil includes invertebrates with a body diameter under
2 mm and alength under 4 mm. Important mesofaunal soil dwellers are the
smaller Enchytraeidae, the Pseudoscorpionida, the Acari, the Symphyla, the
Pauropoda, the Collembola, the Protura, the Diplura as well as some smaller
groups of pterygote insects, e.g. Psocoptera, Hymenoptera (not included
in this chapter, just the smaller Araneida). Collectively, the arthropods
within this group are often called micro-arthropods. The populations of the
mesofauna exceed those of the macrofauna by several orders of magnitude.
However, if a soil environment becomes extreme, e.g. in the course of
increasing soil acidification, mesofaunal groups become more and more
dominant, resulting in a so-called ‘mesofauna soil’.



1 Biology of Soil Invertebrates 13

1.3.1
Pseudoscorpionida - False Scorpions, Book Scorpions

Size: 1 to 5 mm, min 0.89, max 12 mm; species number: 2,400; abundance:
50 m~%; body mass: 1-5 mg; key literature: Weygoldt 1966, 1969; Muchmore
1990a; Moritz 1993a

The small pseudoscorpions of the order Pseudoscorpionida are tiny
arachnids which are rarely longer than 8 mm. They are clearly different
from true scorpions because they do not terminate in a long segmented
tail tipped with a robust venomous stinger. Biologically they are very inter-
esting because they skilfully hunt other micro-arthropods and nematodes.
Eyeless, or equipped only with one or two pairs of eyes (ocelli), they move
very quickly forwards, backwards or sideways, and changing their direc-
tion very quickly. The most conspicuous appendages of their body are the
long chelate pedipalps which are equipped with superlong sensory hairs
(trichobothria) (Eisenbeis and Wichard 1987; Fig. 1.5). These are used to
detect thelocation of prey, which is attacked and rapidly caught. The prey is
grasped with the help of the long chelate pedipalps and subdued by venom
from glands which open at the sharp tip of one or both fingers. The prey is
then turned over to the chelicerae and crushed to small pieces which enter
the mouth.

In a German beech forest soil, Beck (1983) found a correlation be-
tween the numbers of the pseudoscorpion Neobisium and the density of

Fig.1.5. SEM photograph of a pseudoscorpion, in frontal view. Magnification: 22 x
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Fig. 1.6. Pseudoscorpions as predators of Collembola. (According to Beck 1983)

Collembola suggesting a trophic relation between them (Fig. 1.6). However,
it must be noted that the importance of pseudoscorpions in the soil food
web should not be overestimated since their population density is low.

1.3.2
Acari — Mites

Size: 200 nm to 2 mm; species number: > 40, 000; abundance: 80,000 to
> 1 million m~2; life body mass: 8—600 pg; key literature: Wallwork 1983;
Kethley 1990; Krantz and Ainscough 1990; Norton 1990; Philips 1990,
Moritz 1993b; Karg 1994, Karg and Freier 1995; Alberti and Coons 1999;
Maraun and Scheu 2000

The Acari (mites) are an extremely diverse group of arachnids which
have successfully adapted to a wide range of habitats. They are divided
into two main lines: the Parasitiformes and the Acariformes, which are dis-
tributed through the soil and the different layers of vegetation. Well known
groups include the Gamasina and Uropodina (predatory mites, turtle mites;
Fig. 1.7), and the Oribatida (cryptostigmate mites, moss mites; Fig. 1.8),
which are very important in soil environments. Karg (1994) assessed the
predatory mites as valuable regulators of the natural environment and
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Fig.1.7. SEM photographs of a a gamasid mite in frontal view with extended chelicerae;
b a turtle mite with helm-shaped soma in frontal view. Magnification: 80 x , 120 x

Fig.1.8. SEM photographs of an oribatid mite — Phthiracaridae with a exposed prosoma;
b closed prosoma, flexed like a jack-knife. Magnification: 80 x , 100 x

Karg and Freier (1995) consider them to be bioindicators for the status of
ecosystems.

Like other true soil animals, the predatory mites (Gamasina) lack eyes
and commonly avoid light. To catch their prey they use a mechanism like
a catapult. The chelicerae, normally held in a retracted position in a pocket
of the gnathosome, are protruded very quickly and the prey, e.g. a nematode
or another micro-arthropod, is very quickly grasped with the pincers of
the chelicerae. Their main prey are nematodes and collembolans; the many
species of mites have adapted to attack the different prey types living in
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the different soil horizons. Karg (1994) has observed how the predatory
mites use their pincer-like chelicerae very skilfully and are able to eat
a large number of nematodes within minutes. The chelicerae of some of
these mites have been transformed into stylets. They use the extraintestinal
mode of digestion and suck in the liquid food with the help of a pharyngeal
pump. Other predatory mites feed on particulate food in the form of minute
fragments of the tissue of their prey. The uropodid mites are also predatory;,
particularly on nematodes. They are often used to monitor the progress of
compost formation. The distribution of predatory mites in soil is believed
to be more uniform than that of the oribatids, which are often found to
have a tendency to aggregate. This corresponds more to the behaviour of
predators which try to increase the spectrum of their prey by being more
mobile. Both the biomass and metabolism of predatory mites have been
found to be comparatively high in a forest. Consequently they play a major
role in the energy flux of the soil fauna.

The oribatids, frequently termed moss mites (in German, Hornmilben),
live in dense clusters in the decomposing litter within the upper soil layers.
More than 6500 species are known worldwide, but in central Europe soil
habitats are populated only by about 20 to 80 species. The more increased
is their density with up to 5 x 10° counts per m* (Table 1.1). Key factors
which determine the occurrence of the oribatids are the thickness of the
organic horizons, the quality of the litter and the pH values of the soil. Both
acidified soils and a recalcitrant litter material improve the dominance of
this mesofaunal group. In contrast to the Gamasina, none of the oribatid
species is parasitic. They feed on a variety of material, mainly of plant
debris and carrion, but also on fungi, bacteria, lichens and living plants.
Their metabolic rates are low reflecting more the consumption of low
quality food, slow development and reduced fecundity. Of course this may
be compensated for by the high population density of thousands of the
mini-shredders. Therefore it is obvious that they must play a key role in the
food web of mesofauna-dominated soils.

Table 1.1. Abundance and species numbers of oribatid mites in selected habitats of central
Europe (adapted from different authors)

Habitats Density m™2 (x10%)  Species
Fields 20 =10 20
Meadows 25+ 15 30
Fen 45 £+ 20 50
Deciduous forest 56 £ 20 70
Mixed forest 123 £ 50 80
Spruce/fir forest 212 £ 100 40

Pine forest 425 4200 60



1 Biology of Soil Invertebrates 17

According to Rusek (1975), their faecal pellets are different from those of
Collembola. Because oribatids do not take in mineral particles with their
food the micro-pellets produced are round and with a smooth surface. In
contrast, the pellets of Collembola have sharper edges in profile, indicating
the presence of mineral particles.

Oribatids are eyeless, but have a pair of large, conspicuous sensilla (tri-
chobothria), which are inserted into deep cups in the prosomal carapace.
They should be able to detect vibrations of the air and to receive sensory in-
puts from their nearby surroundings. Their body is commonly covered with
a thick cuticle giving a bizarre, armoured appearance. It has been found
that the integument can be used as a store for minerals, e.g. calcium. Species
of the family Phtiracaridae are able to shield their body against drought by
rolling into a wall. All the free exposed appendages are then retracted and
completely covered by the hood-like prosomal shield (Fig. 1.8).

13.3
Symphyla

Size: 2 to 9 mm; species number: 170; abundance: < 100 m~2 (forest soils),
1000 to 20,000 m~2 (cultivated soils); body mass: 0.5—1 mg; key literature:
Edwards 1990; Dunger 1993b

Symphylans are elongated and unpigmented true soil animals divided
into head and trunk, consisting of 14 segments and 12 pairs of legs (Fig. 1.9).
Together with the pauropods and diplopods they form the Progoneata
which have genital openings just behind the head region. The symphylan
body terminates with two conical appendages called ‘cerci’ which contain
spinning glands. Dorsally, the body is covered with overlapping smooth
tergites. The lateral and ventral integument is covered with a felt of tiny
microhairs above which project sensory hairs or scales.

Though the animals are eyeless they have thousands of sensory hairs. It
is likely that most of them are mechanoreceptors, but some are thought to
function as chemoreceptors. Most spectacular is the Tomosvéry or post-
antennal organ, which has been thought to be hygroreceptor. It is found
near the antennal base in an open cavity of the head capsule (Eisenbeis
and Wichard 1987). Symphylans require high humidity. Under completely
dry conditions Scutigerella immaculata loses about 80% of its body water
per hour (Eisenbeis, unpublished). To compensate for water loss by tran-
spiration, the animals are provided on their ventral side with nine ventral,
eversible pairs of coxal vesicles which are commonly used in arthropods to
absorb water and ions from moist substrates.

Very remarkable in symphylans is their special mode of sperm transfer
from an attached spermatophore to an egg. The female first opens the sper-
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Fig.1.9. The symphylan Scutigerella immaculata in dorsal, lateral and ventral view. (Modi-
fied according to Dunger 1993b)

matophore with its mouthparts. Then some of the sperm are carried into
the buccal cavity and stored there. After attachment of an egg to a substrate
insemination is accomplished by touching the mouth to the egg surface.
The animals live between layers of moist litter but also move into deeper
soil layers along crevices and root channels down to the subsoil (30—60 cm).
Their food is includes algae, bacteria, and fungi, small fragments of litter
and dead soil animals. Some species which prefer living roots are known to
be pests in croplands if the population density is high. However, generally
the impact of this group, with respect to the turnover of materials, espe-
cially in forest soils, is thought to be small. If the animals are excavated they
immediately try to escape at speeds as high as 40 mms™!. They are able
to move extremely fast with undulating, swinging movements, but their

normal speed is reported to be 5 to 20 mms™.
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1.3.4
Pauropoda

Size: 0.5 to 0.7 mm, max 1.9 mm; species number: 500; abundance: 5 to
1017!, max 200 to 30017'; body mass: < 0.2mg; key literature: Scheller
1990; Dunger 1993c

The eyeless pauropods are much softer and smaller than the symphy-
lans; they are thus true euedaphic microforms. The trunk consists of 9-11
leg-bearing segments some of them partly fused as diplo-segments, show-
ing a close relationship with diplopods. Because they are so tiny they
are extremely susceptible to dessication. Consequently, pauropods are re-
stricted to moist soils and woodland litter. Like the symphylans they have
a postantennal organ, called the pseudoculus, which has been modified
to form a sensory plate completely integrated into the surface of the head
capsule (Eisenbeis and Wichard 1987). As in symphylans, it is thought
to function as a hygroreceptor. Externally, the body of pauropods bears
very long trichobothria some of them longer than half the body. Thus the
animals have long distance mechanoreceptors giving the best to provide
information about their surroundings. Further conspicuous structures are
the branched antennae with globelike sensilla and secondary annulated
segments. The animals are unpigmented and avoid light.

Theyare thought to feed on finely dispersed food particles and to suck out
fungal hyphae using the peristaltic movements of their gut as a pump. Some
animals have been observed to feed on dead bodies like other necrophages.

Pauropod density is low in soil indicating a negligible contribution to nu-
trient cycling. However, the possibility that they contribute to the propaga-
tion of micro-organisms cannot be excluded. Despite their size, pauropods
can show escape responses and make short-runs of 4 mms™. Because they
are more susceptible to agrochemicals than other micro-arthropods (Ed-
wards 1974), they could potentially serve as bioindicators for chemical
loads in soil.

1.3.5
Collembola - Springtails

Size: 200 pm to 10 mm; species number: > 6500; abundance: 10,000 to
> 100,000 m~2; body mass: 50 pg to 10 mg; key literature: Palissa 1964a;
Schaller 1970; Christiansen 1990; Hopkin 1997; Fjellberg 1998; Dunger
1994-2004

Among soil micro-arthropods the Collembola are regarded as a super-
group in that they are distributed worldwide, with more than 6500 species
and are found in nearly all terrestrial habitats. Systematically, 24 families
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Fig.1.10. Collembola, habitus of the main subclasses: a Arthropleona (Orchesella cincta);
b Neelipleona (Megalothorax minimus) (redrawn from Bérner 1906); ¢ Symphypleona (Di-
cyrtoma ornata)

have been described which belong to the orders Arthropleona, Neelipleona
and Symphypleona (Fig. 1.10). Although they occur in all climates, they
are most numerous in the soils of the humid tropical and temperate zones,
which reflects a close relationship to wet conditions. Highest densities can
be found in forest soils, followed by grasslands and agricultural fields.
Although most species are soil dwellers, some have been found which are
not bound to soil. Some of them inhabit the most extreme habitats of
the earth, e.g. the high alpine regions and the Antarctic. Very spectacular
species in this context are the so-called glacier fleas, e.g. Isotoma saltans,
which survives the hard winter deep in ice (about 30 cm; see also Eisenbeis
and Meyer 1999). Some species like Anurida maritima inhabit the intertidal
tidal line of rocky coasts, while others, like Sminthurides aquaticus shuttle
between the moist border zones of ponds and puddles and the free water
surface. A similar mode of life can be found within the vegetation, where
the bark dwellers seek the moist surfaces of trees rich in algae and lichen.

Collembolans may move vertically in the soil as well as between the
soil surface and the vegetation layer, as do some mites. They are often
exposed to a gradient of biotic and abiotic factors. However, true edaphic
species can only leave the soil under the shelter of darkness and when the
humidity is high. This correlates with remarkable adaptations in structure,
ecophysiology, and behaviour.

The collembolan body is composed of relatively few segments: head six,
thorax three, and abdomen six. Their trunk length is thus usually small
(< 5mm), and only a few species reach dimensions around 10 mm, such as
the longest European species Tetrodontophora bielanensis. Two main types
of abdominal structure appear to have evolved within the Collembola:
(1) the rod-shaped or cylindrical form of the Arthropleona with distinct
abdominal segments, and (2) the globe-shaped body type of the Neelipleona
and Symphypleona. This latter form has evolved both by segmental fusion
and differential segmental growth (Fig. 1.10). In the Neelipleona the globu-
lar form is produced by enhanced growth of the thoracic segments, whereas
in the Symphypleona the first abdominal segments become larger and lose
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their segmental limits by fusion, giving the appearance of a ‘big rounded
abdomen’. In contrast, the last abdominal segments of the Symphypleona
remain more or less small and distinct, producing the appearance of a ‘small
abdomen’.

Collembola bear three remarkable abdominal appendages: (1) the ven-
tral tube (always present) on the first abdominal segment, with eversible
vesicles or tubes (Fig. 1.11), (2) the furca (the collembolan jumping organ)
on the forth abdominal segment (may be strongly reduced or absent in
eudedaphic life forms), and (3) the retinaculum on the third abdominal
segment, which is used to keep the furca in its flexed position ventrally.

The Collembolan integument is normally covered with a hexagonal pat-
tern of cuticular micrograins (Fig. 1.12), which may be arranged in different
patterns. These are thought to be responsible for the spectacular anti-
wetting properties of the collembolan cuticle, which have been attributed
to a lipid layer on the outer surface of the micrograins. Should the soil be
flooded, the animals are protected from drowning for a limited period and
have a chance to survive in a bubble of air. In contrast, the coxal vesicles of
the ventral tube are covered with a smooth and wettable cuticle, permeable
for water and ions. Inside the vesicles are lined with a highly specialized
transporting epithelium (Eisenbeis 1982), which makes the ventral tube an
effective water absorbing organ. It enables collembolans to rapidly absorb
water and ions from moist surfaces into the body.

The life cycle of many collembolans is characterized by morpholog-
ical changes with such different features, that early taxonomists often
described distinctive developmental stages as different species. It is as-
sumed that climatic influences (desiccation, warming), are responsible for

]

]
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Fig.1.11. a Orchesella villosa (Collembola) absorbing water from a moist paper using the
ventral tube with its everted vesicles (arrow). b SEM photograph of the ventral tube of
Tomocerus flavescens with everted vesicles (arrow). Magnification: 18 x , 155 x
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Fig. 1.12. Hexagonal pattern of a Collembolan cuticle with connected micro-tubercles. Mag-
nification: 17,500 x

inducing such changes, which are called ecomorphoses. They can also be
induced artificially in the laboratory. Sometimes the animals stop feeding
and change their appearance completely. However, in addition, some reg-
ular morphological changes do occur during ontogenesis, which are called
epitoky, and a third phenomenon, called cyclomorphosis, occurs during the
course of a year, if summer and winter forms regularly alternate (Hopkin
1997).

Another type of adaptation of soil animals occurs along the vertical
gradient from the soil surface to the true soil life within the soil matrix
(Schaller 1970). It refers to the evolution of peculiar morphological and
physiological adaptations within the soil porosphere. Collembola are es-
pecially well-known as a model group in this regard, because a wide range
of species occurs from the vegetation layer to the deep soil. The changes
involve the shape and size of the body, which becomes more and more slen-
der and smaller in soil and the shortening of legs, antennae, some other
appendages, and bristles. As in the case of the furca, a complete reduction of
an extremity can occur. Other changes include the sensory organs and the
pigmentation, which are generally reduced in soil. Finally, the globe-like
springtails demonstrate another path of body evolution becoming glob-
ular. This can be interpreted as a strategy to minimize the relative body
surface area and, in combination with a reduced permeability of the cuti-
cle, to give better protection against water loss. This could explain why the
Symphypleona more often leave the shelter of the soil; they are obviously
better protected against desiccation than most of the Arthropleona. Fig-
ure 1.13 shows some of the collembolan body types according to Fritsch
(1994).
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Fig.1.13. Habitus of different species of Collembola within a soil profile. Note the gradual
reduction of the furca. (According to Fritsch 1994, unpubl.)

1.3.6
Protura

Size: 0.5 to 2 mm; species number: > 500; abundance: 500 to > 2,000 m™2;
body mass: 50 to 200 pg (estimated); key literature: Palissa 1964b; Tuxen
1964; Nosek 1973; Tuxen 1986; Stumpp 1988; Copeland and Imadaté 1990

Proturans are a strongly derived group of apterygote hexapods with
some of the attributes described above for euedaphic soil dwellers. They
are nearly unpigmented, with a slender elongate body shape and shortened
legs. The integument is covered with a non-sclerotized cuticle which is
assumed to be highly permeable for water which would restrict the animals
to the moistened layers of the soil.

The most spectacular feature of the Protura is the lack of antennae,
which are functionally replaced by the forelegs, which are held in front of
thebodyin an elevated position (Fig. 1.14). They bear some modified tactile
hairs and chemical receptors. The animals are eyeless, but in the latero-
dorsal wall of the head capsule there is a plate-like sensory organ, which
is called the pseudoculus as in the Pauropoda. It appears to be a modified
post-antennal organ, which probably functions as a hygroreceptor too.
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Fig.1.14. Protura, SEM photograph of the anterior body with antenna-like prolegs. The head
bears a stylet formed by the mouthparts. Magnification: 175 x

In a first glance, the slender 12-segmented abdomen appears to have no
distinct appendages, and to lack cerci. However, a closer look at the latero-
ventral parts of the first three abdominal segments reveals short, articulated
remnants of extremities bearing small coxal vesicles at their tip (Eisenbeis
and Wichard 1987). Thus the animals should be able to take up water and
ions like the Collembola and Diplura, provided that the vesicle epithelium
consists of a transport epithelium.

Newly hatched proturans have only nine abdominal segments. However,
each time they moult, a new segment is added near the end of the abdomen
until they are fully grown (and sexually mature). This plesiomorphic mode
of development is called anamorphosis. After maturity additional moults
may occur.

As in the other entognathous hexapods, the basal parts of proturan
mouthparts are retracted into the head capsule, from which they canbe both
protruded and retracted. The outer mouthparts themselves are modified in
different ways. The maxillae and mandibles are elongate but distally they
form finely toothed chisels (mandibles) or pincer-like structures (maxillae)
enabling the animals to shred and to chew small food particles in a more
usual way. However, in other species both the lobes of the maxillae (galea
and lacinia) and the mandibles have been converted to mini-stylets which
join together to form a complex ‘hyper stylet’ (Fig. 1.14) with the help of
which the animals are able to pierce and to suck out their food. Indeed Sturm
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(1959) has observed proturans using their stylet to suck on fungal hyphae.
Based on this knowledge, studies were initiated to determine whether there
is a correlation between the density of Protura within the root zone of
a spruce forest soil and the density of intact ecto-mycorrhizae. In forests
with a healthy root system the number of extracted proturans was always
found to be exceptionally high (2,000—3,000 m~2) whereas in such forests
having acidified soils and a poor root system the density was significantly
lower (< 1000). On the basis of these results some soil biologists tried to
use proturans as valuable bioindicators indicating the health of a forest
(Stumpp et al. 1986; Funke 1986; Funke et al. 1987).

1.3.7
Diplura — Double Tails

Size: 2 to 5mm, max 58 mm; species number: 500 (central Europe 50);
abundance: < 50 m~%; body mass: 0.5 to 2 mg; key literature: Palissa 1964c;
Ferguson 1990

The diplurans are unpigmented soil dwellers which prefer moist and
dark habitats. They seek cavities near the soil surface (under stones and
bark), but they also advance deep into the soil, much like the Symphyla.
Readily visible characters are the multi-segmented, filiform antennae bear-
ing thousands of sensory hairs and the cerci inserted at the end of the fully
segmented (11) abdomen. Two types of cerci can be distinguished in the
Diplura: (1) the Campodea-type (Fig. 1.15), with filiform cerci, very similar

Fig.1.15. Campodea (Diplura), SEM photographs with a ventral view with coxal vesicles and
styli; b an everted coxal vesicle. Magnification: 95 x, 950 x
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to the antennae, and (2) the Japyx-type, with cerci built as unsegmented
forceps (Eisenbeis and Wichard 1987). Measurements of water loss in Cam-
podea exposed in completely dry air (Eisenbeis, unpublished), indicate an
enormous susceptibility to desiccation. They lose body water at a rate of
about 80% h™! (the same as for Scutigerella, Sect. 1.3.3) indicating a high
permeability of the cuticle. This and the lack of any eyes or a protective
pigmentation restrict the animals to the moist labyrinth of the soil. The
feeding habits of campodeid diplurans are thought to be very similar to
those of symphylans. The japygids, however, are hunters and use their
forceps to grasp their victims. The low population density of diplurans
indicates a small contribution to the bulk turnover of organic matter. It
seems most probable that they stimulate microbial activity and propagate
spores.

1.4
The Macrofauna

Size: 4 to 80 mm - Enchytraeidae, Lumbricidae, Araneida, Isopoda, Chilo-
poda, Diplopoda, Isoptera, Coleoptera, Diptera, insect larvae, and some
other insect orders (not included)

The invertebrate macrofauna of the soil includes animals with (1) a short,
compact body with a solid, semi-solid or soft trunk (e.g. isopods, glom-
erids, some dipteran larvae, termites), (2) an elongated, rod-like body with
a solid trunk and reduced flexibility (e.g. some diplopods like julids and
poydesmids, larvae of carabids), (3a) a soft wormlike body with a flexible
trunk (e.g. earthworms, some larger dipteran larvae and snails), and (3b)
a semi-solid wormlike body with a flexible trunk (e.g. chilopods). Some of
them are able to change their body shape, e.g. if a glomerid changes from
a stretched to a rolled up body.

The most important macrofauna group of the temperate zone are the
earthworms, which are replaced in the warm and semi-arid zones by ants
and termites. Soil biologists do classify some groups of the macrofauna as
the “soil engineers” which actively form and modify the soil matrix. This
relates to such issues as bioturbation, decomposition, and structuring the
porosphere, e.g. by the burrowing and casting of earthworms.

Earthworm activity significantly changes the physico-chemical and bio-
logical status of the soil and may cause drastic shifts in soil biota. For this
reason the soil zone in which they are active is often called the drilosphere.
The same holds for the larger enchytraeids, which also actively modify
the soil texture, e.g. by reprocessing earthworm castings to a finer quality
humus. Lavelle et al. (1995) have broken down the spectrum of digestive
relationships which have evolved between macro- and micro-organisms in
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soil as follows. (1) Direct digestion: with little microbial participation is
mainly found in predators. Only a few saprophages are candidates for using
their own enzyme systems, e.g. higher termites, and probably isopods and
earthworms. (2) An ‘external rumen’ type: digestion in which faeces en-
riched with active microorganisms are repeatedly ingested (coprophagy).
Similar relationships occur in fungus cultivators. (3) Facultative mutual-
ism: using the increased microbial activity (during the gut passage) of an
unspecific microflora ingested with soil and litter. The animals provide
the micro-organisms with an optimal gut milieu inducing an increased
release of microbial metabolites (relevant in wood and leaf-litter feed-
ing insect larvae (Dipera, Coleoptera), in termites, and in temperate and
tropical earthworms). (4) Obligate symbiosis: a close relation between the
animal and a highly specialized endemic gut microflora and/or microfauna
(mainly bacteria and protozoa) in termites. The same authors consider the
soil macrofauna to be the main regulators of microbial activity in soil. If
the gut content is further enriched with mineral particles ingested with the
food, then conditions become optimal for the creation of organo-mineral
particles, which pass through the animal body to be integrated into the soil
matrix.

It must also be noted that many animals are active in moving materials in
the opposite direction, from the soil to the surface. Anecic earthworms, ants
and termites move tons of casts and mineral soil up to the soil surface (see
also Darwin 1871). The fascinating work of termites is visible as huge nest
mounds hardened like concrete (Fig. 1.21). They are a mixture of triturated
litter (visible as organic fibres), soil and faeces, which are cemented with
secretions. If the mounds are abandoned by the termites, they collapse with
time, and the material is recycled back into the soil pool. Besides animals
mainly involved in the turnover of soil components, the soil food web needs
an army of animals which exert regulative functions. These are the large
predator groups like Araneida, Chilopoda and Coleoptera (and some other
higher insects) as well as the large group of parasitoids.

1.4.1
Araneida - Spiders

Size: 1-20 mm; species number: ~ 600 in central Europe; abundance:
50—850 m~2; body mass: & 1 to 25 mg; key literature: Moritz 1993d; Foelix
1996

In soil, spiders are most abundant near the soil surface and within
the litter. Unlike many other soil fauna groups they do not participate
in decomposition or grazing; they live exclusively as predators. To make
available the food resources of their prey they have evolved a system of
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extraintestinal digestion. After killing their prey by injection of a toxin with
their cheliceral fangs, they regurgitate a gastric juice containing digestive
enzymes into the body of the prey and suck out the liquefied body contents.
To reach the widely ramified midgut gland within the opisthosoma the juice
of nutrients has to pass (1) a filter apparatus made with long bristles, (2) an
extremely narrow pharyngeal and oesophageal tube within the prosoma,
and (3) a special muscular stomach acting as a pump.

The non-cursorial litter dwellers, which are often threatened with desic-
cation, have reduced the permeability of their cuticle to water significantly,
allowing them to survive longer periods at low relative humidity. However,
in some species of cursorial forest spiders, e.g. some lycosids, Baehr and
Eisenbeis (1985) found comparatively high water loss rates. Therefore one
must assume that such spiders can compensate for greater water loss with
an increased mobility, enabling them to seek a shelter during drought.

The large agelenid spiders are able to catch prey like isopods, beetles
and insect larvae, whereas the tiny soil spiders are more specialized for
catching the smaller arthropods, e.g. collembolans or mites. Spiders use
their large midgut gland as a central organ for digestion, metabolism,
storage of nutrients, and excretion. Within the resorptive cells of the gland
epithelium, Ludwigand Alberti (1988) described small cell organelles called
spherites, which are able to accumulate minerals and heavy metals.

Spiders may hunt either by day or by night. Some spider groups - e.g. wolf
spiders, jumping spiders, sac spiders and ground spiders - actively hunt for
their food at the soil surface. Trapdoor spiders hide at the mouth of their
burrows until an insect walks past, then rush out to grab it. Others spin webs
and lie in wait for prey. Their webs are stretched between stones, leaves,
pieces of wood, moss, and within the ground vegetation. Ground spiders
often spin their webs across depressions of the soil surface as a sheet or as
funnel-like constructions. Litter dwelling spider families are predominately
minute web-building spiders.

Wagner et al. (2003) investigated the stratification of the litter-inhabiting
spider community of a forest soil which encompassed 18 families. The
web-spinning families were more abundant in the lower litter layers. In
contrast, the non-web building cursorial spiders, which actively pursue
their prey, were more abundant in the top litter layer. Cursorial spiders,
on average, were larger than the web-building spiders found in the leaf
litter. Web-building spiders from the top litter layer were also larger than
the web-building spiders caught in the middle and the bottom litter layers.
Well known spider families in the litter are the Agelenidae, Linyphiidae,
Hahniidae, Micryphantidae, and Dictynidae.

In the Gottinger beech forest (Germany), known for its soil with mull
humus over limestone, Siihrig (1997) has found a spider community con-
sisting of 156 species belonging to 89 genera in 21 families which 107 species
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in 18 families are restricted to the soil zone. A soil spider community of
nearly the same size (95 species/19 families) was found in a more acidified
beech forest with rotted down humus in southern Germany (Dumpert and
Platen 1985). The average abundance of spiders in a forest soil has been
calculated to be 50—150 m~2, but densities as high as > 500 m™2 are not
unusual (Eisenbeis and Feldmann 1991). These results suggest that that
spiders play a key role in the regulation of the non-predatory fauna within
a soil food web.

1.4.2

Opiliones - Harvestmen

Size: 2 to 10 mm, max 22 mm; species number: 3600; abundance: < 30 m™2;
body mass: 1-10 mg; key literature: Berland 1949; Martens 1978; Edgar
1990; Moritz 1993c

The harvestmen are distinguished from spiders, their predatory rela-
tives, by both structural and biological differences. The prosoma is joined
broadly to the abdomen, with no visible stalk-like separation (petiole); the
opisthosoma shows a clear segmental division and lacks spinerets. The
pedipalps, which in many arachnid groups end as pincers, are of leg-like or
palpal character. Opilionids lack venom glands. They grab their prey with
the toothed pincers of the long three-segmented chelicerae. Then the prey
is crushed and drawn to the mouth. Intruders or predators attacking har-
vestmen are repelled by malodorous secretions from prosomal glands at
the anterior lateral margins of the carapace. They secrete or spray a mixture
of repugnatorial substances which may contain quinones and phenols.

Most spectacular is the arrangement of the two eyes. Lying close together
and with fields of view turned away from each other they are part of an
‘eye-hill’, called the tuber oculorum. It is raised above the dorsal prosoma,
allowing the eyes to have an excellent field of view, enabling the animals to
make quick and subtle movements.

Some harvestmen require a specific diet, but most of them are omniv-
orous. They are valuable scavengers, cleaning up dead insects and rotting
vegetable matter, but do not hesitate to hunt for leafhoppers, aphids, snails,
earthworms, flies, true spiders, other harvestmen and insect eggs. They also
suck juices from soft berries and fruits, and will occasionally eat fungi. Is-
chyropsalis hellwigi is known to be a snail eater. Digestion is not external as
in spiders; harvestmen ingest only fine particles of food using a pharyngeal
pump.

Harvestmen are well known for their long and flexible legs, which often
are used like a lasso. Therefore the preferred habitats of the long-legged
species are above the ground, within the bush and grass layer, but they
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climb also very skilfully on walls. Their body coloration is comparatively
bright with definite patterns. In contrast the soil dwelling species move
more slowly and have a smaller body with significantly shorter legs. True
euedaphic life forms are found in the family Sironidae, living deep in the
subsoil, but the Nemastomatidae, Trogulidae and Ischyropsalididae are
also well adapted to soil life. They are limited to moist habitats and are
abundant in forest soils, preferring the moist upper soil and litter layer
as well as moss carpets. There the pigmentation tends to darker colours.
Harvestmen are surely less abundant than spiders, but no data are available
on their density in soil. Thus it is not possible to estimate their true impact
on the soil food web.

1.4.3
Terrestrial Isopoda (Oniscoidea) — Woodlice

Size: 2 to 20 mm; species number: 3500; abundance: 30—2,000 m~2; body
mass: 1 to > 10 mg; key literature: Sutton 1972; Griinwald 1988; Muchmore
1990b; Gruner 1993; Zimmer 2002

Woodlice are the only crustaceans which pass their entire life cycle
in terrestrial habitats. Their body is equipped with a number of types
of appendages, like antennae, mouthparts, thoracopods, pleopods, and
uropods. These provide a large surface area, so that they lose water rapidly.
Furthermore their cuticle is not protected by a lipid layer forcing most
terrestrial isopods to be hygrophilic. During the dry daylight hours, they
seek the shelter of moist places, e.g. below pieces of bark and within the litter.
There they try to minimise water loss by pressing their ventral side close
to the moist substrate protecting completely their thin pleopods and the
external water channel system (Fig. 1.16). Extremely susceptible to drought
are the bog isopod Ligidium hypnorum and the small Trichoniscus pusillus,
which lose up to 70% of their water per hour. Much better able to tolerate
water loss are the common woodlice Oniscus asellus and Porcellio scaber,
but only the pill bugs of the family Armadillidiidae, e.g. the cosmopolitan
Armadillidium vulgare, are able to move freely at the soil surface in daytime.
Besides the ability to roll the body into a ball, some of the better adapted
woodlice have evolved both a tracheal system and short extremities.

An unusual feature of the woodlice is the so-called water channel system
along the leg bases (Hoese 1981). One of its multiple functions is thought
to be to keep the cuticle moist and to carry away ammonia from the body
fluid. The argument is that the two longitudinal water channels beginning at
the base of the first maxillipedes are continuously filled with an excretory
fluid secreted from the paired maxillary glands in the head. The main
flow occurs through the two ventral channels along the leg bases via the
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Fig.1.16. The woodlouse (Isopoda) Onsicus asellus, dorsal view. Magnification: 5 x

pleo-ventral cavity underlying the pleopods and finally to the anus. On
its way ammonia is released from the fluid and the remaining clean water
may enter the hindgut again to be recycled. The longitudinal channels
are connected dorsally by transversal channels, thus providing the scaled
cuticle on the back of the animals with water too.

Forlong-distance information, woodlice use their second antennae which
end in a two- or three-segmented flagellum (Fig. 1.16). At the end they bear
the so-called paint-brush organ which consists of a bunch of long sensory
hairs. The animals test the quality of the substrate in front of their head
by keeping the tip of the organ on the ground. With the help of many
mechanoreceptive and chemoreceptive sensilla, they are able to find suit-
able microhabitats for feeding and to aggregate in large groups of young
and adults.

Terrestrial isopods feed on leaves (litter), old wood and nearly all kind
of detritus, and are classified as saprophytophagous or primary decom-
posers. Their food includes freshly fallen leaves and pre-decomposed litter,
but their choice of food depends widely on the quality of the leaves, the
stage of decomposition and the moisture level. Woodlice also eat their own
faeces and those from other soil animals so they are often regarded to be
coprophagous. Bauer and Christian (1995) fed isopods maple leaves which
had been contaminated both with faeces and secretion from enchytraeid
worms. They found a significantly higher consumption rate of the precondi-
tioned material. Kautz et al. (2002) have investigated the benefit of selective
feeding on faecal pellets, if woodlice are coprophagous. Coprophagy was
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revealed to be an advantage, if the quality of the available plant litter is com-
paratively low, such as oak leaves, which a lot of recalcitrant compounds.
However, if the quality of the basic material is better from the start, e.g.
alder leaves, then feeding on the faeces enriched with microorganisms is
less important. Zimmer and Topp (2002) discuss the importance of wood-
louse coprophagy for the release of nutrients like Ca?*, Mg** and K* if the
faeces are produced by phytophagous insects, e.g. caterpillars of geometrid
moths.

In a lowland alder forest Griinwald (1988) has found a woodlouse com-
munity of seven species which is extremely abundant, with nearly 2000
animals m™2. Such high densities are thought to arise when an optimum
for these isopod species, reflecting ideal food and high humidity, is present.
In a beech forest near Mainz (Germany) growing on limestone, Eisenbeis
and Feldmann (1991) have found an average density of about 700 m™2 of
which 642 were distributed within the litter and 71 within the upper 5cm
of the mineral soil. At this site the dwarf isopod Trichoniscus pusillus was
most dominant with several hundred animals m~2. However, according to
Dunger (1983), the normal abundance of woodlice is 30.

Most arthropods have evolved a long midgut tube for digestion, but
woodlice have reduced this gut compartment to a very short connection
between fore- and hindgut. Instead they have developed four long tubes
(caeca) of the midgut gland (hepatopancreas), which diverge from the
connection and float through the hemolymph space. Within the caecal
lumen the resorption and final digestion of nutrients takes place. Further
the midgut glands are used as a general storage compartment for lipids and
minerals, e.g. heavy metals, and they harbour bacteria, which contribute
their enzymes. The food of woodlice is comminuted by the mouthparts and
maxillepedes and transported via the oesophagus to the stomach. There
it is dispersed further and transmitted to the large sac-like dilation of the
anterior hindgut. Passing the connection of the midgut glands enzymes
from the caeca are added, which are thought to be responsible for the
high cellulolytic activity in the anterior part of the hindgut (Zimmer and
Topp 1998a,b) . After a definite period of incubation, the gut contents are
transported back dorsally along the gutter of the typhlosole to the stomach,
wherea filtration occurs. Then the most valuable and smallest food particles
are selected to pass into the midgut gland. According to Zimmer (2002),
digestion is carried out by a wide spectrum of enzymes (carbohydrases,
proteases, dehydrogenases, esterases, lipases, arylamidases and oxidases),
which are contributed by microorganisms. So far all findings indicate that
both microorganisms mixed with the food (exogenous) and bacterial gut
endosymbionts contribute to the enzyme pool. Zimmer and Topp (1998b)
believe that, contrary to the earlier assumption of Hartenstein (1964, 1982)
and Zimmer and Topp (1998a), the cellulases found in woodlice are not
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produced by the animals themselves, but more likely by bacteria within
the hepatopancreas. They have called this kind of provision ‘functionally
endogenous’.

Nevertheless, whether the enzymes are exogenous or endogenous, the
large anterior hindgut has the function of a rumen. Even phenoloxidases for
the breakdown of lignocellulose are provided from endosymbiontic bac-
teria in the caeca, thus extending the pool of polymers (cellulose, lignin)
which can be broken down. Besides breaking down litter, woodlice con-
tribute many services within their gut compartments promoting the ac-
tivation and cultivation of microorganisms. Therefore it is not surprising
that the presence of woodlice in a soil accelerates the rate of decompo-
sition. However, if the animals feed on leaves contaminated with a high
concentration of heavy metals then only 3-14% is incorporated into the
body (Alberti et al. 1996), and the remainder is lost by excretion. However,
the main effect of such a contamination is that both the consumption and
the assimilation rate decrease significantly. The animals feed less and grow
less.

1.4.4
Chilopoda - Centipedes

Size: 5 to 60 mm, max 30cm; species number: 3000; abundance: 30—
2,000 m~?; body mass: 1 to > 10mg; key literature: Lewis1981; Mundel
1990; Dunger 1993a

The class of the Chilopoda is subdivided into five orders:

e Scutigeromorpha (house centipedes, mesic to xeric and thermophilic)
e Lithobiomorpha (stone centipedes, moisture-requiring and temperate)

e Craterostigmomorpha (‘Tasmanian centipedes’, moisture-requiring and
temperate)

e Scolopendromorpha (‘Skolopender’, mesic to xeric and thermophilic)

e Geophilomorpha (subground centipedes, moisture-requiring and tem-
perate)

The body of centipedes is divided into a compact head and a long multi-
segmented trunk consisting of 15 to 181 segments, which may be either
homonomous (all segments alike) or heteronomous (segments of more
than one type).

The segments are often flattened, and some or all of them bear open
spiracles for breathing. Each segment has one pair of short legs which
are good for pushing the animals through the soil. Centipedes have no
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waxy waterproofing layer on their cuticle, hence they tend to be limited
to moist habitats. In temperate regions both the epedapic Lithobiomorpha
and the euedaphic Geophilomorpha are the dominant groups. During the
day, stone centipedes rest in crevices beneath stones, under tree logs or
bark, or seek the shelter of moist stacks of leaves within the litter. However,
in the evening and at night if the air humidity increases, the animals
become active and start hunting. The Geophilomorpha, which have quite
a slender and flexible body, allowing them to move skilfully through the
narrow system of subground channels, are nearly independent of circadian
rhythms. Neither group has a multilayered muscular body wall with a ring of
circular and longitudinal muscles. Therefore they are not able to penetrate
the mineral soil like an earthworm, which can move with the help of
peristaltic contractions working against a hydroskeleton.

The well-known, common European centipede Lithobius forficatus has
only 15 pairs of legs and dorsally the heteronomous trunk is covered with
alternating short and long tergites which enable the animals to fold their
body into narrow loops. The first trunk segment, which bears a pair of
stout maxillipedes is strongly modified and functionally connected to the
head. Caudally the body ends both with longer legs used for defense and
the genital appendages. The maxillipedes are constructed as curved forceps
which are used as poison fangs (Fig. 1.17). They are held horizontally and
protrude their sharp tips always watching for a victim and to kill it with
paralysing and toxic injections. Consequently most chilopods are carnivo-
rous, searching for earthworms, enchytraeids, and insects. The coxal organs
are another unusual feature of chilopods which deserve to be mentioned

Fig.1.17. SEM photographs of Lithobius sp.: a anterior body, in lateral view with segmented
antennae; b head, oblique ventral, with maxillipedes. The arrow points to the plate-like
’post-antennal organ’ below the eye. Magnification: 27 X, 58 x
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(Rosenberg 1983). They are inserted into the last three coxae and consist
of a pore canal and an underlying transporting tissue. They often are com-
pared functionally with coxal vesicles and it is likely that they are involved
in water and ion balance.

In central Europe the genera Lithobius and Geophilus are very common.
Lithobius represents the epedaphic life form with eyes, strong body and
longer extremities, whereas the eyeless Geophilus is more representative
of the euedaphic type with thin body and short extremities. If active, all
centipedes move restlessly while hunting, which is why they are regarded
as voracious predators. They play a key role in soil food webs, especially in
forests (Poser 1988). Their biomass may exceed those of carabids, staphylin-
ids and araneids (Schaefer 1983), but their population density depends
on the forest type. In monospecific spruce forests which are known for
strongly acid soil the chilopod fauna is poor in species and less abun-
dant (2-30 m~2/2—4 species). In contrast, deciduous forests characterised
by a better habitat diversity and soil status have a richer chilopod fauna
(50—180 m~%/7—14 species). It is likely that the reason must be the distinct
food spectra of these two forest types. Spruce forests are well-known to
be mesofauna soils with a low biomass, whereas deciduous forests com-
monly have a rich macrofauna with a high biomass, dominated mainly by
earthworms.

1.4.5
Diplopoda - Millipedes

Size: average 20 to 40 mm, min. 3 mm, max 300 mm; species number: 10,000;
abundance: 100 m™2; body mass: < 1 mg to > 1g; key literature: Hoffman
1990; Hopkin and Read 1992; Dunger 1993d

Diplopods are usually cylindrical, and heavily encased long-bodied an-
imals, with two pairs of legs on most of the body segments (diplosomites).
Each of the first four segments bears a single pair of legs, and the last
somite is devoid of legs, but ends with a telson (pygidal shield). Most of the
body somites carry a pair of openings of defence glands in a dorso-lateral
position.

Diplopods have evolved several different body types:

e Rammer or bulldozer type (e.g. Iulidae)
e Globular type (e.g. Glomeridae)

e Borer type (e.g. Poyzonidae)

e Wedge type (e.g. Polydesmidae)

e Soft bark-dweller (e.g. Polyxenidae)
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Fig. 1.18. Common diplopods from central Europe in lateral view: a Ommatoiulus sabulosus;
b Glomeris marginata; ¢ Polydesmus angustus

The most spectacular feature of some diplopod families is the box-like
construction of the diplosomites, with a rigid calcareous body ring. This is
best realised in the Iulidae (Fig. 1.18a) but it is also found in other families.
In the polydesmids, the ring is modified by dorso-lateral lobes (Fig. 1.18c).
Compared with the longbodied diplopods, the body of glomerids (and
also of the giant tropical globular diplopods) is much shorter, because the
animals are able to roll their body into a sealed ball (see also Eisenbeis and
Wichard 1987). There the rigid ring is replaced by a system of movable
sclerites, which overlap in the uncoiled stage and fit close together when
the animal is rolled up. Millipedes lack poisonous fangs and do not bite;
rather, to discourage predators they roll into a defensive ball and many emit
poisonous or foul-smelling substances.

Despite the rigid construction of their body the animals are able to move
skilfully through the soil and litter assisted by the powerstroke of the many
legs. In addition the Iulidae have a notably solid head capsule followed
by a collar shield (collum), allowing them to push aside the soil material
like a bulldozer. As they are considered to be powerful burrowers, such
diplopods are designated ‘soil engineers’, which have an essential role in
mixing the soil. Finally they contribute passively to bioturbation if they
deposit their faeces into deeper soil layers.

The nutrition of diplopods is very similar to that of woodlice. They are
primary decomposers which consume considerable amounts of plant litter
and produce large amounts of faeces. If some glomerids are enclosed in
a box together with moist leaves or wood, then the material is transformed
to faeces within few day (Fig. 1.19). Bonkowski et al. (1998) have docu-
mented an interaction between the earthworm Octolasium lacteum and
the diplopod Glomeris marginata. The earthworms grew well only if the
faeces of Glomeris marginata were available, and without feeding on pellets
their biomass decreased. These authors have regarded this interaction as
essential to the formation and preservation of a mull humus.

There is a remarkable difference between terrestrial isopods and di-
plopods concerning the construction of the gut system. In isopods, the
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Fig.1.19. The diplopod Glomeris marginata feeding on aged wood and producing a lot of
faecal pellets. Magnification: 5 x

midgut or intestine is completely replaced by the midgut gland caeca, which
are responsible for the final processing of nutrients, but diplopods have
along midgut tube without elongate caecal appendages. A further diplopod
specific feature concerns the renewal of the midgut epithelium. This is
completely replaced during a moulting cycle by the so-called regenerative
cells at the base of the gut tissue. The same procedure is known from
Collembola, which use the gut renewal for excretion. Indeed in both groups
the midgut cells contain clusters of spherites (sometimes called congrement
vacuoles) which are released upon moulting of the old midgut epithelium.
Spherites do accumulate minerals and they can also serve for the storage
of heavy metals. Consequently the animals can use this procedure for the
decontamination of waste material. In isopods and also in spiders minerals
are stored in spherites within the midgut gland, but they do not completely
replace the tissue.

If diplopods are contaminated with heavy metals, the resorptive cells of
the midgut and the closely related hepatic cells react. Alberti et al. (1996) de-
scribed ultrastructural changes in the plasmalemma, the cytoskeleton, the
distribution of mitochondria, and the topography of the endoplasmic retic-
ulum. The functional significance of these changes cannot yet be assessed.

1.4.6
Enchytraeidae - Whiteworms, Potworms

Size: 1 to 50 mm; species number: 600, ME 112, estimated 200 to 300;
abundance: 5000 to 750,000 m~%; body mass: 0.5 to 10 mg (estimated); key
literature: Dash 1990
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Enchytraeids are smaller relatives of earthworms and often inhabit soils
with many species and a high population density. If only the body diameter
of species is considered, most of them should be classified as mesofauna.
However, many species are significantly longer than 4 mm, and these are
often included in the macrofauna. All are hermaphrodites, but they have
evolved different modes of reproduction: 1) amphimixis, 2) parthenogen-
esis, 3) asexual fragmentation (autotomy), and 4) self-fertilisation (auto-
gamy). Itis thought that such reproductive versatility has evolved with their
ability to adapt to very different environmental conditions, and perhaps
to stress. The ubiquitous species Enchytraeus albidus, for instance, is able
to live in many different soil types, in compost, in organic manure, in the
mud of polluted waters and in detritus along an ocean beach.

Enchytraeid worms utilize all kinds of food, and also ingest mineral
particles. They are microphytophagous on bacteria and fungi, saprophy-
tophagous on aged litter, coprophagous on faeces of primary and secondary
decomposers, and necrophagous on carrion. It is thought that the most
valuable nutrients besides those from carrion are recruited from microor-
ganisms because their own content of digestive enzymes is estimated to
be low. According to Zachariae (1965) they are active at different patches
within a soil profile. One of their main tasks is feeding on earthworm cast-
ings deposited in the mineral humus layer and making them into a more
valuable soil component, which is loosened and rich in plant nutrients.
They also improve the palatability of litter as was shown in the case of
maple leaves. If the leaves were contaminated with faeces and mucuous
secretions from Enchytraeus albidus then their acceptance by the isopod
Porcellio scaber was increased significantly (Bauer and Christian 1995).

According to Beylich et al. (1995) enchytraeids are important elements
of the soil decomposer community which may be used to evaluate the soil
state. But their population density is subject to large fluctuations which
have not been correlated with definite soil conditions. Generally, they show
apreference for acid soils with the highest densities in rawhumus. Cognettia
sphagnetorum is well-known, and is most abundant in such soils, as was
found in Scandinavian coniferous forests. This species proliferates by frag-
mentation and can occur at several thousand animals per m?. In soils with
a high pH, enchytraeids are less abundant but rich in species. Therefore
the liming of soils changes the enchytraeid community because acidophilic
and acid-tolerant species decrease and other species replace them, and the
diversity of such a site will be improved.
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1.4.7
Oligochaeta: Lumbricidae - Earthworms

Size: 40 to > 80 mm (max 30 cm); species number: > 200; abundance: 50—
500 m~%; Body mass: 40—400 g m™2; Key literature: Edwards and Lofty 1977;
Lavelle 1988; Schwert 1990; Edwards and Bohlen 1996

In the humid temperate zone the earthworms are regarded as the most
important soil fauna group with respect to biomass and function. According
to Bouché (1977) the earthworms are divided into three main life style
groups:

e Epigeic (epedaphic) species - surface dweller and litter species in forests
like Dendrobaena octaedra with a small body. They often inhabit tube-
like cocoons between leaves.

e Endogeic species - top soil species with a stronger body like Aporrectodea
caliginosa. They are active both horizontally and vertically in the upper
soil profile, burrowing temporary channels, which often are filled with
castings.

e Anecic species — large species like Lumcricus terrestris inhabiting ex-
tended vertical burrow systems and moving between soil surface and
deep soil (down to 2—-3 m).

Among earthworms, it is especially the mineral soil dwellers which con-
tribute significantly to soil formation, soil structure and turnover of soil
matter by their burrowing, mixing and depositing activity from the soil
surface down to the subsoil. The most valuable function of earthworms
is to supply the soil with aggregates of organo-mineral complexes which
are formed during gut passage. The gut of earthworms can be compared
with a production line functioning as a bioreactor. It begins with fragmen-
tation of the ingested litter and secretion of mucous gland products by
the gut epithelia and accessory glands, followed by mixing of the material,
thus providing the best conditions for microorganisms to start the chem-
ical breakdown of litter. The castings released from earthworms are rich
in plant nutrients and pre-digested organic matter, which is available for
further processing by secondary decomposers.

The evidence of earthworm activity in soils may be so significant that
the soil zone which is affected by them is called ‘drilosphere’. Earthworms
improve hydraulic conductivity by loosening compressed soils (Joschko et
al. 1989). Even a hardened “plough pan” is no barrier to the movement
of anecic earthworms between top soil and subground. With the help of
a very effective muscle system and the ventro-lateral rows of cuticular
setae (hooks), they move and dig powerfully through the soil. Schrader
and Joschko (1991) have visualized the impact of earthworms on the water
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drainage capacity of soils using an infiltration method with dye markers,
and Langmaack et al. (1999) tried to reconstruct the three-dimensional
earthworm channel system by X-ray computer tomography. If a definite
volume of water is added to the soil surface, it penetrates the soil much
more quickly, when earthworms were active in the soil profile.

At first sight, the epidermis of earthworms seems to be unprotected.
However, investigation of the fine structure of their integument revealed
that they are covered with a multi-layered cuticle reinforced with col-
lagen fibrils. Further, the epidermis contains many different gland cells
(Fig. 1.20) which secrete a mucous layer to the outside of the animals which
provides chemical protection and keeps the animals moist. Greven (1987)
and Greven et al. (1987) have found that earthworms try to improve their
integumentary protection by increasing the production of mucous cells if
the substrate becomes more acid. However, if the pH of the soil goes below
4.2, most endogeic and anecic species disappear. Only the epigeic species
like Dendrobaena octaedra, Dendrodrilus rubidus and Lumbricus rubellus
have been found to be more resistant to acid conditions, but they too die if
the pH falls below 3.5.

That earthworms are perfectly able to discriminate the quality of soil con-
ditions was shown by Robinson et al. (1991). They exposed six species to
both aloamy soil with pH7 and to acid litter material (F-layer, pH 3.8) from

orthochromatic mucous proteinaceous gland cell metachromatic mucous
gland cell gland cell

Fig.1.20. Schematic drawings of epidermal gland cells of the epedaphic lumbricid Lum-
bricus rubellus (Eisenbeis, unpubl.). B Basal membrane, C apical cytoplasmic border of
a secretory cell, Cu cuticle, D area of surrounding epidermal cells, 7ER rough endoplasmic
reticulum, G dictyosome (Golgi apparatus), K dictyosomal formation of a secretory granule,
M mitchondrion, N nucleus, P perinuclear cistern, - Po pore canal, S secretory granules
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a spruce forest. After a few hours of incubation, a few specimens remained
in the acid part of the microcosms, the others moved to the loamy soil.
However, after liming of the F-material up to pH 7.3, the same treatment
revealed a nearly equal distribution of the earthworms between the two soil
compartments. In Europe the liming of acid forest soils is being employed
more and more frequently as a standard treatment to stop soil acidification
and to restore parts of the lost soil fauna. Indeed the epigeic earthworm
fauna does recover to high abundances of up to several hundred specimens
per square metre (Schauermann 1987; Wolters and Schauermann 1989;
Makeschin 1991; Eisenbeis et al. 1997), but unfortunately none of the true
endogeic or anecic species has yet been re-established in such soils. It is
thought that old tree logs and stumps are the centres for the recolonisation
by epigeic species. However, as was shown in a Swedish soil liming experi-
ment, the earthworm population of extremely acid coniferous forests could
not recover after liming (Rundgren 1994), even though some of the earth-
worms exposed within litter bags did survive 1-2 winters at these sites.
There have been other field trials to re-establish the deeper soil dwellers
among earthworms in forests sites. Beylich and Graefe (1996) and Judas
et al. (1997) introduced an initial population of endogeic species on limed
forest sites, but unfortunately it was not possible to monitor the site over
a long term. It is now thought that not only the liming is a prerequisite for
the amelioration of acid soils but that the recalcitrant coniferous litter must
be replaced by litter from deciduous trees and a herbaceous plant layer,
which can be more easily decomposed.

According to Lavelle et al. (1995) the earthworm community normally
includes 8—11 species with lower numbers in extreme habitats. Surprisingly,
the species pool of tropical habitats is not significantly higher. However, it
was found that some of the tropical species have evolved such an effective
digestion within their gut system that they are able to live within the deeper
subgrounds of tropical soils which are known to be extremely poor in
nutrients. In the colder zones of the northern hemisphere, the earthworms
are more focused on exploiting the litter, because there the epedaphic
species are the dominant group.

1.4.8

Terrestrial Gastropoda - Slugs and Snails
Size: 1.2 mm to 10—20 cm; species number: > 10; abundance: 5 to > 50 m™2;
body mass: 1 mg to > 10g; key literature: Kerney et al. 1983; Bogon 1990;
Burch and Pearce 1990

Within the upper soil and litter layer of damp habitats with calcare-
ous subground there is established a rich gastropod community which
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contributes to decomposition. It comprises small to tiny species of the
Endodontidae, like the dwarf snail Punctum pygmaeum (1.2—1.5mm) or
the rounded snail Discus rotundatus (5.2—7 mm), further medium-sized
species of the Hygromiidae, e.g. the hairy snail Trichia villosa (10—14 mm),
and the larger slugs of the families Arionidae and Limacidae which grow
to several cm. Altogether the literature on the role of snails and slugs in the
soil food web is minimal, because this group has been considered in only
a few studies (Franke and Greven 1990; Theenhaus 1997). In acid soils the
calciophilic gastropods disappear completely, but it is likely that this group
is underestimated in those habitats where suitable conditions favour a rich
gastropod population. Gastropods are phytophages or saprophytophages
with a digestion system comparable to that of isopods, which is based
mainly on the function of a midgut gland.

1.4.9
Insecta — Pterygote Insects (Short Comments About the Role
of Selected Groups of Higher Insects)

Many of the hemimetabolic and holometabolic orders of pterygote insects
inhabit the soil, with a variety of life cycles:

e Both larval and adult stages are soil dwellers, e.g. cockroaches, gryllids,
carabid and staphylinid beetles.

e Only larval stages are soil dwellers, the adults leave the soil, e.g. many
dipterans and beetles.

e Insects which use the soil only as a shelter for oviposition, for periods
of dormancy and diapause, and survival (drought, cold etc.); different
orders.

Solitary individuals of both the wood-cockroach Ectobius sylvestris and
the wood-cricket Nemobius sylvestris occur within dry litter and on the soil
surface of warm and dry places, e.g. at the edge of woods or at clear cuts.
Other crickets, like the field cricket Gryllus campestris live in their own
burrows in warm, dry and porous soil, preferably on open sunny places of
grassland. And finally the mole cricket Gryllotalpa gryllotalpa digs actively
in the topsoil of warm sandy soils searching for roots. All these insects are
known to be omnivorous, feeding mainly on plants and detritus, and both
the larvae and the adults are soil dwellers.

Other insects start their life cycle as larvae in the soil stratum, but after
pupation most of the adults leave the soil, seeking places for feeding or
mating above ground within the vegetation. Many species of beetles and
flies belong to this group, and their larvae can be attributed to nearly all
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trophic levels of the soil food web. Many of the main dipteran families are
well known litter feeders and contribute significantly to bioturbation, e.g.
the huge tipulid larvae. Some beetle larvae are root feeders (e.g. elaterids),
but most of them are predatory. Well known predators include the larvae
of carabids and staphylinids, of which the adults often continue their soil
life as ground beetles. Curiously, some adult beetles which are herbivores
live in the canopy of the forest, e.g. the curculionid Rhynachaenus fagi
which feed on beech leaves, indirectly contribute to the soil food web by
the large amount of faeces which rain down. Greenslade (1985) describes
the various effects of pterygote insects on soil, but she points to the fact
that the identification of species is often difficult.

A fundamental role for the biology and ecology of soils is attributed
to the nest-builders among pterygote insects which belong mainly to the
order Isoptera (termites) (Krishna and Weesner 1969; Lee and Wood 1971;
Wood 1988; Nutting 1990) and Hymenoptera - Formicoidea (ants) (Goss-
wald 1985; Holldobler and Wilson 1990; Wheeler and Wheeler 1990). These
are the so-called social insects which dwell in the soil in small to huge
colonies. The nests can be organized either as (1) subterranean, (2) sub-
terranean/above ground or (3) above ground units only. Because all these
insects are often very abundant, they must be regarded as key groups within
the related soil food webs. They are global players because they speed up
the main nutrient cycles (C, N, minerals) within ecosystems and promote
strong interactions within the soil biota and also between the soil and veg-
etation. They dig in the soil and transport the minerals above the ground
and construct their nest mounds (Fig. 1.21). These are combined in a mix-
ture of organic fibres, mineral soil and salivary secretions which resemble
the organic-mineral complexes of the internal soil. In the higher Termites
the nest part above ground can be compared with an iceberg, of which the
visible part is only a small fraction of its total mass, which often extends
over huge areas below ground. After a period of use the nests degrade and
the material is added again to the soil. Thus the nest builders contribute to
bioturbation. In the temperate zone, the role of termites is adopted by ants,
but in North America termites can be found in Canada up to 47 ° northern
latitude. In central Europe, the huge nests of the red ants are spectacular,
but there are also many small nests distributed more or less evenly in soils
which also contribute to soil activity and cycling of matter.

1.5

Conclusions

As mentioned above, some of the elementary steps in the breakdown of or-
ganic matter take place under the nearly constant conditions of the gut and
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Fig.1.21. Termite mounds in Australia: a-c different mound forms; d freshly deposited
mound material; e mound entry with plant detritus; f globular mound material; g mound
material mixed with plant fibres and soil

these are finally triggered and controlled by micro-organisms, especially
bacteria. Even the earthworms have evolved a differentiated gut system
(Lavelle et al. 1995) divided in foregut, midgut and hindgut, which is mod-
ified in the arthropod groups. It is present in a simple form in Collembola
(Fig. 1.22), with both the foregut and the hindgut as thin tubes without any
other functional subdivisions and lined only on the lumen side with a thin
cuticle (intima). In between the wide open midgut, lined with a standard
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Mesenteron
(midgut)

stomodaeum proctodaeum
(hindgut)

(foregut)

valvula cardiaca
valvula cardiaca

Fig.1.22.Simple trimeric gut system of a collembolan without Malpighian tubules. (Modified
according to Snodgrass 1935)
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Fig.1.23. Trimeric gut system of higher insects with many subdivisions. (Modified after
Seifert 1995)

epithelium, extends with no zoning visible in the light microscope. Only
in the higher insects are these main gut parts divided into functionally
distinct compartments (Fig. 1.23). In the course of the foregut we can find
the oesophagus, the crop (ingluvies) and the gizzard, which insure that the
food is properly pretreated. In the midgut, the secretory caeca are added
and along the main epithelium a functional zoning of cell types occurs.
Finally, the most visible differentiation takes place in the hindgut, with py-
lorus, ileum, colon, and rectum, which undertake the conditioning of the
faeces and which are involved in such basic functions as water balance and
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Malpighian
tubule

mesenteron ileum / colon

(midgut) (sac) colon

pylorus

rectum

stomodaeum N %
(foregut) N
proctodaeum

gastric caeca (hindgut)

Fig.1.24. Gut system of a beetle larva (Oryctes nasicornis — Coleoptera). Note the enlarged
sac of the hindgut, which contains the endosymbionts

excretion. In some cases, further subdivisions are developed, such as ven-
tricular extensions of the gut with special nutritive and digestive functions.
For example, in termites the midgut is very short, although the food is com-
posed of extremely recalcitrant material like lignin. However, the hindgut
is enlarged by one single or up to five digestive chambers (sacs) which
have adopted nearly all the functions of the midgut. With the help of en-
dosymbionts (bacteria and protozoa) new modes of digestion have evolved
in these insects which enable them to use the most recalcitrant polymers
for nutrition (Noirot and Noirot-Thimothée 1969; Kénig and Breunig 1997;
Brune 1998). Similar modes of nutrition can be found in xylophagous bee-
tle larvae, in which the area between ileum and colon is modified into an
enlarged digestive sac (Fig. 1.24). The principle of shifting functions from
the midgut to the hindgut has already been demonstrated in terrestrial
isopods. There, the anterior hindgut is enlarged very strongly to a bursa,
undertaking the predigestion of the chopped food until a finely ground
fraction can be transported into the midgut gland for final digestion. A to-
tally different strategy of digestion is displayed by those invertebrates in
which digestion is extra-intestinal. In spiders the filtered liquid food is
pumped into the branched canals of the midgut gland with the help of
a special pump (suction stomach). There the final digestion, resorption
and metabolic utilization of nutrients take place as well as excretion and
detoxification. A hindgut is not present as in insects, instead the faeces
enter a rectal bladder.
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2 Interactions Between Bacteria

and Nematodes
David J. Clarke, Leo Eberl

2.1
Introduction

Bacteria can interact with nematodes in several ways: (1) they can serve as
a food source and thus are merely prey, (2) they can be pathogenic for the
nematode and (3) they can live in symbiosis with the nematode host. In
this review, we will restrict our discussion to the pathogenic and symbiotic
interactions between bacteria and nematodes.

2.2
Pathogenic Interactions

Many nematodes are free-soil organisms that feed on bacteria and it there-
fore may not be too surprising that various bacteria have developed defence
mechanisms against nematode grazing. In fact, recent work has shown that
several bacteria are capable of killing nematodes either by the production
of toxic compounds or by establishing a fatal infection. This finding has led
to the development of a facile model system of host-pathogen interactions
to identify conserved pathways associated with microbial pathogenesis (for
recent reviews see Kurz and Ewbank 2000; Aballay and Ausubel 2002). The
model involves the killing of the soil nematode Caenorhabditis elegans by
a variety of human pathogens. Pseudomonas aeruginosa, an opportunistic
pathogen that causes chronic infections in cystic fibrosis patients, was the
first bacterium whose pathogenic interaction with C. elegans was studied
in great detail (Mahajan-Miklos et al. 1999; Tan et al. 1999a, b). Depending
on the strain and the culture conditions, P. aeruginosa kills C. elegans by at
least three distinct mechanisms. When P. aeruginosa strain PA14 is grown
on nematode growth (NG) medium cells colonize the nematode intestine
and killing occurs over the course of 2 to 3 days (“slow killing”). In contrast,
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PA14 grown on high-osmolarity medium (PGS) kills worms much faster
(within 4 to 24 h - “fast killing”) due to the production of low-molecular-
weight toxins that are secreted into the culture medium. As a consequence,
heat-killed bacteria are capable of fast but not slow killing. Likewise fast but
not slow killing can be effected by PA14 bacterial supernatants with death
of C. elegans occurring similarly as with bacteria. The toxic compounds
were identified as phenazines a class of tricyclic pigments that includes
pyocyanin. In the case of slow killing, a screen of transposon insertion
mutants of P. aeruginosa strain PA14 revealed that the lasR-lasI quorum-
sensing system the lemA and gacA two-component regulators and toxA
(encoding exotoxin A) were involved in PA14 lethality. In all 19 of 23 genes
identified in a screen as being involved in C. elegans fast or slow killing
were also shown to be required for full virulence in a mouse thermal injury
and infection model (Mahajan-Miklos et al. 1999; Tan and Ausubel 2000).
These results provide strong evidence for a tight correlation of genes re-
quired for virulence across evolutionarily disparate hosts. More recently, it
has been shown that another P. aeruginosa strain PAO1 kills the nematode
by cyanide poisoning (“paralytic killing”) when it is grown on brain-heart
infusion (BHI) broth (Darby et al. 1999; Gallagher and Manoil 2001).

Over the past few years is has become evident that C. elegans is a highly
valuable model for the study of pathogenicity of alarge number of pathogens
(Ewbank 2002; Mylonakis et al. 2002), including Salmonella typhimurium
(Aballay et al. 2000; Labrousse et al. 2000) and Serratia marcescens (Kurz
and Ewbank 2000). Several members of the genus Burkholderia (O’Quinn et
al. 2001; Gan et al. 2002), and the Gram-positive bacteria Enterococcus fae-
calis, Staphylococcus aureus, Streptococcus pneumoniae and Streptococcus
pyogenes kill C. elegans (Garsin et al. 2001; Jansen et al. 2002). Further-
more, in a recent study, it has been demonstrated that a large number
of bacteria are pathogenic to L4 C. elegans when grown on brain heart
infusion (BHI) medium (Couillault and Ewbank 2002). Among these are
the plant pathogens Erwinia chrysanthemi, Agrobacterium tumefaciens,
Erwinia carotovora pv. carotovora; the enterobacteria Shewanella frigidi-
marina and Shewanella massilia, the fish pathogen Aeromonas hydrophila
as well as the insect pathogens Photorhabdus luminescens and Xenorhab-
dus nematophila. Of these, A. tumefaciens, E. carotovora pv. carotovora,
A. hydrophila and P. luminescens require live bacteria for lethality, whereas
X. nematophila does not. Recently, the C. elegans model has been fur-
ther expanded to include fungal pathogens, particularly the model human
pathogen Cryptococcus neoformans (Mylonakis et al. 2002).

It has also been reported that C. elegans can be chronically infected
by Microbacterium nematophilum (Hodgkin et al. 2000). In this case, the
bacteria adhere to the rectal and post-anal cuticle of susceptible nematodes
and induce substantial local swelling of the underlying hypodermal tissue
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known as the Dar (deformed anal region) phenotype. The swelling leads
to constipation and slows growth in the infected worms but the infection
is otherwise non-lethal.

2.3
Symbiotic Interactions

Bacteria can also live in symbiotic association with their nematode hosts.
The majority of filarial nematodes including the major pathogenic species
in humans Wuchereria bancrofti, Brugia malayi and Onchocerca volvulus
(Taylor and Hoerauf 1999; Bandi et al. 2001) harbor bacterial endosym-
bionts that belong to the genus Wolbachia. Filarial nematodes are parasitic
worms that cause some of the most devastating of all tropical diseases such
as elephantiasis and river blindness. Studies on the inflammatory patho-
genesis of filarial disease have shown that endotoxin-like activity derived
from endosymbiotic Wolbachia bacteria is the major inflammatory stimu-
lus of filarial nematodes. Wolbachia have so far been found in more than 20
species of filarial nematodes with only two species appearing to be unin-
fected (McGarry et al. 2003). Of those with Wolbachia the infection appears
to be ubiquitous in all individuals developmental stages and populations
throughout their global distribution (Taylor 2002). The bacteria reside in
vacuoles and are restricted to the lateral cord cells and developmental
stages within the female reproductive organs and intrauterine develop-
mental stages as a consequence of their vertical transmission via the egg.
Antibiotic depletion of bacteria shows that they are required for normal
fertility and development of the worm and may even protect the parasites
from host immunity. Given that filarial nematodes are major pathogens of
humans throughout the tropics most research so far has focused on the
contribution of Wolbachia to disease pathogenesis and as a novel target for
antibiotic therapy (Taylor et al. 2000; Taylor and Hoerauf 2001).

Despite the obvious clinical importance of the symbiosis between Wol-
bachia and filarial nematodes, almost nothing is known about the underly-
ing molecular mechanisms that are required for the interactions between
the bacteria and the host nematode.

2.3.1
Photorhabdus and Xenorhabdus

Photorhabdus and Xenorhabdus are genera of Gram-negative bacteria that
in addition to being pathogenic to insect larvae also have mutualistic inter-
actions with nematodes from the families Heterorhabditis and Steinernema
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respectively. The bacteria are found colonising the gut of a specialised free-
living form of the nematode called the infective juvenile (IJ). The I] migrates
through the soil and infects susceptible insect larvae either by penetrat-
ing directly through the cuticle or through natural openings such as the
mouth the anus and spiracles. Once inside the insect the IJ migrates to the
insect circulatory system and releases the bacteria into the hemolymph.
The bacteria proliferate and produce a wide range of toxins and hydrolytic
enzymes that are responsible for the death and bioconversion of the insect
larva into a nutrient soup that is ideal for nematode growth and develop-
ment. The nematodes reproduce until the nutrient supply becomes limiting
at which time they develop into IJs and are recolonised by the symbiotic
bacterium.

This remarkable co-dependent reproductive cycle is the result of a highly
evolved interaction between the bacterium and the nematode. The bacte-
ria benefit from this interaction by being protected from the competi-
tive environment of the soil and by being transported to the nutrient-rich
hemolymph of an insect larva. In turn, the nematode takes advantage of the
pathogenic potential of the bacteria to kill the insect host. The bacteria also
supply the nutrient base for the growth and development of the nematode
and suppress contamination of the insect cadaver by soil microorganisms
by producing antibiotics. Recent studies in both Xenorhabdus and Pho-
torhabdus have allowed us to identify genetic systems that play important
rolesin the tripartite association between the bacterium and its two eukary-
otic hosts and these have been reviewed in recent publications (Forst and
Nealson 1996; Forst et al. 1997; Forst and Clarke 2002; Ffrench-Constant et
al. 2003). In this chapter, we will review our current understanding of the
molecular mechanisms involved in the symbiosis between the bacteria and
the nematode.

Although the Photorhabdus-Heterorhabditis and Xenorhabdus-Steiner-
nema systems are remarkably similar in many ways, there is little doubt that
these systems have emerged by convergent evolution. P. [uminescens and X.
nematophilus are the most extensively studied species of Photorhabdus and
Xenorhabdus respectively and comparisons of major phenotypic traits of
these bacteria reveal important differences (Forst and Clarke 2002). Several
salient differences also exist between the nematode families Heterorhabdi-
tidae and Steinernematidae (Forst and Clarke 2002). The first generation
adults of Heterorhabitis are hermaphroditic and the infective juveniles
carry the symbiotic bacteria in the intestine below the basal bulb. In con-
trast the first generation adults of Steinernema exist as amphimictic males
and females and the bacteria are carried in a specialised intestinal vesi-
cle. While both nematodes belong to the Rhabditida family Heterorhaditis
branch in the clade containing Caenorhabditis elegans and are most closely
related to the Strongylida group, whilst Steinernema branch in a separate
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clade and are more closely related to the Strongyloides group (Blaxter et al.
1998).

Significant differences also exist in the growth characteristics of the
respective nematodes. Steinernema nematodes that do not contain the
symbiotic bacteria (i.e. axenic nematodes) can grow on artificial medium
while an artificial medium does not exist that supports axenic growth of
Heterorhabditis. Steinernema carpocapsae can grow axenically and develop
into infective juveniles when injected into G. mellonella whilst axenic Het-
erorhabditis develop into J1 progeny but these juveniles die, thus infective
juveniles are not formed (Han and Ehlers 2001). Taken together, these ob-
servations support the idea that the congruence observed in the life cycles of
these bacteria-nematode associations is the result of convergent evolution.

A remarkable feature of both Xenorhabdus and Photorhabdus is the
occurrence of variant cell types that arise during prolonged culturing of
the bacteria (Akhurst1980). The primary variant is characterised by the
presence of numerous phenotypic traits that are generally greatly reduced
or absent from the secondary variant (Boemare and Akhurst 1988; see
Table 2.1). These traits include the formation of non-mucoidy colonies,
the loss of dye-binding ability, a reduction in the amount of pigments
antibiotics and siderophores produced by the bacteria. In addition, the
production of proteases and lipases and in the case of Photorhabdus bi-
oluminescence is also affected by phenotypic variation. Interestingly, the
primary variant is always found associated with the infective juvenileand, in
addition to being virulent, the primary variant supports nematode growth
and development in vivo and in vitro. On the other hand, the secondary
variant whilst remaining virulent to insect larvae shows a strikingly re-
duced ability to support nematode growth and development. The ability

Table 2.1. Phenotypes used to distinguish phenotypic variants of Photorhabdus and
Xenorhabdus

Phenotypic trait Photorhabdus Xenorhabdus
Colony morphology + -

Dye uptake
Bioluminescence
Motility

Pigment production
Antibiotic production
Crystal proteins
Protease production
Lipase production
Catalase

+
()

+

+ 4+ o+ o+ o+ o+
+

2 Depending on strain
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of Heterorhabditis and Steinernema nematodes to grow on the respective
secondary variant cells is also strikingly different. Steinernema can grow
to varying degrees on secondary cells of Xenorhabdus in vivo and in vitro,
while Heterorhabditis is unable to grow on secondary cells of Photorhabdus
(Volgyi et al. 1998; Han and Ehlers 2001; Joyce and Clarke 2003). Taken
together, these findings indicate that primary-specific products and prop-
erties are involved in the symbiotic interaction between the nematode and
the bacterium.

In Photorhabdus the primary-specific phenotypes are required for sym-
biosis with the nematode but do not appear to be necessary for pathogenic-
ity, suggesting that different sets of genes (i.e. regulons) are required for
each interaction (Forst and Clarke 2002; Joyce and Clarke 2003). More-
over, an understanding of how phenotypic variation is regulated could be
extrapolated into an understanding of the regulatory pathways that con-
trol symbiosis. To this end, it has recently been reported that a single
insertion in the genome of the secondary variant of P. temperata K122
that restores the production of many of the primary-specific phenotypes
(Joyce and Clarke 2003). This insertion is within a gene with homology to
hexA, a gene encoding a repressor of exoenzyme production in Erwinia
(Mukherjee et al. 2000) and it has been shown that the hexA™ secondary
variant supports nematode growth and development, suggesting that hexA
encodes a repressor of symbiosis. (Joyce and Clarke 2003).

Under standard laboratory conditions, it has been shown that the pri-
mary variant of Photorhabdus is motile whilst the secondary variant is
non-motile (Akhurst 1980). We have shown that motility is important
for the colonisation of the nematode gut (H.P.J. Bennettand D.]J. Clarke
D], unpubl. data), supporting the correlation between the production of
primary-specific phenotypes and symbiosis. Interestingly, motility was
one of the phenotypes unaffected in the hexA™ mutant and, recently, it has
been reported that motility in the secondary variant of P. temperata NC19
is derepressed when the bacteria are cultured under anoxic conditions
(Hodgson et al. 2003). This suggests that there are least two independent
signalling pathways HexA-dependent and oxygen-dependent controlling
phenotypic variation and symbiosis in Photorhabdus. The molecular char-
acterisation of these pathways will be important for a clear understanding
of the bacterial commitment to the association with the nematode.

Steinernema can grow on secondary variants of Xenorhabdus, sug-
gesting that phenotypic variation in this bacteria-nematode association
is not as tightly correlated with symbiosis as it is in the Photorhabdus-
Heterorhabditis system (Volgyi et al. 1998). Moreover, there is evidence
suggesting that unlike Photorhabdus secondary variants of some Xenorhab-
dus strains are attenuated in their virulence to insect larvae (Volgyi et al.
1998). Nonetheless, genetic studies have identified loci in Xenorhabdus that



2 Interactions Between Bacteria and Nematodes 61

are involved in both phenotypic variation and symbiosis, suggesting that
there is at least some degree of functional overlap (Volgyi et al. 2000).
Indeed, as phenotypic variation (and thus symbiosis) in Photorhabdus is
controlled by environmental signals, there is evidence that the expression
of genes involved in the symbiotic interaction between Xenorhabdus and
Steinernema is also controlled by the environment. The EnvZ-OmpR path-
way has been extensively studied in Escherichia coli and Salmonella, where
it has been shown to be involved in motility, biofilm formation, adapta-
tion to acidic conditions and virulence (Pratt et al. 1996; Shin and Park
1995; Vidal et al. 1998; Lee et al. 2000). EnvZ is a membrane-spanning
sensor kinase that responds to increasing osmolarity by phosphorylating
the response regulator OmpR. OmpR-P then binds to DNA and alters the
expression of certain genes. Functional copies of both envZ and ompR have
been identified in X. nematophila and it has recently been shown that the
ompR gene is required for the normal interaction between Xenorhabdus
and Steinernema (Leisman et al. 1995; Tabatabai and Forst 1995; Forst and
Tabatabai 1997; Boylan and Forst 2002; Kim et al. 2003). This suggests that
Xenorhabdus is regulating the expression of genes required for symbiosis
in response to uncharacterised environmental signals.

Recent studies into the association between Xenorhabdus and Stein-
ernema have focused on the molecular mechanisms of the bacterial coloni-
sation of the specialised vesicle in the nematode gut. It has been shown
that the vesicle is initially colonised by a small number of bacteria and
that these bacteria then grow inside the lumen of the vesicle (Martens et
al. 2003). Moreover, growth of the bacteria in the gut appears to be limited
by the nematode either through structural modification of the vesicle or
nutrient availability in the gut. This highlights the active role played by the
nematode in the association and suggests that there might be a cost to the
nematode for supplying these nutrients, indicating that there is a strong
selective pressure on the nematode to facilitate the colonisation of its gut
by the bacteria. A recent genetic study identified 15 bacterial loci that were
required for colonisation of the nematode by Xenorhabdus (Heungens et al.
2002). Several of these loci were identified as genes encoding proteins with
homology to regulatory proteins in other bacteria, e.g. rpoS rpoE and Irp.
These genes all encode proteins that are involved in controlling the bacte-
rial response to environmental stresses such as starvation and membrane
perturbations (Hengge-Aronis 1999; Raivio and Silhavy 2001; Helmann
2002). Other genes identified were predicted to encode proteins involved in
amino acid and siderophore biosynthesis. This suggests that Xenorhabdus
may be required to scavenge for the limited amounts of iron available in
the nematode gut. Interestingly siderophore production is also required
for Heterorhabditis growth and development when cultured with P. tem-
perataNC19 (Ciche et al. 2001) and K122 (Watson and Clarke, unpublished
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data) pointing to an important role for iron in controlling the mutualistic
interactions in both of these systems.

2.4
Conclusions

In this review, we have described some examples of symbiotic and path-
ogenic interactions that occur between bacteria and soil-dwelling nema-
todes. Recent genetic analysis of these bacteria-nematode interactions has
led to a significant increase in our understanding of the molecular mecha-
nisms controlling how bacteria infect their hosts and, more importantly, the
role of the host in determining the output of the infection, i.e. symbiotic or
pathogenic. This research will continue to provide important information
in our fight against pathogenic infections of humans and other mammals.

References

Aballay A, Ausubel FM (2002) Caenorhabditis elegans as ahost for the study of host-pathogen
interactions. Curr Opin Microbiol 5: 97-101

Aballay A, Yorgey P, Ausubel FM (2000) Salmonella typhimurium proliferates and establishes
a persistent infection in the intestine of Caenorhabditis elegans. Curr Biol 10: 1539-1542

Akhurst R] (1980) Morphological and functional dimorphism in Xenorhabdus spp bac-
teria symbiotically associated with the insect pathogenic nematodes Neoplectana and
Heterorhabditis. Journal of General Microbiology 121: 303-309

Bandi C, Trees AJ, Brattig NW (2001) Wolbachia in filarial nematodes: evolutionary aspects
and implications for the pathogenesis and treatment of filarial diseases. Vet Parasitol
98:215-238

Blaxter ML, De Ley P, Garey ] R, Liu L, X Scheldeman P, Vierstraete A, Vanfleteren JR,
Mackey LY, Dorris M, Frisse LM, Vida JT, Kelley TW (1998) A molecular evolutionary
framework for the phylum Nematoda. Nature 392: 71-75

Boemare N, Akhurst R] (1988) Biochemical and physiological characterisation of colony
form variants in Xenorhabdus spp (Enterobacteriaceae). ] Gen Microbiol 134: 751-761

Boylan B, Forst SA (2002) Characterization of the pleiotropic phenotype of an ompR strain
of Xenorhabdus nematophila. Antonie Van Leeuwenhoek 81: 43-49

Ciche TA, Bintrim SB, Horswill AR, Ensign JC (2001) A Phosphopantetheinyl transferase
homolog is essential for Photorhabdus luminescens to support growth and reproduc-
tion of the entomopathogenic nematode Heterorhabditis bacteriophora. ] Bacteriol 183:
3117-3126

Couillault C, Ewbank JJ (2002) Diverse bacteria are pathogens of Caenorhabditis elegans.
Infect Immun 70: 4705-4707

Darby C, Cosma CL, Thomas JH, Manoil C (1999) Lethal paralysis of Caenorhabditis elegans
by Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 96: 15202-15207

Ewbank JJ (2002) Tackling both sides of the host-pathogen equation with Caenorhabditis
elegans. Microbes Infect 4: 247-256

French-Constant R, Waterfield N, Daborn P, Joyce S, Bennett H, Au C, Dowling A, Boundy
S, Reynolds S, Clarke D (2003) Photorhabdus: towards a functional genomic analysis of
a symbiont and pathogen. FEMS Microbiol Rev 26: 433-456



2 Interactions Between Bacteria and Nematodes 63

Forst S, Nealson K (1996) Molecular biology of the symbiotic-pathogenic bacteria Xenorhab-
dus spp. and Photorhabdus spp. Microbiol Rev 60: 21-43

Forst SA, Tabatabai N (1997) Role of the histidine kinase EnvZ in the production of outer
membrane proteins in the symbiotic-pathogenic bacterium Xenorhabdus nematophilus.
Appl Environ Microbiol 63: 962-968

Forst S, Clarke DJ (2002) Nematode-bacterium symbiosis. In Entomopathogenic Nematol-
ogy. Gaugler R (ed). Wallingford: CABI Publishing pp. 57-77

Forst S, Dowds B, Boemare N, Stackebrandt E (1997) Xenorhabdus and Photorhabdus spp.:
bugs that kill bugs. Annu Rev Microbiol 51: 47-72

Gallagher LA, Manoil C (2001) Pseudomonas aeruginosa PAO1 kills Caenorhabditis elegans
by cyanide poisoning. ] Bacteriol 183: 6207-6214

Gan YH, Chua KL, Chua HH, Liu B, Hii CS, Chong HL, Tan P (2002) Characterization of
Burkholderia pseudomallei infection and identification of novel virulence factors using
a Caenorhabditis elegans host system. Mol Microbiol 44: 1185-1197

Garsin DA, Sifri CD, Mylonakis E, Qin X, Singh KV, Murray BE, Calderwood SB, Ausubel
FM (2001) A simple model host for identifying Gram-positive virulence factors. Proc
Natl Acad Sci U S A 98: 10892-10897

Han R, Ehlers R (2001) Effect of Photorhabdus luminescens phase variants on the in vivo
and in vitro development and reproduction of the entomopathogenic nematodes Het-
erorhabditis bacteriophora and Steinernema carpocapsae. FEMS Microbiol Ecol 35:
239-247

Helmann JD (2002) The extracytoplasmic function (ECF) sigma factors. Adv Microb Physiol
46:47-110

Hengge-Aronis R (1999) Interplay of global regulators and cell physiology in the general
stress response of Escherichia coli. Curr Opin Microbiol 2: 148-152

Heungens K, Cowles CE, Goodrich-Blair H (2002) Identification of Xenorhabdus ne-
matophila genes required for mutualistic colonization of Steinernema carpocapsae
nematodes. Mol Microbiol 45: 1337-1353

Hodgkin J, Kuwabara PE, Corneliussen B (2000) A novel bacterial pathogen Microbacterium
nematophilum induces morphological change in the nematode C. elegans. Curr Biol 10:
1615-1618

Hodgson MM, Day B, White DJ, Tisa LS (2003) Effect of growth conditions on the motility
of Photorhabdus temperata. Arch Microbiol 180: 17-24

Jansen WT, Bolm M, Balling R, Chhatwal GS, Schnabel R (2002) Hydrogen peroxide-
mediated killing of Caenorhabditis elegans by Streptococcus pyogenes. Infect Immun
70: 5202-5207

Joyce SA, Clarke DJ (2003) A hexA homologue from Photorhabdus regulates pathogenicity
symbiosis and phenotypic variation. Mol Microbiol 47: 1445-1457

Kim DJ, Boylan B, George N, Forst S (2003) Inactivation of ompR promotes precocious
swarming and fIhDC expression in Xenorhabdus nematophila. ] Bacteriol 185: 5290
5294

Kurz CL, Ewbank JJ (2000) Caenorhabditis elegans for the study of host-pathogen interac-
tions. Trends Microbiol 8: 142-144

Labrousse A, Chauvet S, Couillault C, Kurz CL, Ewbank JJ (2000) Caenorhabditis elegans is
a model host for Salmonella typhimurium. Curr Biol 10: 1543-1545

Lee AK, Detweiler CS, Falkow S (2000) OmpR regulates the two-component system SsrA-ssrB
in Salmonella pathogenicity island 2. ] Bacteriol 182: 771-781

Leisman GB, Waukau J, Forst SA (1995) Characterization and environmental regulation of
outer membrane proteins in Xenorhabdus nematophilus. Appl Environ Microbiol 61:
200-204



64 L. Eberl, D. J. Clarke

Mahajan-Miklos S, Tan MW, Rahme LG, Ausubel FM (1999) Molecular mechanisms of
bacterial virulence elucidated using a Pseudomonas aeruginosa-Caenorhabditis elegans
pathogenesis model. Cell 96: 47-56

Martens EC, Heungens K, Goodrich-Blair H (2003) Early colonization events in the mu-
tualistic association between Steinernema carpocapsae nematodes and Xenorhabdus
nematophila bacteria. ] Bacteriol 185: 3147-3154

McGarry HE, Pfarr K, Egerton G, Hoerauf A, Akue JP, Enyong P, Wanji S, Klager SL Bianco
AE, Beeching NJ, Taylor MJ (2003) Evidence against Wolbachia symbiosis in Loa loa.
FilariaJ 2:9

Mukherjee A, Cui Y, Ma W, Liu Y, Chatterjee AK (2000) hexA of Erwinia carotovora ssp.
carotovora strain Ecc71 negatively regulates production of RpoS and rsmB RNA a global
regulator of extracellular proteins plant virulence and the quorum-sensing signal N-(3-
oxohexanoyl)-L-homoserine lactone Environ Microbiol 2: 203-215

Mylonakis E, Ausubel FM, Perfect JR ,Heitman ] ,Calderwood SB (2002) Killing of
Caenorhabditis elegans by Cryptococcus neoformans as a model of yeast pathogene-
sis. Proc Natl Acad Sci U S A 99: 15675-15680

O’Quinn AL, Wiegand EM, Jeddeloh JA (2001) Burkholderia pseudomallei kills the ne-
matode Caenorhabditis elegans using an endotoxin-mediated paralysis. Cell Microbiol
3:381-393

Pratt LA, Hsing W, Gibson KE, Silhavy TJ (1996) From acids to osmZ: multiple factors
influence synthesis of the OmpF and OmpC porins in Escherichia coli. Mol Microbiol
20: 911-917

Raivio TL, Silhavy TJ (2001) Periplasmic stress and ECF sigma factors. Annu Rev Microbiol
55:591-624

Shin S, Park C (1995) Modulation of flagellar expression in Escherichia coli byacetyl phos-
phate and the osmoregulator OmpR. ] Bacteriol 177: 4696-4702

Tabatabai N, Forst S (1995) Molecular analysis of the two-component genes ompR and envZ
in the symbiotic bacterium Xenorhabdus nematophilus. Mol Microbiol 17: 643-652

Tan MW, Ausubel FM (2000) Caenorhabditis elegans: a model genetic host to study Pseu-
domonas aeruginosa pathogenesis. Curr Opin Microbiol 3: 29-34

Tan MW, Mahajan-Miklos S, Ausubel FM (1999a) Killing of Caenorhabditis elegans by
Pseudomonas aeruginosa used to model mammalian bacterial pathogenesis. Proc Natl
Acad Sci U S A 96: 715-720

Tan MW, Rahme LG, Sternberg JA, Tompkins RG, Ausubel FM (1999b) Pseudomonas aerug-
inosa killing of Caenorhabditis elegans used to identify P aeruginosa virulence factors.
Proc Natl Acad Sci U S A 96: 2408-2413

Taylor MJ (2002) A new insight into the pathogenesis of filarial disease. Curr Mol Med 2:
299-302

Taylor MJ, Hoerauf A (1999) Wolbachia bacteria of filarial nematodes. Parasitol Today 15:
437-442

Taylor MJ, Hoerauf A (2001) A new approach to the treatment of filariasis. Curr Opin Infect
Dis 14: 727-731

Taylor MJ, Bandi C, Hoerauf AM ,Lazdins ] (2000) Wolbachia bacteria of filarial nematodes:
a target for control? Parasitol Today 16: 179-180

Vidal O, Longin R, Prigent-Combaret C, Dorel C, Hooreman M, Lejeune P (1998) Isolation
of an Escherichia coli K-12 mutant strain able to form biofilms on inert surfaces: involve-
ment of a new ompR allele that increases curli expression. ] Bacteriol 180: 2442-2449

Volgyi A, Fodor A, Szentirmai A, Forst S (1998) Phase variation in Xenorhabdus ne-
matophilus. Appl Environ Microbiol 64: 1188-1193

Volgyi A, Fodor A, Forst S (2000) Inactivation of a novel gene produces a phenotypic
variant cell and affects the symbiotic behavior of Xenorhabdus nematophilus. Appl
Environ Microbiol 66: 1622-1628



Earthworm Gut Microbial Biomes:

Their Importance to Soil Microorganisms,
Denitrification, and the Terrestrial
Production of the Greenhouse Gas N,0

Harold L. Drake, Andreas Schramm, Marcus A. Horn

3.1
Introduction

Earthworms colonize many terrestrial ecosystems (Lee 1985; Edwards and
Bohlen 1996). Although it is well established that the numerous species of
earthworms contribute significantly to the cycling and physical restructur-
ing of matter in soils and litter (Edwards and Bohlen 1996; Lavelle et al.
1997; Makeschin 1997), the gut microbial biome of this important inverte-
brate remains only partially resolved. The main objectives of this chapter
are to (1) provide a brief overview of some of the microbial populations and
processes that occur in the microbial biome of the earthworm gut and (2)
address the potential importance of the in situ conditions of the earthworm
gut to microorganisms that have been classically viewed as being members
of soil microbial communities. Special emphasis is given to soil denitrifiers
that appear to have enhanced activities in the earthworm gut and, thus,
contribute to the terrestrial production the greenhouse gas N,O via their
in situ activities in the earthworm.

3.2
The Earthworm Gut as a Transient Microbial Habitat

Some earthworms are termed litter-feeding (e.g., Lumbricus rubellus) be-
cause they primarily inhabit and feed upon litter, while others are termed
soil-feeding (e.g., Octolasium lacteum) because they mostly occur and feed
in deeper soil layers (Edwards and Bohlen 1996; Curry 1998). Highly acidic
soils do not favor the occurrence of certain earthworm species (Edwards
and Bohlen 1996). As with all animals, the material ingested by the earth-
worm determines, in part, the chemical milieu to which the gut microbial
biome is subjected. Thus, litter feeders theoretically offer a higher quality
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substrate to microorganisms in the gut than do soil feeders. However, the
earthworm also contributes significantly to the chemical milieu of the gut,
as will be noted elsewhere in this chapter.

It is general knowledge that many if not all gut ecosystems contain
endemic microorganisms. Given the somewhat unique feeding habits of
earthworms, the occurrence of endemic microbiota in their gut compart-
ments might be thought to be of minimal importance, i.e., the ingestion of
soil and litter would seem to favor the establishment of soil microorgan-
isms as the primary gut inhabitants of the earthworm gut. Soil is arguably
the most complex microbial habitat (Tate 1995) and harbors a large phy-
logenetic diversity of bacteria (Felske et al. 1999; Joseph et al. 2003), and
it is therefore to be expected that the gut of an animal that feeds on this
material will harbor a highly complex gut microbial biome. Although en-
demic microbes might occur in the earthworm gut, the microbial load of
the earthworm gut appears to be determined primarily by the microbial
load of the ingested material and, accordingly, is highly complex. However,
the ecological fitness, in situ performance efficiency, and detectable diver-
sity of ingested soil and litter microorganisms appear to be significantly
influenced by the unique microenvironment of the earthworm gut during
gut passage.

3.3
In Vivo and In Situ Emissions of the Greenhouse Gas N,0 by
Earthworms

The gut environment of many animals is strictly anoxic or O, limited, and
harbor anaerobic microbial biomes (e.g., see Wolin and Miller 1994; Mackie
and Bryant 1994; Brune et al. 1995; Brune and Friedrich 2000; Johnson and
Barbehenn 2000; Lemke et al. 2003). However, until recently, the O, content
of the earthworm gut was unresolved (Horn et al. 2003; see the following
section). Based on theoretical considerations, one might anticipate that
the gut of the earthworm would be rich in anaerobic microbial processes,
and that the earthworm might emit greenhouse gases indicative of such
activities. For example, the emission of methane by the earthworm would be
strong evidence of methanogens being active in the gut of this invertebrate.
However, earthworms do not emit methane (Karsten and Drake 1997).
Denitrification is another microbial process that occurs optimally under
anoxic conditions and can yield the greeenhouse gas N,O (Tiedje 1988).
This gas is indeed emitted under in vivo conditions by earthworms, and
the initial periods of emission are very close to linear when worms are
collected and assayed for the production of N,O (Fig. 3.1; Karsten and
Drake 1997; Matthies et al. 1999). It is well known that soils are the main
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Fig.3.1. In vivo emission of N,O by the earthworm Lumbricus rubellus (collected from
a beech forest soil). Data are indicative of an individual worm that has been washed with
sterile water, placed in an aerated bottle that was then crimp sealed and incubated in the
dark at 20 °C (Matthies and Drake, unpubl. data). The values at zero-time (ty) for N,O are
due of the trace levels of N,O in air

source of the global production of N,O (Bouwman 1990; Davidson 1991;
Conrad 1996), yet a direct involvement of an important soil invertebrate in
this production went unnoticed until recently.

The initial rate at which N, O is emitted by living earthworms is variable
(Matthies et al. 1999). This stands to reason given the different feeding
habits of earthworms, and the fact that this invertebrate enters periods of
dormancy or low activity (Edwards and Bohlen 1996). Nonetheless, both
soil and litter feeders can actively emit this gas. For example, specimens
of L. rubellus (litter feeding) and O. lacteum (soil feeding) collected from
gardens emit on average 0.65 and 0.16 nmol N,O per hour per gram fresh
weight, respectively (Matthies et al. 1999).

The discovery that living earthworms emit N,O suggests that these in-
vertebrates might contribute to the emission of N,O in soils. Under experi-
mental conditions, the rate at which N,O is emitted from soil that contains
earthworms is significantly greater than that of soil lacking earthworms
(Fig. 3.2). In addition, the initial rates of emission by earthworms are sim-
ilar to those calculated for eathworms in soil (Matthies et al. 1999). Thus,
the N,O emitted by earthworms is emitted from soils they inhabit. When
such information is extrapolated to in situ conditions at the stand level,
16 and 33% of the N,O emitted from forest and garden soils, respectively,
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Fig.3.2. Emission of N, O by soil columns containing (closed circles) or lacking (open circles)
earthworms. Incubation temperature was 15 °C (used with permission from Matthies et al.
1999)

might be derived from the earthworm (Karsten and Drake 1997; Matthies
et al. 1999). Field studies corroborate this possibility, and the earthworm-
dependent emission of N,O can account for greater than 50% of the N,O
emitted from soils (Borken et al. 2000; Horn and Drake, unpublished data).

Earthworm biomass in soils they inhabit range from 10 to 300 g m? fresh
weight (Waters 1955; Brady 1990). If one assumes that 20% of the terrestrial
ecosystems of earth (which collectively have a surface area of approximately
1.5 x 10" m? (Schlesinger 1997) is colonized by earthworms, and taking an
average earthworm density of 30 gm? fresh weight, their total biomass in
terrestrial habitats would approximate 10'? kg fresh weight. The rates at
which earthworms emit N,O depends on their in situ status and range
from 5 to 225ng N,O h™! per gram fresh weight (Karsten and Drake 1997;
Matthies et al. 1999; Horn and Drake, unpublished data). Based on these
estimations and an average emission rate of 30 ng N,O h™! per gram fresh
weight earthworm, the annual global potential of earthworms to produce
N,O approximates 3 x 10® kg N,O. Although this value is only a rough
estimate, it illustrates the potential importance that just one megafauna in
soil might have on the global emission of N,O, which is estimated to be
3x 10" kgyear™ (Kroeze et al. 1999). The capacity of other fauna in the
global biosphere to emit N,O due to their gut microbial biomes remains
largely unknown.
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The capacity of earthworms to emit N,O decreases when they are kept
for 3 days in soil treated with tetracycline and streptomycin (Matthies et
al. 1999), suggesting that emission is linked to a microbiological process.
Nitrate and nitrite are precursors of N,O during denitrification (Tiedje
1988) and, surprisingly, traces of these anions on the exterior of the worm
greatly stimulate the emission of N,O by living earthworms (Matthies et
al. 1999). Acetylene inhibits N,O reductase (the enzyme that reductively
converts N,O to N, during denitrification (Yoshinari and Knowles 1976),
and subjecting earthworms to acetylene (10 kPa) significantly increases the
amount of N,O emitted by living earthworms (Karsten and Drake 1997;
Matthies et al. 1999). These observations indicate that the emission of N,O
by the earthworm is dependent on microbial processes in the gut of the
earthworm, and that denitrification is important to this emission. As will be
outlined in subsequent sections, the microenvironment of the earthworm
gut significantly enhances the in situ activity of ingested denitrifiers during
their passage through the worm.

3.4
Microenvironment of the Earthworm Gut

The gut of the earthworm constitutes a unique microenvironment in soils.
Both the structure and physiochemical parameters of the digestive system
of the earthworm contribute to the uniqueness of this transient habitat for
soil microbes.

34.1
The Digestive System of the Earthworm

Most of the information on the digestive system of earthworms is derived
from two species, Lumbricus terrestris and Eisenia foetida. The main com-
ponents of the alimentary canal of earthworms are the mouth, esophagus,

Pharynx Gizzard Clitellum Intestine Anus
/ Crop / / / \
\ J AN J
Mouth \ N ~ ~
Esophagus Fore-gut Mid-gut Hind-gut

Fig.3.3. Diagram of the digestive system of an earthworm (modified and used with permis-
sion from Horn et al. 2003)
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crop, gizzard, intestine, and anus (Fig. 3.3; van Gansen 1963; Kiikenthal and
Renner 1982; Edwards and Bohlen 1996; Tillinghast et al. 2001). Soil and
decaying organic matter (both of which contain nematodes, protozoa, and
prokaryotes) enter the alimentary canal by the mouth and are amended
with mucus that is derived from the pharyngeal glands. The mucus that is
secreted by the pharyngeal glands contains an amylase and probably a pro-
tease. In the esophagus, calciferous, carbonic anhydrase-containing glands
secrete CaCOj;-containing mucus into the alimentary canal, thus elimi-
nating excess calcium and carbonates, and also regulating the pH of the
coelomic fluid. The muscular gizzard islined with a thick chitinous cuticula,
and food is ground by the aid of ingested particles prior to passage into the
intestine. Digestion and assimilation processes take place in the intestine.
Organic matter is degraded by the collective activity of digestive enzymes
(e.g., chitinases, xylanases, cellulases, proteases, amylases, and lipases) that
are secreted by the worm and ingested microorganisms (Urbasek 1990; Ur-
basek and Pizl 1991; Lattaud et al. 1997a,b, 1998; Merino-Trigo et al. 1999;
Garvin et al. 2000). Gut epithelial cells assimilate nutrients. In the hindgut,
undigested components of ingested matter are enveloped by a peritrophic
membrane that lines the intestine and are subsequently excreted.

3.4.2
Physicochemical Parameters of the Gut that Stimulate
Ingested Microbes

The gut is rich in readily available nutrients. Some of the soil microorgan-
isms thatare ingested by earthworms constitute a part of their diet (Edwards
and Bohlen 1996); the selective digestion of microbes in the gut (Sect. 3.6.1)
influences the type of nutrients that are available for subsequent assimi-
lation by both the earthworm and members of the gut microbial biome.
Earthworm mucus contains large amounts of water-soluble organic carbon
(Martin et al. 1987) that can be easily degraded by microorganisms; many
of the organic molecules in gut contents appear to be derived from mucus
(Horn et al. 2003). Thus, the earthworm gut environment is theoretically
very favorable for enhancing the activity of soil microorganisms during
gut passage, and microorganisms are hypothesized to become active in
the gut and participate in the breakdown of complex organic matter by
excreting degradative exoenzymes (Barois and Lavelle 1986; Lavelle et al.
1995). Because both ingested microorganisms and earthworms profit from
the earthworm’s secretion of mucus, the collective degradative processes
in the gut can be viewed as a “mutualistic digestive system” (Barois and
Lavelle 1986; Lavelle et al. 1995).
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Microorganisms in the gut experience an anoxic environment with high
concentrations of N,O (Horn et al. 2003). Steep opposing gradients of O,
and N,O occur from the cuticula to the coelom, and the core of the anoxic
gut is the main site of N,O production in the earthworm (Fig. 3.4). In
a longitudinal transect, L. rubellus had in situ N,O concentrations in the
gut of 2.7 pmoll™! behind the gizzard, 5.6 pmoll™! in the midgut region,
and 0.2 pmol 17! near the anus (Horn et al. 2003). Thus, conditions in the
fore- and mid-gut regions maximize the processes associated with the net
production of N,O.

The water content of gut content is 40 - 90% and is approximately twofold
greater than that of soil (Barois and Lavelle 1986; Trigo and Lavelle 1993,
1995; Horn et al. 2003). In general, the water content decreases from anterior
to posterior along the alimentary canal. The pH is near neutral throughout
the intestine and less variable among earthworms than is the soil they
inhabit, indicating that a pH-homeostasis exists in the earthworm gut
(Horn etal. 2003). The pH increases slightly from the anterior to the middle
part of the gut or remains essentially constant and subsequently decreases
again towards the anus (Lee 1985; Barois and Lavelle 1986; Trigo and Lavelle
1993, 1995; Horn et al. 2003). High concentrations of total carbon, organic
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carbon, and total nitrogen occur in the gut, resulting in a C/N-ratio of
approximately 7 for gut contents, a value that is much lower than that of
many soils (Piearce 1978; Trigo and Lavelle 1993, 1995; Karsten and Drake
1995; Michel and Matzner 2002; Horn et al. 2003).

High quality electron donors like glucose (up to 80 mmoll™') are abun-
dant in the aqueous phase of gut contents (Karsten and Drake 1995; Horn et
al.2003). Many organic compounds including formate (average 5 mmol 1™!),
acetate (average 5 mmol1™!), lactate (average 2 mmol 1™!), and succinate (av-
erage 1 mmoll™") that are indicative of anaerobic metabolism are likewise
found in the aqueous phase of gut contents. Sugars and organic acids in the
aqueous phase of soil are usually below 0.1 mmol1"!. Concentrations of free
and total amino acids are 0.2 - 0.6 and 0.7—1.7 mmoll !, respectively, in the
aqueous phase of earthworm gut contents, values that are approximately 40
times higher than those in soil (Horn et al. 2003). Ammonium concentra-
tions in the aqueous phase of gut contents are approximately 10 mmoll™,
which is markedly greater than that of soil (Tillinghast et al. 2001; Horn et al.
2003). Nitrate concentrations in soil are often higher than in the earthworm
gut, whereas nitrite concentrations are higher in the gut, indicating that
nitrate is consumed and nitrite is produced in the earthworm gut (Horn et
al. 2003).

3.5
Microbial Processes in the Earthworm Gut

The availability of electron donors, a water content of 40 - 90%, the high
concentrations of ammonium and amino acids, a near neutral pH, and
anoxia favor anaerobic microbial activities in the gut of earthworms. In-
deed, the abundant N,O and fermentation products in the gut, as well as
the comparatively low concentrations of nitrate in gut contents, indicate
that nitrate-reducing and fermentative microorganisms are highly active
in the gut of this invertebrate.

3.5.1
Processes Associated with the Production of N,0

Most of the N, O that is produced globally is derived from biotic processes.
Denitrification, dissimilatory nitrate reduction to nitrite and/or ammo-
nium, and nitrification are microbial processes that can lead to a significant
production of this greenhouse gas (Vancleemput et al. 1976; Christianson
and Cho 1983; Davidson 1992; Conrad 1995).

During complete denitrification, inorganic nitrogenous compounds like
nitrate or nitrite are reduced to N, with N,O as a concomitantly released
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intermediate (Zumft 1997). Both earthworm gut homogenates and soil
facilitate the conversion of nitrate to N, (Fig. 3.5). However, denitrification is
much more rapid with gut-derived material than with soil. Nitrite and N,O
transiently accumulate in gut content microcosms but are essentially absent
in soil microcosms. Additional electron donors do not affect the production
of N,O by nitrate-supplemented gut content microcosms (Ihssen et al.
2003), evidence that microbes in the gut are not limited in sources of
readily utilizable reductant. Gut wall-associated microorganisms appear to
be of minimal importance to the production of N,O by gut homogenates,
as evidenced by the inability of gut wall homogenates to produce N,O
when supplemented with glucose and nitrate at concentrations indicative
of in situ conditions. N,O-production rates by gut contents are consistently
higher with supplemental nitrite than with supplemental nitrate. The ability
of earthworms to emit N,O in vivo is likewise more greatly stimulated by
traces of nitrite on the exterior of the body than by traces of nitrate (Matthies
et al. 1999; Sect. 3.3). Interestingly, earthworm casts also produce N,O and
display higher denitrification potentials than do adjacent soils (Scheu 1987;
Mulongoy and Bedoret 1989; Elliott et al. 1990, 1991; Matthies et al. 1999).
These collective observations indicate that denitrification in the gut content
is the primary source of the N, O that is emitted by earthworms.

Net release of N,O during denitrification is regulated by many parame-
ters, including pH, the availability of O,, and the concentrations of electron
donors, nitrate, and nitrite (Sahrawat and Keeney 1986; Ferguson 1994;
Baumann et al. 1996; Kester et al. 1997a,b). The earthworm gut is an anoxic
environment with a near neutral pH, high concentrations of ammonium,
and water-soluble, high quality electron donors (Sect. 3.4.2). Thus, ingested
soil microorganisms are subjected to conditions that increase the produc-
tion rates of N,O by pure cultures of denitrifying bacteria (Baumann et al.
1996, 1997; Otte et al. 1996). O, represses denitrification and the availability
of O, is an important in situ parameter in the regulation of this process
(Tiedje 1988). The production of N,O by soil is greatly enhanced under
gut-like conditions (i.e., conditions that simulate those that soils experi-
ence during passage through the earthworm gut), and anoxia appears to
be the main in situ parameter regulating the production of N,O in the gut
(Horn et al. 2003).

Apart from denitrification, the dissimilatory reduction of nitrate to ni-
trite and/or ammonium might also contribute to the production of N,O
in the earthworm gut. N,O is produced as a side product during the dis-
similatory reduction of nitrate, presumably by the unspecific interaction of
nitrate reductase with nitrite (Tiedje et al. 1982; Smith 1983). This reaction
should be favored by the high concentrations of electron donors and ni-
trite in the earthworm gut. However, the dissimilatory reduction of nitrate
to ammonium appears to be of minor importance for the production of
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Fig.3.5. Utilization of supplemental nitrate by: a earthworm (Aporrectodea caliginosa) gut
content; b soil homogenates under anoxic conditions at 15 °C. Homogenates contained 24
and 161 mg (dry wt.) gut content or soil, respectively, per ml sodium phosphate buffer
(15 mmoll™!, pH 7). Organic carbon contents were 1.3 and 5.9 mg/ml gut content and soil
homogenate, respectively. Symbols: filled squares nitrate; open squares nitrite; filled circles
N,O; open circles N, (used with permission from Thssen et al. 2003)
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N,O in the gut, as evidenced by the apparent absence of this dissimilatory
process in gut homogenate microcosms (Ihssen et al. 2003). Furthermore,
initial production rates of N, O by denitrifying isolates from the earthworm
gut are approximately 30-fold higher than those of non-denitrifying, N,O-
producing isolates (Thssen et al. 2003). Nitrite can accumulate as a transient
product during the dissimilation of nitrate (Tiedje 1994). Non-denitrifying
nitrate dissimilators in the earthworm gut might produce nitrite and con-
tribute to the high nitrite concentrations in the earthworm gut, thereby
enhancing the production of N,O by nitrite-consuming denitrifiers.

Nitrification is an aerobic process by which ammonia is oxidized se-
quentially to nitrite and nitrate. N,O is a side product when ammonia is
oxidized to nitrite via the intermediate hydroxylamine (Ritchie et al. 1972;
Webster and Hopkins 1996; Bollmann and Conrad 1998). The earthworm
gut is anoxic, and nitrification would be impaired in the gut (though low
amounts of this process could theoretically take place at the gut wall if
O, leaked out of epithelial cells). Nitrification is presumably not a major
source of N, O in the gut of earthworms.

3.5.2
Fermentative and Other Microbial Processes

Anoxia and high quality electron donors should theoretically promote
fermentative processes in the earthworm gut. Diluted earthworm gut ho-
mogenates produce ethanol, formate, butyrate, acetate, H,, and succinate
from glucose or cellobiose, evidence that the gut harbors a complex fer-
mentative microbial biome (Fig. 3.6; Karsten and Drake 1995). The kinetics
of fermentation is much faster for earthworm gut homogenates than for
soil homogenates, indicating that the fermentative microbes in the earth-
worm gut are poised at a more active state than are those of soil. Many
fermenters are known to produce exoenzymes that might aid the worm
in digesting complex organic matter (Bergey et al. 1990). H, and acetate,
both typical methanogenic precursors, are not consumed in anoxic incu-
bations of earthworm gut homogenates, indicating the absence or inactiv-
ity of methanogenic microbial populations in the earthworm gut. Indeed,
methane is essentially not produced by earthworms, their gut homogenates,
or their casts (Hornor and Mitchell 1981; Karsten and Drake 1995). H,-
utilizing acetogens are likewise negligible in the earthworm gut (Karsten
and Drake 1995), despite the fact that conditions in the gut are ideal for
acetogenesis (Drake et al. 2004). Due to the absence of an H,-scavenging
processes, the partial pressure of H, in the earthworm gut is possibly too
high for organic acid-utilizing secondary fermenters that rely on an ef-
ficient removal of H, (McInerney and Bryant1980). The assimilation of
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Fig.3.6. Products formed from glucose under anoxic conditions by a gut section homogenate
from Lumbricus rubellus. Symbols: open triangles glucose; filled circles lactate; filled upright
triangles ethanol; open diamonds formate; open circles acetate; open squares butyrate; filled
diamonds succinate; filled squares pyruvate; filled inverted triangles H,. The amount of
inoculum represented a 1 to 3000 dilution of gut material. Similar product patterns were
obtained when cellobiose was used instead of glucose (used with permission from Karsten
and Drake 1995)

microbial fermentation products by the earthworm is an important feature
of the mutualistic digestion system of this invertebrate (Lee 1985; Lavelle
et al. 1995; Trigo et al. 1999).

The consumption of aromatic compounds like the lignin derivative fer-
ulate is more rapid in anoxic earthworm gut homogenates than in soil ho-
mogenates (Karsten and Drake 1995). Acetate, formate, and hydroferulate
are produced from ferulate, and ring cleavage may occur in the earthworm
gut under anoxic conditions (Karsten and Drake 1995). Microorganisms in
the earthworm gut might thus enable the worm to obtain lignin-derived
volatile fatty acids.

N,-fixing organisms are found in the gut of earthworms (Citernesi et al.
1977; Striganova et al. 1993; Risal et al. 2002) and casts (Simek et al. 1991).
However, the fixation of N, in the earthworm gut appears to be highly
variable among individual earthworms and different earthworm species
(Kaplan and Hartenstein 1977).

3.6
Microbial Populations in the Earthworm Gut

Most investigations of the microbial biome of the earthworm gut have cen-
tered on two questions: (i) how does gut passage influence the number and
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community composition of the ingested soil microbes, and (ii) is there an
endemic, earthworm-specific microbial population in the gut? This section
highlights observed trends and recent developments that address these
questions with respect to the special microenvironment of the earthworm
gut (Sect. 3.4.2).

3.6.1
Quantitative Population Changes During Gut Passage

There seems to be general agreement that bacteria comprise only a mi-
nor constituent of the diet of earthworms (Edwards and Fletcher 1988;
Edwards and Bohlen 1996). Thus, and in contrast to ingested protozoa
(Bonkowski and Schaefer 1997; Cai et al. 2002), filamentous fungi (Schon-
holzer et al. 1999), and other eukaryotic microbes (von Aichberger 1914)
that are mostly degraded during gut passage, ingested bacteria appear to
increase in number when passed through the gut. However, the extent of
that increase depends on the method used to detect it. With few exceptions
(Dawson 1948; Day 1950; Kristufek et al. 1992), cultivation-based studies
report 10- to 1000-fold greater numbers of different bacterial groups, e.g.,
aerobes (Bassalik 1913; Stockli 1928; Kollmannsperger 1952; Ruschmann
1953; Parle 1963a,b; Edwards and Fletcher 1988; Pedersen and Hendrik-
sen 1993; Fischer et al. 1995; Heijnen and Marinissen 1995; Karsten and
Drake 1995), general anaerobes (Karsten and Drake 1995; Thssen et al.
2003), and denitrifying and nitrate-dissimilating bacteria (Karsten and
Drake 1997; Thssen et al. 2003) in the earthworm gut when compared to
soil from which the worms were obtained. Such differences in popula-
tions are also observed when hindgut contents are compared to foregut
contents. Slight differences in populations can be attributed to different
worm species, soils, food sources, or the fact that some studies compare
soil and (fresh) casts rather than directly investigate the various gut com-
partments. However, the overall trend is clear and strongly suggests that
there is a significant increase in the cultured bacteria during gut pas-
sage. It is thus in marked contrast that direct microscopic cell counts
reveal only a minor difference in the total numbers of bacteria in soil
and gut-derived materials (usually between 1.5- to 5-fold (Kristufek et
al. 1992; Pedersen and Hendriksen 1993; Schonholzer et al. 1999; Wolter
and Scheu 1999), and in some cases no difference at all (Kristufek et al.
1992; Heijnen and Marinissen 1995; Schonholzer et al. 2002). That bac-
terial biomass does not always increase during gut passage (Scheu 1987;
Daniel and Anderson 1992; Devliegher and Verstraete 1995; Schonholzer
et al. 2002) is likewise a paradox relative to information obtained with
cultivation methods.
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A comparison of cultured and total cell counts suggests that gut passage
does not lead to massive multiplication of cells but rather renders bacteria
more susceptible to cultivation, possibly by activation in the favorable
conditions of the earthworm gut (Sect. 3.4.2), as has been proposed several
times (Martin et al. 1987; Trigo and Lavelle 1993; Fischer et al. 1995; Karsten
and Drake 1995; Lavelle et al. 1995; Thssen et al. 2003). The few studies that
have determined both total and live bacterial counts indeed indicate that
the culturability of ingested microbes increase upon gut passage (Kristufek
etal. 1992; Pedersen and Hendriksen 1993; Fischer et al. 1995). Gut passage
also enhances the germination of Bacillus spores (Fischer et al. 1997) and
increases the detectability of bacteria by fluorescence in situ hybridization
(FISH) (Fischer et al. 1995; Schonholzer et al. 2002). Since the detection of
cells by FISH depends on the cellular ribosome content, which in turn is
often correlated with the metabolic activity of the cell (Amann et al. 1995),
increased FISH detectability also indicates the activation of bacterial cells
inside the earthworm gut.

In summary, the earthworm gut is a favorable habitat for numerous soil
bacteria. In the gut, ingested microbes may switch from spores or dormant
states to metabolically active cells that are more readily culturable and
detectable by FISH. However, the time required for gut passage is too short
(usually less than 24 h (Parle 1963b; Edwards and Bohlen 1996) for massive
proliferation (Fischer etal. 1995; Thssen et al. 2003); hence the total numbers
of ingested bacteria increase only marginally.

3.6.2
Qualitative Population Changes Upon Gut Passage

Although most if not all bacteria of the earthworm gut are derived from
ingested soil (Edwards and Bohlen 1996; Furlong et al. 2002; Singleton et
al. 2003; Egert et al. 2004) and their total numbers increase only slightly
during gut passage, major changes of the microbial community structure
in the gut might still occur during gut passage. Large, metabolically active
cells are preferentially digested in the digestive tract of the worm before
they reach the foregut (Schonholzer et al. 2002), and different functional
or phylogenetic groups of microorganisms respond differently to the gut
environment. For example, nitrate dissimilating and denitrifying bacteria
appear to be readily activated in the gut, as evidenced by their 300-fold
increase in cultured numbers (Karsten and Drake 1997; Thssen et al. 2003),
and isolates from fresh casts are more likely to reduce nitrate than soil
isolates (Furlong et al. 2002). In contrast, cultured numbers of ammonia-
oxidizing bacteria and methanogens in gut contents and soil are similar
(Thssen et al. 2003), and enrichments for these microbial groups failed
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(Khambata and Bhat 1957; Karsten and Drake 1997), indicating that the
transient conditions of the gut do not stimulate these microbes. FISH anal-
yses showed a shift from beta- and gamma-Proteobacteria to members of
the Cytophaga-Flavobacterium group (Schonholzer et al. 2002); organisms
from this group thrive on complex organic matter under anoxic condi-
tions (Rossell6-Mora et al. 1999), i.e., conditions that are provided in the
earthworm gut. Data from 16S rRNA gene clone libraries (Furlong et al.
2002) and terminal-restriction fragment length polymorphism (T-RFLP)
of 16S rRNA gene fragments (Egert et al. 2004), though not truly quantita-
tive information, also indicate that selective changes occur in the microbial
community structure (e.g., increased abundance of some phylotypes) of
the soil microbial biome during gut passage. The differential enhancement
of the culturability of anaerobes versus aerobes in gut contents (Karsten
and Drake 1995; Ihssen et al. 2003) is further evidence that the in situ con-
ditions of the earthworm gut creates qualitative alterations in the status of
ingested microorganisms.

3.6.3
The Quest for an Earthworm-Specific Microbial Population

The earthworm gut harbors a large diversity of bacteria (e.g., Bassalik 1913;
Edwards and Bohlen 1996; Furlong et al. 2002; Thssen et al. 2003). Virtually
all the bacteria isolated from different species of earthworms are either
identical, very similar, or at least very closely related to known soil organ-
isms, including an Aeromonas species once thought to be indigenous to
the earthworm Eisenia foetida (Toyota and Kimura 2000). To date, none
of the isolates obtained from the earthworm gut meets the criteria for
an earthworm-specific association (e.g., to occur in all worms of a cer-
tain species, irrespective of feeding conditions, but not in soil). Likewise,
cultivation-independent analyses of 16S rRNA clone libraries (Furlong et
al. 2002; Singleton et al. 2003) or T-RFLPs (Egert et al. 2004) do not reveal
any signs of indigenous microorganisms in the gut of earthworms. Earth-
worm gut wall-attached microbes (filaments and rods) have been observed
by electron microscopy (Jolly et al. 1993; Vinceslasakpa and Loquet 1995;
Mendez et al. 2003). However, without an in situ identification of the at-
tached organisms, and in the absence of additional molecular confirmation,
the endemic nature of these microbes in the gut of earthworms remains
unresolved.

Earthworms do contain endemic, species-specific microbial symbionts
in the nephridia (Fig. 3.7). Originally described on the basis of microscopic
observations (Knop 1926), the symbionts are members of a monophyletic
branch of the genus Acidovorax (Schramm et al. 2003). They might be
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Fig.3.7. In situ detection of bacterial symbionts in the nephridia of Lumbricus terrestris
by hybridization with the Acidovorax-specific probe LSB145. a Ampulla (the hook-like
structure, marked by the arrow) of the nephridium, densely packed with stained bacteria;
b close-up of the ampulla, showing the biofilm-like arrangement of bacterial cells. See
Schramm et al. 2003 for additional microscopic images

proteolytically active during excretion, facilitating the absorption of pep-
tides and amino acids by the host (Pandazis 1931). Whether this association
is a true mutualistic symbiosis, and to what extent it influences nitrogen
excretion by earthworms and thus nitrogen cycling in soil remain open
questions.

3.7
Conclusions

The feeding habits of the earthworm are important to the global turnover
dynamics of terrestrial matter. The feeding habits and ecophysiological
nature of the earthworm also create significant transient modifications of
ingested matter. Thus, the gut of this animal provides a unique mobile
microniche in certain terrestrial ecosystems for microbial processes. Many
of these microbial processes (e.g., denitrification) appear to occur at highly
accelerated rates during the passage of soil through the gut of the earth-
worm. The discovery that N,O is emitted in vivo by earthworms and that
this N,O is derived from microbial processes in the gut is evidence that
certain microbial processes linked to the production of this greenhouse
gas do not occur exclusively in soil but can also occur in the gut of this
soil-inhabiting animal (Fig. 3.8). Current evidence suggests that the con-
tribution of earthworms to the emission of N,O at the stand level is not
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trivial and can constitute the majority of this greenhouse gas emitted by
soils they inhabit.

The apparent enhancement of denitrification by soil microbes during
gut passage indicates that earthworms might be important to the emis-
sion of N, from certain terrestrial ecosystems (Fig. 3.8). Although this
remains an unexplored possibility, the magnitude of earthworm-derived
N,O is enhanced three- to sevenfold when worms are exposed to acetylene
(Karsten and Drake 1997; Matthies et al. 1999), and microbes in gut con-
tents have the capacity to produce significant amounts of N, (Karsten and
Drake 1997; Thssen et al. 2003). Though speculative, it can thus be projected
that N, rather than N,O is the predominant nitrogenous gas emitted by
earthworms. If this is true, earthworms may be an heretofore unknown
important component of the terrestrial nitrogen cycle.

The unique microenvironment of the earthworm gut not only impacts
on the catabolic activities of ingested soil microorganisms but also ap-
pears to contribute to their growth potentials. Indeed, ingested soil mi-
croorganisms that display limited activity and are difficult to culture be-
come metabolically robust and culturable post-ingestion. Thus, it is very
likely that both the viability and diversity of the prokaryotic community of
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earthworm-colonized soils would decrease if the soil microbial biome did
not periodically become the transient gut microbial biome of the earth-
worm. While there is much to learn about the microbiology of the earth-
worm, the observations outlined in this chapter demonstrate that this
rather simple and largely unseen animal harbors a fascinating microbio-
logical story. We look forward to future studies aimed at understanding
the importance of this microniche to the ecological functions and in situ
fitness of soil microorganisms.
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Intestinal Microbiota of Millipedes
Boris A. Byzov

4.1
Introduction

Soil millipedes (Diplopoda) possess a specific gut microbiota that differs
from microbial communities in soil and leaf litter. A diverse microbiota has
been found by the dilution plating in the gut with gamma proteobacteria,
actinobacteria and yeasts most abundant. Microscope studies also revealed
a variety of morphotypes of bacteria and yeasts attached to the gut walls.
Evidence is discussed that the millipedes have symbiotic associations with
microorganisms that have particular functional roles for the host animal.
The possible functions of gut microorganisms are the participation in the
digestive processes, the maintaining of microbial community in a steady
state, in vivo production of methane. The “killing effect” (a lytic process)
is discussed as one of the possible mechanism for the digestion of microor-
ganisms by millipedes. It is most likely that the saprophagous millipedes
do not harbour lignocellulose-degrading microorganisms; most likely, they
feed on microorganisms and use microbial enzymes to digest recalcitrant
molecules.

Scientific interest in millipedes is largely related to their participation
in organic matter decomposition and nutrient cycling. These processes
are mediated in soil by activities such as fragmentation of leaves, stimu-
lation of microbial growth, and, subsequently, deposition of faecal pellets
(Hanlon 1981). There are few habitats in which millipedes are responsi-
ble for ingesting more than 5-10% of the annual leaf litter fall; however,
when earthworms are scarce, millipedes may occur at densities of sev-
eral hundred/m?* and consume 25% of the litter fall (Hopkin and Read
1992). Although millipedes (and other saprophages altogether) are directly
responsible for less than 10% of chemical decomposition, their feeding
activities are important in stimulating soil microorganisms, which carry
out 90% of chemical breakdown (Anderson and Bignell 1980). This aspect
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of microbial-millipede interactions is vital in studying the importance of
invertebrates in food web functioning.

The nature of the gut microbiota of millipedes is probably less impor-
tant in terms of ecosystem related processes. However, the knowledge of
species diversity of gut symbionts of soil invertebrates and their functional
importance for the host animals are scare (except for termites) although
millipedes, and many other soil invertebrates, have a specific digestive
system that involves interaction with gut-associated microbes.

In this chapter, an attempt is made to present and discuss the data on
morphological and taxonomic diversity of the millipede intestinal microor-
ganisms and their possible functions.

4.2
Structure and Function of the Digestive Tract

The foregut of millipedes is poorly populated by microorganisms. The
midgut represents the absorptive surface and continuously secretes the
semipermeable peritrophic membrane. The peritrophic membrane has
a highly ordered net-like structure composed of microfibres. In Glom-
eris marginata the fibres are arranged in uniformly sized squares of 0.1 pm
(Martin and Kirkham 1989), in Pachyiulus flavipes, 0.05-0.1 pm (Byzov
et al. 1993c), and in Glomeris connexa, 0.15—0.2 pm in size (Byzov et al.
1996). The membrane encloses the solid food materials preventing their
direct contact with the midgut epithelium. There is no direct evidence that
the peritrophic membrane represents a barrier to microorganisms; how-
ever, the small size of holes in the membrane would also prevent access
to the midgut epithelium by the majority of microorganisms in the gut
contents. The membrane is an envelope composed of chitin, protein and
mucopolysaccharides. In electron microscopic studies, the membrane first
appears amongst the microvilli or at their tips. Chitin appears at the bases
of the microvilli along the whole length of the midgut. Protein is added to
the chitin from the microvilli as the peritrophic membrane moves along
the microvilli to the lumen. The completed peritrophic membrane extends
around individual items in the gut contents as well as forming a multilay-
ered envelope. The peritrophic membrane is continuously secreted, and
moves towards the hindgut. More commonly, the membrane is broken up
in the hindgut by muscular contractions or spiny projections of the cuticle.
Disruption of the peritrophic membrane may be of importance in allowing
ingested organisms access to colonization sites on the hindgut cuticle. It
was also suggested that the disruption of the membrane permitted some
parasites to reach the mesenteric epithelium by forward migration along
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the ectoperitrophic space. The functions of the peritrophic membrane are
not fully known, but its most obvious purpose is to protect the absorptive
surfaces in the absence of mucus secretion (Bignell 1984; Hopkin and Read
1992). The semi-permeable structure of the membrane makes it probable
that digestion is sequenced radially, with partial degradation of macro-
molecules only taking place in the endoperitrophic space. The hydrolysis
to dimers and oligomers occurs in the ectoperitrophic space separating the
membrane and the midgut epithelium, and some terminal digestion occurs
intracellularly or mediated by enzymes bound to the apical cell membrane
(Hopkin and Read 1992).

The cuticle-lined hindgut is strongly developed and bears both flat cu-
ticular surfaces and ornaments such as spines of various shapes, which
provide sites for microbial colonization. In Orthoporus ornatus, the cuticle
of the hindgut is formed into numerous projections, each of which has
central depression in which bacteria may reside (Crawford et al. 1983).
Malpighian tubules open at a junction point between midgut and hindgut.
Their function is to deliver to both the midgut and the hindgut a fluid
containing many of the haemolymph constituents at concentrations pro-
portional to their concentrations in the haemolymph. The secretion of the
Malpighian tubules constitutes not only a nutrient broth of balanced com-
position but also an effective buffer solution. In physiological terms, this
may imply that the hindgut of millipedes offers a suitable site for microbial
colonization. The study made by scanning electron microscope confirmed
that an abundant and diverse microflora occurred in this location. Addi-
tional fluid input to the gut takes place via salivary glands and accompanies
ingestion of food (Bignell 1984).

The Malpighian tubules are also involved in excretion of nitrogenous
wastes. In millipedes, two forms of nitrogenous wastes predominate: am-
monia (which has to be excreted rapidly) and uric acid (the stored form).
Urea is detected less frequently. The proportion of ammonia and uric acid
varies between species. For example, in Cylindroiulus londinensis, only 20%
of non-protein was ammonia whereas 70% was uric acid. Of the total non-
protein nitrogen in the faeces of Glomeris marginata, 40% was ammonia
and 33% was uric acid (Hopkin and Read 1992). However, Anderson and
Ineson (1983) were unable to detect any uric acid in the faeces of Glomeris
marginata although the animals themselves contained 2.5% uric acid by
weight. The authors have suggested that uric acid might form a reserve of
nitrogen for use when food contains insufficient amount of the element.
The release of the uric acid in the hindgut may also provide source of
nitrogen for gut microflora (Byzov et al. 1993b).

For more details related to the anatomic structure and functions of the
millipede intestine, see Hopkin and Read (1992).
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4.3
Physiological Conditions in the Gut

The redox potentials, determined with a platinum and calomel electrode
combination, in the midgut of Glomeris marginata vary between +267
and +307 mV and in its hindgut between +167 and +277 mV. Mean redox
potentials in the lumen of the digestive tract are +232 mV in the midgut and
+204 mV in the hindgut (Bignell 1984). Therefore, the gut environment is
not an anaerobic but has moderate reduced conditions (microaerophilic).
The pH of the contents of the lumen of the midgut of millipedes is rarely
more than one unit either side of neutrality (pH 6 to 8) (Bignell 1984).
Byzov et al. (1998) found the mean pH of the midgut fluid of the diplopod
Pachyiulus flavipes to be 5.6.

Concentrations of glucose were found to be 6.0 mmol/l (1.1g/l) in the
midgut fluid of the diplopod Pachyiulus flavipes, whereas in the hindgut
extract it was 12.7 mmol/l (2.3 g/1). In the midgut fluid of Rossiulus kessleri
the concentration of glucose was 7.1 (1.28 g/l) mmol/l (Byzov 2003). Such
rather high concentrations of glucose are comparable to that of nutrient
media and may indicate that active hydrolysis of carbohydrates takes place
in the millipede digestive tracts.

Hopkin and Read (1992) have reviewed the data on enzymaticactivities of
the millipede digestive tracts. In many millipedes, enzymes have been found
that are capable of digesting lipids, proteins, and simple carbohydrates
(Nunez and Crawford 1976; Neuhauser and Hartenstein 1976; Marcuzzi
and Turchetto-Lafisca 1977; Kaplan and Hartenstein 1978; Neuchauser et
al. 1978). However, there is still no strong evidence that millipedes them-
selves are able to digest more refractory components of leaves. For example,
Neuchauser et al. (1978) showed that Oxidus gracilis was unable to degrade
[ *C]-lignin. In contrast, Pseudopolydesmus serratus was able to degrade
components of ligneous compounds (Neuhauser and Hartenstein 1976).
Similarly, there is conflicting evidence regarding cellulose breakdown. It
was found that gut extracts of Pachyiulus foetidissimus hydrolysed cellu-
lose (Striganova 1970) and those of Polydesmus angustus were able to break
down cellulose, hemicelluloses, and pectin (Beck and Friebe 1981). How-
ever, no cellulase was found in millipedes from families Glomeridae and
Polydesmidae (Nielsen 1962; Marcuzzi and Turchetto 1975).

Cellulases in these gut extracts were probably derived from gut inhab-
iting microorganisms (Hopkin and Read 1992) or from enzymes ingested
with food (fungi), as known for the digestive process in insects. In the giant
desert millipede Orthoporus ornatus and the slate millipede Comanchelus
sp., enzyme assays indicated that most cellulose and hemicellulose degra-
dation occurred in the midgut, whereas the hindgut was important site
for pectin degradation. Hemicellulase and f-glucosidase in both species
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and Cy-cellulase and pectinase in O. ornatus were of possible microbial
origin. This was confirmed by the experiment with millipedes whose
gut microbiota was reduced by antibiotic treatment and starvation. The
treated animals assimilated less '*C-cellulose and voided more *C in fae-
ces (Taylor 1982). Finally, there is no convincing report of the production of
C,-cellulase by soil invertebrates, although -gluconases (Cy-cellulase) and
cellobiase of animal origin have been found. Most of the data on C, -cellulase
production by soil animals were obtained in studies where microbial activ-
ity (especially activity of symbionts) had not been excluded.

Chitinase activity was found in some millipedes suggesting that digestion
of fungi could take place in the gut (Nielsen 1962; Marcuzzi and Turchetto
1975).

4.4
Microscope Studies of Intestinal Microbiota

4.4.1
Bacteria

In scanning electron microscopy studies by Bignell (1984), actinomycete-
like filaments were found to be end-on attached to flat cuticular sur-
faces of Cylindroiulus sp. Actinomycete-like epibionts (diameter of hyphae
1.2—1.3 pm) were also found in the hindgut of Tachypodiulus sp. More re-
cently, it was found that the inner surface of the intestinal walls of the
millipedes Chromatoiulus rossicus and Glomeris connexa is sparsely colo-
nized by bacteria of different morphotypes. Very small cocci (< 0.2 pm),
rod-shaped bacteria, small rod-shaped slightly curved bacteria, rod shaped
bacteria covered with the slime, V-type forms (presumably coryneforms),
cocci or short rods forming short chains or mycelium-like nets. The latter
type represents the most frequent bacterial form in all gut parts. On the en-
doperitrophic surface of the peritrophic membrane bacterial cells can also
be seen. The surfaces of the gut content were colonized mainly by filamen-
tous bacteria of two types, presumably belonging to coryneform bacteria
and actinomycetes. The coryneform bacteria had a pseudomycelium with
typical branching cells, which disintegrated into single cells. The actino-
mycetes had well branching filaments no more than 1.0 pm in diameter.
The organic particles were also colonized by Vibrio-like bacteria and large
rod shaped bacteria. In fresh excrement, rod-shaped bacteria of two types
were observed. Some of them were partially lysed (Byzov et al. 1996a). In
Pachyiulus flavipes, the actinomycete mycelium (0.5 pm in diameter) was
not found on the midgut wall but was abundant on the hindgut wall. It
occupied the inner surface of peritrophic membrane in the midgut, and
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its remnants in the hindgut. Streptomycete-like hyphae produced spore
chains indicating that the actinomycete can complete its life cycle in the
gut. The numbers of bacteria in micro-colonies varied from several hun-
dreds to thousands. The total number was higher in the hindgut (Byzov et
al. 1993c¢).

That the millipede guts represent a suitable place for actinomycete
growth has been also shown by Polyanskaya et al. (1996). With the aid
of luminescent microscopy, they found an orange luminescence emitted
by the hyphae of Streptomyces olivocinereus after spores were fed to the
millipede Pachyiulus flavipes.

The biometric analysis of 1953 microphotographs of bacterial cells as-
sociated with the guts or fresh faeces of millipedes Glomeris connexa,
Leptoiulus polonicus, Megaphyllum projectun and M. rossicum, obtained by
scanning electron microscope, revealed 24 morphotypes of bacteria of dif-
ferent size classes from very small cocci to long rods. It has been shown that
their average size is 0.66 pm in diameter, 1.35 pm in length, and 0.6 pm® in
volume. The average diameter, the length, and volume of the bacterial cells
inhabiting native soil amended with organic substrates (glucose, starch,
cellulose) (from 2645 micrographs) were found to be 32%, 16% and 36%
larger, respectively. The authors have suggested that in the digestive tract
of soil animals activation of the bacteria took place resulting in a higher
metabolic activity of the cells and in a selection of smaller cells (Guzev and
Zvyagintsev 2003).

Very limited data exist for the direct counts of the intestinal bacte-
ria. With the aid of a luminescent microscopy, Polyanskaya et al. (1996)
have found extremely high numbers of prokaryotic unicellular organ-
isms in the midgut, hindgut and fresh faeces of the diplopod Pachyiulus
flavipes, 1.0x 10", 2.5 x 10'! and 1.0 x 10"! cells/g dry weight, respectively.
The length of actinomycete hyphae was 5, 22 and 15 m/g, respectively. The
animals were fed with sterile crystalline cellulose for 7 days, allowing ap-
preciable voiding of the gut from transient microbiota. Thus, the counted
bacteria were considered indigenous to the millipede. Similar results were
obtained by Cazemier et al. (1997) who counted DAPI-stained bacteria in
the gut preparations of Chicobolus sp. The bacterial counts were 1.7, 1.4
and 15 x 10° cells/ml gut in the foregut, the midgut and the hindgut, re-
spectively, which is comparable to the numbers in P. flavipes (dry weight
of its gut is about 10 mg) and the volume of the gut of Chicobolus sp. was
found to be ca. 2 ml (Cazemier et al. 1997). However, the latter authors
did not found actinomycete hyphae. Tret’yakova et al. (1996) have found
4.3 x 10" bacterial cells per g dry gut of Pachyiulus flavipes fed broad leaves
litter that corresponded to ca. 108 /gut.

Thus, the millipede guts are highly populated with diverse morphotypes
of bacteria both unicellular and mycelial. The facts that they either were
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isolated from the pre-washed gut tissue or they were visualized on the
intact gut walls (end-on attached to the walls) let us to consider the bacteria
indigenous to the animals.

4.4.2
Yeasts

Scanning electron microscopy of washed gut tissue of millipedes has been
used to investigate the distribution of yeasts in Glomeris connexa, Leptoiulus
polonicus and Megaphyllum projectum. Ithas been demonstrated that yeasts
mainly colonize the hindgut of freshly collected diplopod with densities of
about 10° cells/mm? (10* cells/gut). Only a few cells were found in the midgut
(Byzov et al. 1993b).

443
Mycelial Fungi

No native fungal hyphae have been observed on the gut walls of the milli-
pedes Pachyiulus flavipes (Byzov et al. 1993c) and Glomeris connexa, and
Chromatoiulus rossicus (Byzov et al. 1996), suggesting that they are de-
stroyed by the digestion.

4.5
Taxonomic Studies of Intestinal Microbiota

Hopkin and Read (1992) pointed out that, although it is generally accepted
that microorganisms are of vital importance in digestion, there is no evi-
dence that millipedes possess a permanent symbiotic microflora similar to
that of termites. This review will demonstrate, however, that there are sym-
biotic interactions between microorganisms and millipedes. To prove this
it is necessary to not only demonstrate the specificity of the gut microbes
but also show their functional importance for the host as it is was shown
for termites.

The basic context for this discussion is that the gut of millipedes pro-
vides an ideal environment for microorganisms. The lumen is protected
from the vagaries of the outside environment, is permanently moist, is
buffered to fairly constant pH and redox potential, and its contents are
mixed thoroughly by muscular action (Bignell 1984).

A wide range of microorganisms has been isolated by the dilution plate
method from the gut of millipedes. The taxonomic composition of bacteria
and yeasts inhabiting the millipede guts are shown in Tables 4.1 and 4.2.
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4.5.1
Bacteria

Most studies of the bacterial diversity in the intestinal tracts of millipedes
were made using the dilution plate method. In most cases, the identification
ofisolates was performed using phenotypic characteristics, morphological,
physiological and biochemical features.

The number of aerobic, culturable bacteria was found by Ineson and
Anderson (1985) to be 2.8 x 10° CFU/g dry weight in the whole gut of the
diplopod Glomeris marginata. The ratio of viable bacterial counts to di-
rect counts was lower in litter than in the gut and faeces of this diplopod,
suggesting that the gut environment enhanced bacterial growth and via-
bility (Anderson and Bignell 1980). In Pachyiulus flavipes, the total CFU
counts of bacteria were found to be 1.0-7.8 x 108 CFU/g dry weight (Byzov
etal. 1993c; Tret’yakova et al. 1996) with increasing counts from the foregut
to the midgut, and to the hindgut, 0.15, 1.94 and 2.7 x 10%, respectively
(Tret’yakova et al. 1996). Lower bacterial counts have been recorded in the
guts of the diplopods Chromatoiulus rossicus and Glomeris connexa, from
1.0 x 10° to 2.1x 107 and from 8.0 x 10° to 2.7 x 10’ CFU/g dry weight, re-
spectively. The numbers of bacteria were quite similar in the midgut and
hindgut. The numbers of bacteria isolated from the peritrophic membrane
of G. connexa were similar to those for gut tissue, about 10’ CFU/g dry
membrane (Byzov et al. 1996a).

Most of bacterial strains isolated from the millipede guts and the gut
contents belong to the gamma subclass of Proteobacteria and the phylum
Actinobacteria, class Actinobacteria. The dominantbacteria found by many
authors inhabiting the guts belong to facultative anaerobic bacteria of the
family Enterobacteriaceae, genera Klebsiella, Enterobacter, Plesiomonas,
Salmonella, Erwinia, Escherichia, and of the family Vibrionaceae, genus
Vibrio (Table 4.1). It has been shown these two families of bacteria pre-
dominate on the washed intestinal walls of Glomeris connexa, Leptoiulus
polonicus and Pachyiulus flavipes. They occupied all the gut parts but were
most numerous in the hindgut. Their numbers ranged from 1.0 x 10° to
2.7x107 CFU/g dry gut weight; they represented 50-80% of all isolates.
These bacteria were consistently isolated during several months of labo-
ratory rearing of the animals; they were not isolated from the food (leaf
litter); their populations remained relatively stable in the starving animal.
These can be indirect evidence for their intestinal origin (Byzov et al. 1996a;
Tret'yakova et al. 1996).

The second numerous group of bacteria, inhabiting the guts, is Actino-
bacteria. Among them were found representatives of the families Promicro-
monosporaceae, Cellulomonadaceae and Streptomycetaceae with Promi-
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cromonoposra-Oerskovia group - nocardioform actinomycetes and Strep-
tomyces predominated (Table 4.1).

Szabé and his group first isolated nocardioform actinomycetes from
millipede guts (Dzingov et al. 1982; Szabé et al. 1983). The first species,
the strain of which was isolated from the gut and faeces of Chromatoiulus
projectus and formed large populations in the hindgut,was described as
Promicromonospora enterophila (Jager et al. 1983). It was considered a true
intestinal associate because it disappeared quickly from fresh excrement as
itaged (Mdrialigeti et al. 1985). Promicromonospora-type bacteria were also
found in the gut, the gut contents and fresh faeces of Chromatoiulus rossicus,
Leptoiulus proximus, Cylindroiulus luridus, C. boleti, Unciger foetidus and
Pachyiulus flavipes (Table 4.1). Another nocardioform monospore actino-
mycete has been isolated from the gut and faeces of Glomeris hexasticha.
It was supposed that it represented an intermediate taxon between the
genera Oerskovia and Promicromonospora. This indigenous intestinal mi-
crobe was completely absent from, or occurred sporadically, in the soil or
litter of its host animal’s feeding habitat. They do not multiply in soils in
the presence of complex natural microflora. These data corroborated the
conclusion of Anderson and Bignell (1980) that the specific gut symbionts
do not proliferate in millipede faeces. This can be considered as indirect
evidence of symbiotic origin of the gut actinomycetes. Direct evidence of
the intestinal origin of nocardioforms can be drawn from the finding that
these actinomycetes were isolated from the washed intestinal walls (Byzov
et al. 1993¢; Tret’yakova et al. 1996). It was concluded that nocardioform
gut populations of different millipede species might belong not only to
different species but also to various genera of actinomycetes (Chu et al.
1987).

Various streptomycete species have been isolated from both millipede
gut walls and gut contents (Table 4.1). They were also found on the per-
itrophic membrane in the midgut (Byzov et al. 1993c; Nguyen Duc et al.
1996; Tret’yakova et al. 1996). The presence of actinomycete mycelium (less
than 1 pm in diameter) on the intestinal wall in the hindgut of Pachyiulus
flavipes, revealed by scanning electron microscopy (Byzov et al. 1993c),
could be considered evidence that this actinomycetes belong to true in-
testinal microbiota. Numbers of streptomycetes reached 10> CFU/g gut tis-
sue. Different species of Micromonospora, Actinomadura and Streptospo-
rangium were also isolated, of which the numbers were less than 10* CFU/g.
However, it was difficult to evaluate the real density of actinomycetes be-
cause of the limitation to count mycelial spore forming organisms by the
dilution plate method (Byzov et al. 1993¢; Nguyen Duc TL et al. 1996).

A strain of Bacillus brevis, which produced antifungal metabolites, was
isolated from the millipede Glomeris sp. (Gebhard et al. 2002), but there
was weak evidence than this was an endosymbiont.
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Free methanogenic bacteria and ciliates (Nyctotherus type) with intra-
cellular endosymbiotic methanogens have been detected microscopically
by their characteristic autofluorescence in the hindguts of the tropical
diplopods Chicobolus sp., Orthoporus sp., Rhapidostreptus virgator and two
unidentified species. The ciliates carried > 4000 methanogens per ciliate
cell. Methanogens were also found in their cysts. Unlike other arthropods,
in which the methanogens were found in the hindgut pouch, the millipedes
do not have such a pouch. The estimation of global methane production,
based on laboratory measurements, shows that several species of millipedes
(with and without intestinal protists) contribute a significant quantity of
methane compared to that emitted by other arthropods. However, some
species of diplopods did not emit methane, probably due to a secondary
loss of the methanogens (Hackstein and Stumm 1994).

Among the bacterial isolates those with cellulase activity were not found
with the exception of the study by Taylor (1982). Therefore, it is unlikely
that millipedes possess cellulolytic symbionts as the termites and other
insects.

4.5.2
Fungi

Trichomycetes (Zygomycota) are obligate symbionts that live in the diges-
tive tract of various arthropods, including Diplopoda (White et al. 2000).
The relationships of Trichomycetes to their hosts is generally commensalis-
tic or pathogenesis, and, in some cases, mutualistic, depending on develop-
mental and environmental conditions (Lichtwardt 1996). The Hindguts of
many species of millipedes (Diplopoda) throughout the world are hosts to
Enterobryus (Eccrinales) (Lichtwardt 1996), the first genus of Trichomycetes
to be named. Alencar et al. (2003) reported one species of Enterobryus that
is probably new, which was found in a small spirobolid millipede. The
feature that makes this eccrinid unusual is the presence of extremely long
holdfasts in mature thalli revealed by phase contrast microscopy of the
hindgut. Holdfasts attach thalli to the hindgut cuticle, and are extruded
through pores in the wall at the base of the thalli.

Most of yeast strains isolated from the millipede guts and the gut con-
tents are ascomycetous. In Pachyiulus flavipes, the predominating species
were Debaryomyces hansenii, Torulaspora delbrueckii, Zygowilliopsis cali-
fornicus (=Williopsis californica) and Pichia membranaefaciens. Byzov et
al. (1993a) determined counts up to 10° CFU/g in the hindgut, and less than
10° CFU/g in the midgut (Table 4.2). These yeasts proved to be obligate gut
associates of millipedes. The yeasts dominated in the gut were not found
in the animal food but survived gut passage. They are consistently present
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in the gut of the diplopods reared under different external conditions such
as long-term starvation, feeding of sterile substrates and artificial “winter-
ing” of animals maintaining their composition and numbers at a relatively
steady state. The fact that regardless of food quality and feeding regimens
the composition of gut yeasts remained constant can be considered as indi-
rect evidence of a very close association with the host organism (Byzov et
al. 1993a,b). The gut yeasts are characterized by a fermentative metabolism
and have a very narrow assimilation spectrum (Vu Nguyen Thanh 1993).
These facts correspond to facultative anaerobic conditions (Bignell 1984)
and high concentrations of glucose (Byzov 2003) in the hindgut of milli-
pedes. Jarosz and Kania (2000) isolated yeast-like fungi and moulds from
the gut content of Ommatoiulus sabulosus occurred at low population den-
sities but species were not identified.

4.6
Functions of the Intestinal Microbiota

Functional importance of gut microorganisms for soil millipedes has not
been generally investigated. There is indirect evidence that microbial asso-
ciates participate in the digestion and can provide the animals with food.
They can act as pathogenic agents or cause the colonization resistance.
There is an indication that gut microbes produce methane (Table 4.3).

4.6.1
Digestive Functions of Gut Microorganisms

It was found that the efficiency of *C-cellulose breakdown and the assim-
ilation by the desert millipedes Orthoporus ornatus and Comanchelus sp.
were reduced if antibiotics are incorporated into the food. It was concluded
that the millipede-bacterium association was mutualistic that enables mil-
lipedes to utilize otherwise unavailable plant polymers (Taylor 1982).

An invitro study has demonstrated that gut actinobacteria isolated from
the hindgut of the millipede Pachyiulus flavipes (coryneforms and strepto-
mycetes) may kill and digest living yeast cells of Debaryomyces hansenii -
one of the predominating gut species. It appears that this kind of symbiotic
digestion may be important for the millipede (Byzov et al. 1993b). Similar
antagonistic role of actinomycetes in the digestion of microorganisms was
shown for soil feeding termites (Bignell et al. 1983).

In the hindgut of P. flavipes, unicellular bacteria and actinomycetes hy-
phae were found on the remnants of the peritrophic membrane, indicating
that decomposition of this chitinous material takes place (Byzov et al. 1993b,
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Table4.3. Microbial associates and their possible functions in the digestive tract of millipedes

Microorganisms/
microhabitat

Unidentified

bacteria/midgut, hindgut

Klebsiella pneumonia,

unidentified
bacteria/faeces

Actinomycetes/hindgut

Actinomycetes/hindgut

Oerskovia-

Promicromonospora-

Nocardioforms
(OPNs)/hindgut

Yeasts of

DTZ-group/hindgut

Bacillus cereus/hindgut

Streptomyces
chrysomalus,

S. candidus/hindgut;
Streptomyces fluorescens,

S. xanthoacidi-
cus/peritrophic
membrane

Enterobacter

agglomerans, Escherichia
coli, Klebsiella sp./gut

content

Bacillus brevis/hindgut

Candida

guilliermondii/hindgut

Function

Digestion: cellulose

and hemicellulose,

and pectin degradation

Digestion: acetate
as sole C-source

Digestion: destruction
of peritrophic membrane

Digestion: yeast-lysing

activity

Food for the host:
digestion of the
gut OPNs

Food for the host:
digestion of
symbiotic yeasts

Antagonistic interaction:
heightened antibiotic

activity against

Promicromonospora

enterophila

Resistance to

colonization: heightened

Antibiotic activity

against Gram-positive

bacteria and yeasts

Resistance to
colonization: rapid
colonization and
overgrowth

Resistance to

colonization: production
of antifungal antibiotic

bacillomycin D
Pathogenic agent:
overgrowth

the whole gut

Host

Orthoporus
ornatus,
Comanchelus sp.

Glomeris
marginata

Pachyiulus
flavipes
Pachyiulus
flavipes
Chromatoiulus
projectus

Pachyiulus
flavipes

Cylindroiulus
boleti

Pachyiulus
flavipes

Ommatoiulus
sabulosus

Glomeris sp.

Glomeris
connexa

Reference

Taylor (1982)

Ineson and
Anderson (1985)

Byzov et al.
(1993¢)

Byzov et al.
(1993b)

Szabd et al.
(1985)

Byzov et al.
(1993b)

Contreras (1985)

Nguyen Duc TL
et al. (1996)

Jarosz and Kania
(2000)

Gebhard et al.
(2002)

Byzov et al.
(1993b)
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Table 4.3. (continued)

Microorganisms/
microhabitat

Unidentified
yeasts/whole gut

Klebsiella pneumonia,
unidentified
bacteria/faeces

Yeasts: Debaryomyces
hansenii, Zygowilliopsis
californicus, Torulaspora
delbrueckii (DTZ group),
Candida guilliermondii,
Kloekera apis,
Trichosporon cutaneum,
T. pullulans, Geothrichum
candidum/midgut,
hindgut
Methanogens/hindgut

Free methanogenic
bacteria/hindgut; ciliates
with intracellular
methanogens/hindgut

Not determined

Free methanogenic
bacteria/hindgut

No methanogens

Function

Pathogenic agent:
overgrowth
the whole gut

Detoxification of
nitrogenous wastes:
urease and uricase
activities in vitro
Detoxification of
nitrogenous wastes:
utilization of the waste
end product uric acid as
the sole N-source

CH,4 and H; production

H;,production

B. A. Byzov

Host Reference

Leptoiulus Byzov et al.

polonicus, (1993b)

Megaphyllum

projectum

Glomeris Ineson and

marginata Anderson (1985)

Pachyiulus Byzov et al.

flavipes (1993b)

Chicobolus sp. Hackstein and
Stumm (1994)

Orthoporus sp.,

Rhapidostreptus

virgator; two un-
identified species
Pycnotropis
acuticollis

two unidentified
species

Glomeris sp.

1996a). This may imply re-utilization of nitrogen-containing substrates and
nitrogen balance in millipedes.

Another possible mechanism of nitrogen balance could be the utilization
of the end products urea and uric acid by gut microorganisms. It has been
demonstrated that bacteria isolated from the faeces of Glomeris marginata
possessed urease and uricase that was less frequent for litter isolates (Ineson
and Anderson 1985). The yeasts isolated from P. flavipes were able to grow
on uric acid as a sole source of nitrogen (Byzov et al. 1993b). The urea and
the uric acid are toxic and their detoxification must be important for the

animals.



4 Intestinal Microbiota of Millipedes 107

4.6.2
Intestinal Microbiota as a Food for Millipedes

Gut microbes can provide food for the host. It was hypothesized by Sz-
abd et al. (1985) that the millipede Chromatoiulus projectus could utilize
the cell materials of Oerskovia-Promicromonospora-Nocardioforms. It was
found that the yeasts Debaryomyces hansenii, Torulaspora delbrueckii, Zy-
gowilliopsis californicus that live in the hindgut of the millipede Pachyiulus
flavipes did not occur in its food, but could be isolated at lower densities
from the midgut. On the other hand, these microorganisms were sensitive
to the digestive fluid of the host. This may indicate the yeast cells are trans-
ported to the digestive region of the gut by antiperistaltic movement and
lysed there. Such an endogenous feeding might be important in starving
animals (Byzov et al. 1993b).

It has been calculated that gut microorganisms might provide the mil-
lipedes with essential amino acids whose concentrations are low in plant
litter (Pokarzhevskii et al. 1984).

Gut microorganisms may apparently directly supply the host with nutri-
tive substrates. The hypothesis follows from the fact that *C-labelled yeasts
Debaryomyces hansenii lost up to 80% of *C within 30 min incubation in
the midgut fluid without loosing their viability (Byzov 2003).

These are mutualistic interactions when the host organism provides
microorganisms with favourable place of residence, namely the hindgut.
The hindgut of millipedes is a natural fermenter. The Malphigian tubules
excrete mineral compounds, urea and uric acid that are transported into
the hindgut space (Bignell 1984). Carbohydrates are also transported there
as part of the food. Thus, there are all the essential nutrients in the hindgut
to promote microbial growth.

4.6.3
Resistance to Colonization

One of the important functions of the intestinal microbiota is to protect
the intestine from colonization by external microorganisms. Nguyen Duc
TL et al. (1996) have found that actinomycetes isolated from the hindgut
of Pachyiulus flavipes showed in vitro considerable higher antibiotic activ-
ity against bacteria as compared to litter isolates. Bacteria, isolated from
the animal guts, were more sensitive than those isolated from litter. More-
over, Gram-positive bacteria were more sensitive than Gram-negative. It
was concluded that the heightened antagonistic activity makes the actino-
mycetes more competitive with other Gram-positive bacteria. At the same
time, they do not compete with Gram-negative bacteria that predominate in
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the community. Similar results were obtained by Szabé (1974) who found
that actinomycetes isolated from larval Bibionidae (Diptera) were more
competitive with each other than with other gut bacteria.

The bacterium Bacillus brevis has been isolated from the hindgut of the
millipede Glomeris sp.The culture filtrate extract of the bacterium exhib-
ited strong antifungal activity (against standard strains for testing Sac-
charomyces cerevisiae, Botrytis cinerea and Cladosporium cucumerinum).
The activity was explained by the presence of a member of the lipopeptide
antibiotic of the iturin group. It was identified as bacillomycin D. It was
also shown that this bacterial strain produced the lipopeptide antibiotics
fengycin and surfactin (Gebhardt et al. 2002). These phenomena, however,
were not demonstrated in vivo.

Jarosz and Kania (2000) have pointed out that the specific composition
of bacterial flora in the millipede intestines cannot be explained simply by
antibiotic inhibition of contaminating microflora. They have shown that
the predominant types of gut enterobacteria of Ommatoiulus sabulosus
were unable to produce in vitro any bacteriolytic activity of lysozyme-like
enzymes, bacteriocins or other antimicrobial molecules. The lack of micro-
bial contaminators could rather result from the unfavourable biochemical
niche in the midgut enzymes and little or no competition for the enteric
bacteria group predominant in the millipede alimentary tract. The rapid
colonization and overgrowth of the intestines eliminate bacteria, yeasts and
moulds ingested with food. Killing action of the midgut fluid against litter
microorganisms was found earlier (Byzov et al. 1993b, 1998a)

4.6.4
Intestinal Microbiota as a Pathogenic Agent

These balanced interactions between the host and its intestinal microbiota
can change into a pathogenic state if the natural protective ability of the
midgut is disturbed. It can happen if unnaturally high amounts of gut mi-
croorganisms are introduced, following removal of natural microbiota. In
the feeding experiment it was shown that the yeasts Candida guilliermondii,
which normally inhabit the hindgut of diplopods Glomeris connexa, can
cause the disease when their natural density is increased 100 times. To be
killed by yeasts, a total colonization of the midgut epithelium is neces-
sary. This can happen naturally during the long-term rearing of diplopods
under laboratory conditions (Byzov et al. 1993b). The mechanism of the
effect is unknown but it could be metabolic (yeast toxins, heightened CO,
production due to yeast growth) and trophic (competition for nutrition,
vitamins).
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4.7
Digestion of Microorganisms by Millipedes

It is well known that soil millipedes not only regulate the numbers of
microorganisms but they also modify microbial communities by eliminat-
ing some and enabling the growth of others (Anderson and Bignell 1980;
Ineson and Anderson 1985, among others). The mechanism of such a se-
lection is not fully understood; however, it is believed that the first barrier
for those microorganisms that enter the gut is the killing activity of the
midgut environment.

4.7.1
Killing Activity of the Midgut Fluid

The digestive midgut fluid of the millipede Pachyiulus flavipes has been
shown to exhibit a selective biocidal killing activity against a variety of
microorganisms: bacteria, actinomycetes, yeasts and filamentous fungi
(Thanh et al. 1994). Assays using a range of microorganisms found their
sensitivities to the fluid to be species and strain dependent. The effects
ranged from those sensitive to resistant ones with the isolates of the milli-
pede guts being the most resistant (Thanh et al. 1994; Byzov and Rabinovich
1997; Byzov et al. 1998a,b). The digestive fluid has also been found to kill
some soil invertebrates, e.g. nematodes, enchytraeids, ants (B. Byzov, un-
publ. data). A similar type of activity has been found in the digestive fluid
of two other millipedes, Rossiulus kessleri and Megaphyllum rossicum (By-
zov 2003). The killing activity was not found in the hindgut water extract
(Byzov et al. 1996b).

4.7.2
Killing Effect

Those microorganisms that were found to be sensitive to the digestion were
killed after only 1-2 min of incubation in the fluid. The longer incubation
of the killed cells resulted in a subsequent total destruction of the cells.
The effects were similar to both sterile filtered digestive fluid and with fluid
obtained from the animals fed on sterile cellulose or cellulose enriched with
streptomycin, thus pointing to an animal rather than a bacterial origin of
the effect. The rapid death of the sensitive yeast Saccharomyces cerevisiae
was accompanied by an immediate destruction of vacuoles, nuclei and
membranes; however, the cell walls of the majority of the cells remained
intact within 1-3 h of incubation (Byzov et al. 1998b).
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473
Properties of the Killing Compound(s)

Byzov and Rabinovich (1997) separated the biocidal compounds from the
native digestive fluid by a combination of chloroform-methanol extraction
and LH-20 Sephadex chromatography. The concentration of the biocidal
compounds was about 15mg/ml. The biocidal activity was found to be
associated with the non-protein fraction. The biocidal compounds can be
dissolved in water, 50%-methanol and chloroform; they are thermostable
(98°C, 10 min), and act effectively down to a sixfold dilution of the native
fluid.

Some purified biocidal fractions were water surface active. A decrease
of surface tension of water from 72 to 42 mN/m caused by 1:100 or less
diluted fraction is characteristic of a moderate surfactant. Elucidation of
molecular structure of the killing compounds in the millipede Pachyiulus
flavipes by mass spectrometry has revealed the presence of saturated fatty
acids with different chain lengths carryinga hydrophilic group in the omega
position. The preliminary structural and computer analysis showed that
these compounds are not yet registered in the American Chemical Society
Database, which documents all known chemical structures (Golyshin et al.,
unpubl. data).

4.7.4
Induced Autolysis

The killing compounds found in the digestive fluid of soil millipedes seem
to play an important role in the digestive process in the animals. The
microbiolytic activity of the midgut fluid most likely relates to its protein
fraction. However, neither the protein nor the biocidal fractions caused the
destruction of the cells, when applied separately. Complete destruction of
the cells was only observed when a mixture of the two fractions or the native
fluid was applied. The digestion process apparently involves two steps:
microbial cells are initially killed by the non-protein substances and then
hydrolysed by both midgut hydrolytic enzymes and autolytic enzymes of
the microbial prey. Induced autolysis is suggested to play an important role
in the digestion of microorganisms by the millipede (Byzov et al. 1998a,b).

4.7.5
Assimilation of Microorganisms

Wolters and Ekschmitt (1997) observed that the assimilation efficiency of
microorganisms by millipedes is high and exceeds that of plant material
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(which is generally < 20%). In feeding experiments with *C-labelled mi-
crobes, it was shown that in Glomeris marginata the assimilation efficiency
reached 96.9% for Erwinia herbicola, 93.2% for Pseudomonas syringae,
82,6% for Bacillus subtilis, 72.2% for Escherichia coli and 73.5% for Mucor
hiemalis (Bignell 1989). In Pachyiulus flavipes, it was 73% for Rhodotorula
graminis, 80% for Trichosporon pullulans, 82% for Debaryomyces hansenii,
60% for hyphae of Streptomyces pseudogriseolus and 40% for S. californicus
(Byzov et al. 1998).

4.8
Conclusions

Since the pioneer works in the 1980s, the intestinal microorganisms of soil
millipedes have been mostly studied by routine isolation techniques and
microscopy. Nevertheless, many interesting discoveries have been made.
Almost 30 species of diplopods have been studied, most of which be-
longed to the family Julidae. A diverse microbiota has been found in the
gut comprising facultative anaerobic enterobacteria, actinomycetes, no-
cardioforms, yeasts and fungi. It could be concluded that the intestinal
microbiota of different diplopods has common features on generic and
higher levels, but there is a high microbial diversity at the species level.
A number of studies are indicative of intimate associations between mi-
croorganisms and the millipede gut. The most important are those that
demonstrate possible functions of gut microbiota. Among them digestive
activity, maintaining microbial community at steady state, in vivo produc-
tion of methane. The discovery of killing mechanism can partially explain
how diplopod digestive system is organized. It is most likely that these
animals do not possess symbiotic microorganisms, capable of digesting
lignocelluloses, as is the case in wood-feeding termites and other insects. It
is believed that they feed on microorganisms and use microbial enzymes to
digest recalcitrant molecules. Such a mechanism was suggested for isopods
and soil-feeding termites and probably exists in other soil invertebrates,
e.g. earthworms. Gut microbes are also important as the source of essential
amino acids.

Fortunately, there are many starting points to continue more either
detailed or extensive researches in the field of microbial-millipede interac-
tions. Modern methods of isolation and identification of microorganisms
and in situ studies open promising perspectives for enthusiasts to discover
new symbiotic microorganisms and describe their ecological functions.
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Intestinal Microbiota of Terrestrial Isopods
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5.1
Introduction

Isopods are a cosmopolitan group of crustaceans, which inhabit marine
environments ranging from deep-sea to intertidal areas, surface and un-
derground freshwaters and terrestrial environments from high humidity to
dry habitats, including deserts. More than one third of the described isopo-
dan species (approximately 9000) belong to the terrestrial Oniscidea or
woodlice (slaters, sowbugs and pillbugs; Schamlfuss 2003). The phylogeny
and systematics of Oniscidea were analysed and presented by several au-
thors (Schmalfuss 1989; Erhard 1998; Tabacaru and Danielopol 1999). In
general, Oniscidea are assigned to five sections, namely Diplocheta, Tylida,
Microcheta, Synocheta and Crinocheta, with 33 families altogether (Erhard
1998). Amphibious species of the family Ligiidae (slaters) and members of
Mesoniscidae represent only approximately 50 of the described species, the
rest belonging to the higher oniscideans, mostly to troglobiontic Synocheta
and “truly terrestrial” Crinocheta.

Terrestrial isopods are effective herbivorous scavengers feeding predom-
inantly on decayed plant material, fungi and algae, thus participating in
decomposition and cycling of energy and organic matter in the terrestrial
environments (Hopkin 1991; Zimmer and Topp 1997). Due to their signif-
icant ecological role and their ability to survive in polluted environments,
a substantial amount of research was focused on these organisms, and as
a result a comprehensive knowledge accumulated on their biology. Species
like Porcellio scaber and Oniscus asellus, for example, are among the most
studied organisms in terrestrial ecophysiology and ecotoxicology (Hop-
kin 1989; Drobne 1997). Terrestrial isopods have diverse feeding strategies
including coprophagy and occasional cannibalism. The nutritional impor-
tance and significance of coprophagy in the field was not demonstrated
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(Carefoot 1993; Slavecz and Maiorana 1998). However, there is some evi-
dence supporting the importance of coprophagy for development of juve-
niles (Wieser 1966; Hassall and Rushton 1984).

The food consumption of terrestrial isopods varies according to species
(Warburg 1987) and is approximately 0.4 mg dry food per mg dry wt. of
animal per day (own observ.). Food assimilation efficiency is between 30
and 50% in P. scaber (Nair et al. 1994; Drobne and Hopkin 1995). Food
can remain in the gut for 4-17h (Hartenstein 1964) and is digested and
absorbed in a 24 h digestive cycle (Hames and Hopkin 1991). When the
feeding rate is lower, food remains in the gut for a longer time. Animals
produce 10—35 faecal pellets per day and one pellet is about 1.5 4= 0.2 mm
long. About five to seven pellets fill the entire gut. Daily faecal production
is independent of the animal’s size (own observ.).

The role of isopods as decomposers in terrestrial environments is mainly
indirect. They promote microbial activity by fragmentation of the substrate,
by increasing the number of some of the ingested microbes in their gut and
the distribution of microorganisms in the terrestrial ecosystem (Hanlon
1981a; Hassall et al. 1987; Neuhauser and Hartenstein 1978; Gunnarsson
et al. 1988; van Wensem et al. 1993). At the same time, isopods utilise
the ingested microorganisms as a source of nutrients, enzymes and vita-
mins (Neuhauser et al. 1974; Hassall and Jennings 1975; Neuhauser and
Hartenstein 1976; Kozlovskaja and Striganova 1977; Kaplan and Harten-
stein 1978; Carefoot 1984; Gunnarsson and Tunlid 1986; Kukor and Martin
1986; Ullrich et al. 1991).

5.2
Structure and Function of the Digestive System

The oniscidean digestive system has been extensively studied and well
described in both slaters and sowbugs (Hames and Hopkin 1989; Strus
et al.1995). The tripartite digestive system of terrestrial isopods (Fig. 5.1)
consists of a foregut comprising oesophagus and stomach (proventriculus),
amidgut presented mainly by tubular midgut glands (hepatopancreas) and
ahindgut. The latter consists of two anatomically and functionally different
parts; an anterior chamber and a papillate region with rectum, which are
innervated by separate nerves (Molnar et al. 1998).

Frequent moulting is an important characteristic of juvenile and adult
oniscideans and is related to growth, renewal of the cuticle and reproduc-
tion in mature females. Adult sowbugs and pillbugs moult once monthly,
slaters twice monthly. The cuticles of the foregut and hindgut are com-
pletely renewed during exuviation (Strus and Blejec 2001). In contrast to
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Fig.5.1. Anatomy of the digestive system of Porcellio scaber. a Dorsal view of stomach (S),
midgut glands (MG) and hindgut consisting of anterior chamber (AC) with typhlosole (T),
papillate region (P) and rectum (R). b Ventral view of anterior chamber of the hindgut (AC)
and the midgut glands (MG) connected to the stomach (S). Scale bar 5 mm

all other crustaceans, terrestrial isopods consume their old cuticle (external
and gut) soon after exuviation.

The food is ground and taken up by mouthparts. Fragments of food
pass via the oesophagus through the stomach where they are processed
mechanically before passing into the anterior chamber of the hindgut.
During this process the food is mixed with a secretion derived from the
hepatopancreas. The anterior chamber of the hindgut has a pair of ty-
phlosole channels on the dorsal part. When the hindgut is filled with food,
contraction of the muscles surrounding the gut forces liquids and fine food
particles back into the stomach via the typhlosole channels. This material
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is filtered in the stomach and passed into the lumen of the hepatopancreas
where the absorption of nutrients takes place (Hames and Hopkin 1989).
The absorption of food in the hindgut is limited due to the cuticular lining.
However, some absorption of nutrients was reported in the anterior cham-
ber of the hindgut (Hryniewiecka-Szyfter and Storch 1986). Water and ions
are absorbed in the papillate region and undigested food is passed into
the rectum (Hames and Hopkin 1989). Dry faecal pellets are formed in the
rectum and excreted through the anus.

Data on physicochemical conditions in the gut of woodlice were reviewed
by Zimmer (2002). The pH levels in the digestive system vary from acidic
in the midgut glands and anterior chamber of the hindgut to slightly acidic
in the posterior part (reviewed in Zimmer 2002), which should be in accor-
dance with conditions suitable for enzymatic degradation of litter in the
anterior chamber and bacterial proliferation in the papillate region. The
presence of Na*/K*-ATPases, known to regulate pH in the invertebrate gut
(Dow 1992), was demonstrated in the apical part of the epithelial cells in
the hindgut of P. scaber (Warburg and Rosenberg 1989; Strus et al. 2002),
although direct measurements of pH in the isopod gut were not performed
in these studies.

The presence of an anaerobic zone in the radial centre of the hindgut,
as a result of the oxygen-consuming metabolism of the ingested facultative
anaerobes, was suggested by Zimmer (2002). However, the large surface to
volume ratio of the gut, its tube-like anatomy, the presence of air pockets in
ingested food (Hames and Hopkin 1989) and the redox potential between
+50 mV and +10 mV (Hartenstein 1964) indicate the prevalence of aerobic
conditions in the gut, but anaerobic microhabitats cannot be excluded
(Savage 1978).

In terrestrial isopods digestive juices are produced in the midgut glands
and possibly also in the short endodermal part of the midgut in amphibi-
ous species (Strus et al. 1995). The midgut glands are the central metabolic
organs with absorptive, secretive, storage and excretive functions. The en-
zymatic composition of digestive juices produced in digestive glands was
reviewed by Zimmer (2002). Possible existence of endogenous cellulases
was not studied in isopods. They were described in nematodes (Yan et al.
1998), termites (Watanabe et al. 1998) and crayfish (Byrne et al. 1999; Xue
et al. 1999). It is assumed that microbial enzymes ingested with food (Ko-
zlovskaja and Striganova 1977, Kukor and Martin 1986; Ullrich et al. 1991)
or produced by endosymbiotic bacteria in the midgut glands (Zimmer and
Topp 1998a, b) are utilised for decomposition of ingested lignocellulose.
Since the origin of cellulases and the role of microbiota in the digestive
system of terrestrial isopods were not proved indisputably, mainly due to
the shortcomings of the methods applied, this still remains to be eluci-
dated.
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5.3
The Microbiota of the Digestive System

Asin other arthropods, the foregut of terrestrial isopods is generally poorly
inhabited by microorganisms, while rich and varied flora is present in the
tube-like hindgut, especially in its posterior part (Bignell 1984; Drobne
1995; Kostanjsek et al. 2003). According to Zimmer and Topp (1998b), the
total number of gut microbiota vary from 300 to 700 million cells/mg of
gut content, among which only 0.01 to 1% are cultivable (Reyes and Tiedje
1976a; Coughtrey et al. 1980; Carefoot et al. 1984; Griffiths and Wood 1985;
Zimmer and Topp 1998b; Drobne et al. 2002).

Since terrestrial isopods prefer to feed on food colonised by microor-
ganisms (Soma and Saito 1983; Gunnarsson 1987; Zimmer et al. 1996)
and lack the gut compartments in which abundant resident microflora
would develop, their gut microbiota consists mainly of ingested microbes
(Hassall and Jennings 1975; Reyes and Tiedje 1976a; Ineson and Anderson
1985). However, the presence of resident bacteria has been suggested in
the hindgut (Kostanjsek et al. 2002, 2003) and midgut glands (Wood and
Griffiths 1988; Zimmer 2002). Part of the ingested microbiota, mainly fungi
and Gram negative bacteria, are digested during passage through the di-
gestive system (Reyes and Tiedje 1976b; Coughtrey et al. 1980; Hanlon and
Anderson 1980; Hanlon 1981b; Gunnarsson and Tunlid 1986; Clegg et al.
1994, 1996; Kayang et al. 1994; Zimmer and Topp 1998b; Kostanjsek 2002).
Some of the undigested bacteria seem to be passive transients through the
gut (Mdrialigeti et al. 1984). The others, mainly Gram positive bacteria,
can proliferate in the hindgut and subsequently in faeces (summarised in
Table 5.1) (Reyes and Tiedje 1976a; Coughtrey et al. 1980; Hanlon and An-
dreson 1980; Ineson and Anderson 1980; Hassall et al. 1987; Hanlon 1981b;
Gunnarsson and Tunlid 1986; Kayang et al. 1994).

5.3.1
Bacteria in the Gut

Although it has been assumed that bacteria in the gut consist mainly of
ingested bacteria, it would appear likely that isopods possess and exploit
resident gut bacteria in digestion, like other lignocellulose-feeding animals.
Due to the gut anatomy, frequent renewal of the gut cuticle and short re-
tention time of food, the gut of terrestrial isopods seems at the first glance
arather unsuitable environment for the development of resident microbiota
(Hassall and Jennings 1975). However, reports based on traditional micro-
biological techniques (Reyes and Tiedje 1976a; Griffiths and Wood 1985;
Ineson and Anderson 1985; Gunnarsson and Tunlid 1986; Hassall et al. 1987;
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Table 5.1. Bacterial taxa from the digestive system of terrestrial isopods

Bacterial taxa

Aeromonas sp.
Acinetobacter calcoaceticus
Arthrobacter sp.
Azotobacter agilis

Bacillus sp.

Bacillus cereus

Bacteroides sp.
Chrmombacterium violaceum

Citrobacter freundii

Corynebacteriaceae

Corynebacterium sp.

Cytophaga sp.

Desulphotomaculum ruminis

Enterobacteriaceae

Enterobacter agglomerans

Enterobacter intermedium
Enterocococcus faecium
Enterococcus sp.

Flavobacterium sp.

Klebsiella pneumoniae

Micrococcaceae
Mollicutes

Mycobacteriaceae
Neisseria sp.
Paracoccus sp.

Plesiomonas

G MG F Isopod

+ 4+ 4+ + o+ o+

+ + +

+

+ + +

+

+ +

+

Porcellio scaber
Oniscus asellus
Oniscus asellus
Oniscus asellus
Porcellio scaber
Porcellio scaber
Porcellio scaber
Porcellio scaber
Oniscus asellus
Oniscus asellus
Porcellio scaber
Oniscus asellus

Oniscus asellus

Oniscus asellus
Porcellio scaber

Armadillidium
vulgare
Porcellio scaber

Oniscus asellus
Oniscus asellus
Porcellio scaber
Porcellio scaber
Porcellio scaber
Porcellio scaber

Tracheoniscus
rathkei
Oniscus asellus

Porcellio scaber
Oniscus asellus

Porcellio scaber

Oniscus asellus
Porcellio scaber
Porcellio scaber

Oniscus asellus

References

Ullrich et al. (1993)
Ullrich et al. (1991)
Ullrich et al. (1991)
Beerstecher et al. (1954)
Kostanjsek et al. (2002)
Jorgensen et al. (1997)
Margulis et al. (1998)
Kostanjsek et al. (2002)
Ullrich et al. (1991)
Ullrich et al. (1993)
Ullrich et al. (1993)
Ullrich et al. (1991)

Ineson and Anderson
(1985)

Hassall et al. (1987)
Hassall et al. (1987)
Hassall et al. (1987)

Lapanje et al. (2003);
Kostanjsek et al. (2004a)

Ullrich et al. (1991)
Griffiths and Wood (1985)
Ullrich et al. (1993)
Ullrich et al. (1993)
Kostanjsek et al. (2002)
Kostanj$ek et al. (2002)
Reyes and Tidje (1976a)

Ineson and Anderson
(1985)

Ullrich et al. (1993)
Ullrich et al. (1991)

Kostanjsek (2002);
Kostanj$ek et al. (2004a)

Ullrich et al. (1991)
Kostanjsek et al. (2002)
Own observation
Griffiths and Wood (1985)
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Table 5.1. (continued)

Bacterial taxa G MG F Isopod References

Pseudomonadaceae + -+ Oniscus asellus  Ullrich et al. (1991)

Pseudomonas fluorescens + - - Oniscusasellus Griffiths and Wood (1985)

Pseudomonas sp. + - Porcellio scaber ~ Kostanjsek et al. (2002)

+ Tracheoniscus Reyes and Tidje (1976a)

rathkei
Porcellio scaber ~ Kostanjsek (2002)

Rhabdochlamydia porcellionis + Porcellio scaber  Kostanjsek et al. (2004b)

Shevanella sp. + - - Porcellio scaber Own observation

Spirilaceae - -+ Oniscusasellus  Ullrich et al. (1991)

Streptomyces humidus - =+ Protracheoniscus Mdrialigeti et al. (1984)
amoneus

Streptomyces moderatus - -+ Protracheoniscus Madrialigeti et al. (1984)
amoneus

Streptomyces nodosus - -+ Protracheoniscus Mdrialigeti et al. (1984)
amoneus

Streptomyces pluricolorescens - -+ Protracheoniscus Mdrialigeti et al. (1984)
amoneus

Streptomyces spadicis - =+ Protracheoniscus Mdrialigeti et al. (1984)
amoneus

G, gut; MG, midgut glands; F, faeces

Ullrich et al. 1991) and molecular approaches applying 16S rRNA sequence
analysis (Kostanjsek et al. 2002) indicated the possible presence of resident
bacteria in the gut of terrestrial isopods. Moreover, long rod-like bacteria
attached to the hindgut cuticle were observed in the posterior hindgut of
P. scaber (Drobne 1995; Kostanjsek et al. 2003). Phylogenetic analysis based
on 16S rRNA gene sequences grouped the latter in an independent and
deeply branched cluster within Mollicutes (Kostanjsek et al. 2004a), while
ultrastructural observations revealed a spherical attachment structure at
the tip of these bacteria. Since such structures may be required for the spe-
cificattachment of bacteria to cuticular spines of the gut surface, thus reveal-
ing high adaptation to the digestive system, the attached bacteria might rep-
resent truly autochthonous gut bacteria of P. scaber (Kostanj$ek et al. 2003).

Whereas a considerable part of resident gut bacteria colonises the gut
via food (Reyes and Tiedje 1976a; Griffiths and Wood 1985; Ineson and
Anderson 1985; Gunnarsson and Tunlid 1986; Ullrich et al. 1991), the pres-
ence of gut bacteria which cannot be detected in the soil or food (Hassall et
al. 1987; Ullrich et al. 1991; Kostanj$ek et al. 2002) indicates other possible
ways of gut colonisation. This was supported by the discovery of attached
rod-like bacteria on the newly-formed hindgut cuticle, still overlaid with
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the old, intact cuticle (Kostanjsek 2002). Coprophagy and ingestion of the
old hindgut cuticle as paths of gut recolonisation after exuviations may
therefore not be the only and most important ways. It further indicates
that rod-like bacteria somehow remain in the gut despite exuviation, en-
abling them to colonise the new gut cuticle soon after it has been formed
(Kostanjsek 2002).

Although the environmentin the hindgut of terrestrial isopods is thought
to be generally oxic, the mucopolysaccharides present in large amounts on
the surface of the gut could provide microniches for anaerobic bacteria.
Apart from slowing down the diffusion of oxygen, these biopolymers also
enable bacterial attachment (Hartenstein 1964; Savage 1978). Several un-
successful attempts to cultivate isopod gut microbes under anaerobic con-
ditions were described (Reyes and Tiedje 1976a; Ullrich et al. 1991), but the
presence of anaerobic bacteria was indirectly indicated by the detection of
mercury methylation in the gut of P. scaber (Jereb etal. 2003). Since mercury
can be biomethylated by sulfate-reducing bacteria (SRB), further work was
focused on these bacteria in the digestive system of isopods (Kostanjsek et
al. 2004a). Termites were the only arthropods in which SRBs were reported
previously (Trinkerl et al. 1990; Ohkuma and Kudo 1996).

The SRB utilise various low molecular weight acids in the presence of
sulfate and are major decomposers of organic matter in anaerobic environ-
ments (Santegoeds et al. 1998; Vester and Ingvorsen 1998). One of the side
effects of SRB metabolic pathways is the methylation of mercury, where up
to 95% of available mercury is transformed into highly toxic methyl mer-
cury (Compeau and Bartha 1984, 1985; Pak and Bartha 1998a, b). Anaer-
obic culturing techniques were used successfully to enrich SRB from the
substrate and gut samples, but not from the hepatopancreas and faeces. Ac-
cording to phylogenetic analysis based on 16S rRNA gene sequence these,
first strictly anaerobic bacteria isolated from the gut of a terrestrial isopod,
were identified as Desulfotomaculum ruminis (Lapanje et al. 2003).

Although oxygen influx from the surrounding haemolymph through
the gut epithelium keeps the peripheral ring of the hindgut oxic (Zimmer
2002), the presence of strictly anaerobic SRBs (Lapanje et al. 2003) and the
discovery of ribosomal genes from other anaerobic bacteria (Kostanjsek
et al. 2002) on the hindgut cuticle indicate anaerobic microniches in the
hindgut of terrestrial isopods (Kostanjsek et al. 2004a).

5.3.2
Fungi and Protozoa in the Gut

The concentration of fungi that can be cultivated in terrestrial isopods
varies from 10* to 10° cells/mg of gut content (Coughtrey et al. 1980;
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Fig.5.2. Microorganisms in the digestive tract of terrestrial isopods. a Binucleate protist (P)
andbacterium (B) above the hindgut cuticle (C) of Ligia italica. Scale bar 2 pm. b Spirochaeta
(S) attached to microvillus (asterisk) of midgut gland cell of Porcellio scaber. Scale bar 200 m

Zimmer and Topp 1998b). However, the fungal flora of these animals is
generally poorly known. Fungal genera observed in the isopod hindgut are
Penicillium, Trichoderma, Fusarium, Cladosporium, Aspergillus and Mucor
(Kayang et al. 1996). The symbiotic trichomycetes Asellaria armadillidii,
Parataeniella armadillidii, P. latrobi, P. dilatata, P. mercieri, P. scotonisci,
Palavascia philosciae, Eccrinoides monticolae and E. helleriae attached to
the hindgut cuticle were reported in the gut as well (Lichtwardt et al. 2001).
Although binucleate protist-like organisms were observed (Fig. 5.2) on the
cuticular gut surface in the amphibious species Ligia italica and Titanethes
albus, data on protozoa in the digestive system of isopods are scarce. How-
ever, some genera of trichomycetes described in the arthropod gut were
found to be protists rather than fungi after detailed examination (Cafaro
2003).

533
Bacteria in the Midgut Glands

The entrance of microbes from the stomach into the digestive glands is
supposed to be prevented by a system of chitinous filters (Hames and Hop-
kin 1989; Storch and Strus 1989), allowing only fluids and particles smaller
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than 40 nm to pass (Hames and Hopkin 1989). However, the presence of
bacteria in the lumen of the digestive glands was observed in Porcellio
dilatatus (Donadey and Besse 1972), O. asellus (Hopkin and Martin 1982;
Wood and Griffiths 1988; Hames and Hopkin 1989, 1991; Ullrich et al.
1991; Clegg et al. 1996), P. scaber (Wood and Griffiths 1988; Hames and
Hopkin 1989, 1991; Ullrich et al. 1991; Zimmer and Topp 1998a, b; Kostan-
jSek 2002) and L. pallasii (Zimmer et al. 2001) (Table 5.1). Ultrastructural
investigations revealed the presence of various bacterial morphotypes in
the digestive glands (Zimmer 2002). Among them rod-like hepatopancre-
atic bacteria described in P. scaber and O. asellus by Wood and Griffiths
(1988) exhibit a high morphological resemblance to the Mollicutes-related
bacteria attached to the hindgut cuticle of P. scaber (Kostanjsek 2002).
Beside, the spirochetes attached to microvilli of gland cells and in the lu-
men of midgut glands were observed in L. italica, T. albus and P. scaber
(Fig. 5.2).

In spite of abundant observations, the data on the occurrence of bacteria
in the hepatopancreas may still be ambiguous. In some cases only the occa-
sional presence of hepatopancreatic bacteria was observed in P. scaber and
0. asellus (Wood and Griffiths 1988), contrary to observations from other
authors, reporting their permanent presence and high bacterial counts in P.
scaber, O. asellus and L. pallasii (summarised in Zimmer 2002). The latter
led to the conclusion that the role of hepatopancreatic bacteria is crucial
in the decomposition of complex organic compounds in the isopod diet
(Zimmer 2002).

Our electron microscopic observations and results of the molecular de-
tection of bacterial ribosomal genes (Kostanj$ek 2002) supported the oc-
casional presence of diverse bacteria in the digestive glands. Among hep-
atopancreatic bacteria genus Pseudomonas and rod-like Mollicutes com-
monly attached to the hindgut cuticle prevailed (Kostanjsek 2002). Since
both these groups of bacteria are commonly found in the gut and are not
always present in the hepatopancreas, it would be more likely that they
occasionally invade the digestive glands from the gut, rather than being
permanent hepatopancreatic endosymbionts (Wood and Griffiths 1988;
Zimmer 2002).

5.3.4
Infections of the Digestive System

Tissues of terrestrial isopods are, like tissues of other crustaceans (Fryer
and Lannan 1994), often invaded by intracellular bacteria (Federici 1984;
Shay et al. 1985; Abd El-Aal and Holdich 1987; Bouchon et al. 1998; Drobne
et al. 1999).
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The firstobserved intracellular infection in terrestrial isopods was caused
by Rickettsiella grylli (Weiss et al. 1984a; Roux et al. 1997). The infections
were described in Armadilidium vulgare (Vago etal. 1970), P. dilatatus (Fed-
erici 1984), Porcellio scaber and Oniscus asellus (Abd El-Aal and Holdich
1987). The infection affected adipose tissue in haemocoel, muscular and
connective tissue around the anal region, epidermis and tegumental glands
(Fedrereici 1984; Abd El-Aal and Holdich 1987).

Another intracellular infection was described in the hepatopancreatic
tissue of P. scaber (Shay et al. 1985; Drobne et al. 1999). In spite of cer-
tain similarities with R. grilly, the infection exhibits distinctive patho-
logical changes in infected tissue and unique morphological features. In
earlier descriptions different authors affiliated these bacteria with differ-
ent bacterial taxa, despite the morphological and pathological similari-
ties (Shay et al. 1985; Drobne et al. 1999). Phylogenetic analysis based
on comparative 16S rRNA gene sequencing affiliated the infection agent
to the ordo Chlamydiales, within which it forms an independent lineage,
clearly distant from other known chlamydia. Due to the phylogenetic af-
filiation and distinctive morphology of the elementary bodies, the name
’Candidatus Rhabdochlamydia porcellionis’ was proposed (Kostanjsek et
al. 2004b).

Beside the infections mentioned above, intracellular infection caused by
bacteria from the genus Wolbachia also affects terrestrial isopods (Weiss
et al. 1984b; O’Neill et al. 1997, Bouchon et al. 1998; Nyr6 et al. 2002). The
infection is transmitted maternally via egg cytoplasm and affects the host
reproduction, enhancing the spread of the infectious agent (Rigaud and
Rousset 1996; Bourtzis and O’Neill 1998). Although Wolbachia infection
is generally focused on the gonads, it has also been detected in somatic
tissues, including the digestive system of insects (Dobson et al. 1999) and
terrestrial isopods (Martin et al. 1973; Rousset et al. 1992). The Wolbachia
infection can alter the host’s reproduction by male killing, parthenogenesis,
cytoplasmic incompatibility and feminisation of genetic males (Bourtzis
and O’Neill 1998). However, only the latter two alterations were detected in
terrestrial isopods (Juchault et al. 1992; O’Neill et al. 1997).

5.4
Conclusions

Terrestrial isopods are decomposers of plant material in terrestrial envi-
ronments. They promote microbial activity by trituration of plant material
and distribution of microbes in the ecosystem. They preferentially feed
on decayed plant material colonised by microorganisms, which are also
utilised as source of nutrients and enzymes. Whereas some undigested mi-
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croorganisms are passive transients, others proliferate in the hindgut and
are distributed in the terrestrial environment with faeces.

The digestion of terrestrial isopods strongly depends on degradation of
lignocellulose. The origin of cellulases in their digestive system still remains
tobe elucidated, however. Since the role of cellulolytic bacteria in the midgut
glands is questionable, due to their only occasional presence in this organ,
other sources of cellulases must be taken into account. The food preference
of isopods indicates a potential role of ingested cellulolytic microbiota,
but the presence of endogenous cellulases in the isopod digestive system
cannot be excluded, either.

The gut of terrestrial isopods appeared for along time to be an unsuitable
environment for development of resident and anaerobic microbiota. The
main arguments supporting this theory were its tube-like anatomy, the
rapid passage of the food and frequent renewal of gut cuticle. However,
the finding of bacteria attached to the hindgut surface with the ability to
recolonise the gut cuticle after moulting indicates that some bacteria have
adapted to this environment. The subsequent isolation of strictly anaerobic
bacteria confirmed the presence of anaerobic microniches on the otherwise
oxic hindgut surface. This shows the presence of microhabitats in the gut,
which allow development of diverse resident microflora in the gut, in spite
of its apparently unsuitable conditions.

In comparison to some other cellulose-feeding arthropods, data on mi-
crobiota in the digestive system of isopods are scarce, in spite of their im-
portance as decomposers and reservoirs for various infections. However,
previous work on this topic reveals that the digestive system of terrestrial
isopods is a unique microbial environment, which remains an interesting
field for further microbiological research.
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Collembola as a Habitat for Microorganisms
Christoph C. Tebbe, Alice B. Czarnetzki, Torsten Thimm

6.1
Introduction - Diversity and Activity of Collembola

Collembola (springtails) are microarthropods that can range in size be-
tween 0.2 mm and 1 cm, with most having an average length of 1-5 mm.
To date, approximately 7500 different species have been described, and
there is no doubt that Collembola are among the most abundant groups of
arthropods on Earth (www.tolweb.org). Traditionally, taxonomy has placed
Collembola in the group of insects, but recent classification places them in
a class alone under the Superclass Hexapoda. Collembola are regarded as
a phylogenetically old group, with an age of almost 400 million years. They
are probably the oldest Hexapoda alive. Their position in the phylogenetic
tree is still under debate as there is recent evidence, based on molecular
and morphological data, that Collembola are actually more closely re-
lated to crustaceans then to insects, which would mean that the Superclass
Hexopoda is actually not monophyletic (Nardi et al. 2003; Bellinger et al.
2004). Within the class of Collembola, however, the systematic classifica-
tion seems to be, at least roughly, in good accordance with new data from
molecular phylogeny (Frati et al. 1997; Park 2002; D’Haese 2003). In a recent
classification presented by Hopkin in his book about Collembola (Hopkin
1997), three orders can be differentiated: i.e., (1) the Arthropleona, with
15 families and more than 5,500 species, (2) the Neelipleonea, with only one
family and 25 species, and (3) the Symphyploeona, with two families and
almost 900 species.

Most Collembola live in soil or leaf litter covering the soil surface.
Epedaphic species are adapted to living in the litter layer; hemiedaphic
species colonise mainly the upper organic layers of soils; and euedaphic
species have adapted to living in the soil matrix, but typically not deeper
than 10 cm below the soil horizon (Hopkin 1997). Epedaphic Collembola
tend to be pigmented, whereas the euedaphic Collembola are often non-
pigmented. The geographical range of Collembola is enormous, as they
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are found in all imaginable climatic regions, from the Antarctic or Arctic
environment to the tropical belt (Rusek 1998). In most terrestrial ecosys-
tems, Collembola are found as an important part of the soil mesofauna,
which also includes mites, nematodes, enchytraeids, millipedes, earth-
worms, ants, small gastropods, isopods, or larvae of insects. Densities of
10* to 10° specimens of Collembola per m* are not unusual for many soils
and, in such soils, Collembola are an important part of the terrestrial food
web. On the one hand, they feed on different organic materials and, on the
other, they serve as prey, especially for predatory mites and spiders (Hunt
et al. 1987; Bilde et al. 2000; Agusti et al. 2003; Bonte and Mertens 2003).

Together with mites, Collembola are often the major constituents of soil
microarthropods. Microarthropods, as a functional group of ecological
importance, initiate the degradation of organic material, e.g., that accumu-
lates in the litter layer, and thereby ultimately enhance the cycling of carbon
and nitrogen in soil (Filser 2002). By chewing on organic substrates, such as
dead plant material, and subsequently passing the substrates through the
gut, microarthropods restructure the organic material and facilitate micro-
bial degradation (Rusek 1998). Collembola feed on fungal mycelia and some
other organic substrates, among them animal remains (Hopkin 1997; Rusek
1998). Folsomia candida (Isotomidae, Entomobryoidea, Arthropleona),
one of the most laboratory-reared Collembola species, was even shown to
feed on nematodes (Lee and Widden 1996). Other Collembola can feed on
living plants at certain environmental conditions and thereby cause some
problems in agriculture (Sievers and Ulber 1990; Bishop et al. 2001). On the
other hand, Collembola can consume plant pathogenic fungi or stimulate
growth of mycorrhiza and thereby support plant health (Lussenhop 1996;
Nakamura et al. 1992; Gange 2000; Sabatini and Innocenti 2000, 2001).

The feeding preferences of different Collembola species have been in-
vestigated in both laboratory studies and by analysing the gut of field-
collected specimens. In the laboratory it could be demonstrated that differ-
ent Collembola have different feeding preferences, e.g., for certain species
of fungi or other microorganisms (Visser and Whittaker 1977; McMillan
1976; Bardgett et al. 1993; Chen et al. 1995; Kaneko et al. 1995; Thimm
and Larink 1995). There are indications that Collembola can smell food
or detect carbon dioxide gradients (Bengtsson et al. 1991; Hedlund et al.
1995) and both attributes probably serve to differentiate food in terms of
palatability. In breeding stocks, e.g., with F. candida, the specimens can be
fed with autoclaved baker’s yeast or pea puree, but it can be observed that
the animals also feed on their own faeces, on the exuvia they generate by
moulting, and even on dead specimens, if the opportunity is given (Borkott
and Insam 1990; own observations).

Analyses of the gut contents of field-collected Collembola frequently
show a high diversity of different material, indicating that many Collembola
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are actually omnivores and less selective than suggested by food preference
assays in the laboratory. Numerous substrates have been detected in the gut
contents from single specimen; e.g., fungal hyphae, collodial material, plant
material, fungal spores, pollen, bacteria and animal remains (Chen et al.
1996). The composition of the contents of the gut material varies between
species from the same habitat, but it also varies within a species. Seasonal
changes, which affect the availability of different food sources, as well as
environmental factors, including pollutants, account for these variations
(McMillan 1975; Anderson and Healey 1972; Ponge 2000; Gillet and Ponge
2003). It should be noted that the uptake of different foods may not only
affect processes associated with digestion and mineralisation, but also with
dispersal. Dispersal of ingested substrates may be beneficial or harmful,
depending on whether mycorrhizal spores, which eventually stimulate plant
growth, or pathogenic fungi, which destroy plants, are transported to root
surfaces (Williams et al. 1998; Dromph 2001). Collembola not only move
actively by jumping - they can also be dispersed over long distances by wind
(Hopkin 1997). Inevitably, the dispersal of Collembola also means that the
gut contents (spores, pollen, microorganisms) are dispersed. Recently this
aspect has drawn our attention with regard to the importance of Collembola
in unintentionally disseminating genetically engineered microorganisms
(Tebbe 2003) or plant pathogenic bacteria (Hildebrand et al. 2001; for more
details, see Sects. 6.3, 6.4, and 6.5).

In this chapter we report on own experimental studies that were con-
ducted to investigate the interactions between Collembola and soil bacteria.
The objectives of the studies were to learn more about the specific condi-
tions that bacteria face in the gut of Collembola and about the fate of
ingested bacterial cells during the gut passage. Would certain bacteria be
preferred as food sources and would the composition of the bacterial com-
munities on substrates be affected during a gut passage, e.g., by differential
digestion? One specific aspect of our studies also related to the importance
of the gut of Collembola as a hot spot for gene transfer between bacteria;
other studies were concerned with elucidating the diversity of indigenous
bacteria that can be found in the gut or in other compartments of the
collembolan body.

Most of our studies were conducted with the previously mentioned,
euedaphic, non-pigmented collembole F. candida (Fig. 6.1), a species that
is ubiquitous and that can easily be kept in laboratory breeding stocks. The
species reproduces in the breeding stocks by parthenogenesis, all specimens
were female. F. candida has a typical morphology for a collembole, with
a ventral tube and a springing organ, the furca. The furca, a typical feature
of Collembola, is held by the tentaculum (a catch) and it is used to make
jumps, by snatching out of this tentaculum. In the breeding stocks, which
can be maintained in jars with plaster of Paris and charcoal on the bottom
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Fig.6.1. Folsomia candida, a euedaphic parthenogenetic species that is can easily be reared
in the laboratory, as seen by scanning electron microscopy (SEM) (length of the specimen
approx. 2 mm)

(Goto 1960), the females lay their eggs and after 8 to 10 days, the young
collemboles hatch. While growing, F. candida moults frequently, i.e., it peels
off the old cuticula and replaces it by a new cuticula, which is generated
under the old one by the epithelium. In contrast to insects, Collembola
also regenerate their midgut epithelium during moulting (Humbert 1979).
After hatching, F. candida moults at intervals of 3 to 10 days. The frequency
of moulting decreases during the life of E. candida (Snider 1972). After only
six moulting stages, the E. candida start laying eggs. In our breeding stocks,
the specimens reach an age of approx. 10 months when they are kept at
18°C.

6.2
The Gut of Folsomia candida — an Unusual Microbial Habitat
That Is Affected by Moulting

The gut of E. candida is a rod-like tube, with a small foregut, a large midgut
that can increase in size with the amount of food, and a short hindgut.
Based on microscopic sections and the direct analyses of lactic acid-treated
specimens under the microscope, the volumes of the gut were estimated
and the small foregut was found to have a volume of 0.21 nl, the midgut
of 6—12nl, when it was filled, and only 1 nl when it was empty (Thimm
et al. 1998). The faecal pellets that were deposited by E candida in the
breeding stocks had an approximate volume of 1 nl. With scanning elec-
tron microscopy (SEM), a biofilm-like dense layer of mainly rod-shaped
bacterial cells could be detected in the region of the peritrophic mem-
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brane (Fig. 6.2). The peritrophic membrane is a layer on the gut epithelium
which is common in insects and collemboles (Wang and Granados 2001).
It is composed of chitinous microfibrills embedded into a proteoglucan
matrix (Terra 2001b), and its function is to facilitate the transport of the
food bolus through the gut and possibly also to protect the gut epithe-
lium, e.g., from the attack of microbial pathogens (Terra 2001a). Beside
this biofilm-like region of the peritrophic membrane, bacterial cells could
also be detected in the food bolus (Fig. 6.3), even when sterile food was

Fig.6.2. Detection of bacterial cells forming a biofilm-like structure in the peritrophic
membrane (PM) as seen with SEM. Note that the mucous layer of the PM is removed by
dehydration of the samples, necessary for SEM (figure from Thimm et al. 1998, courtesy of
ASM Press). Length of the left bar, 1 pm

Fig.6.3. Bacterial cells in food bolus taken from the midgut as detected by SEM. Note that
the applied food was sterile and the bacteria originated from the region of the peritrophic
membrane, shown in Fig. 6.3. Length of the left bar, 1 pm
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fed. It is likely that the bacteria located in the region of the peritrophic
membrane start to colonise the ingested food and utilise it for growth.
Borkott and Insam (1990) detected a total of 4x 10" cfug™ in faeces of
F. candida, which would correspond, considering the gut volumes deter-
mined in these studies, to about 10° cfu per specimen. This is about the
upper limit of what we detected in our studies. During the moulting cycles,
the midgut epithelium is regenerated, the old epithelium, including the
peritrophic membrane, is excreted and replaced by a new epithelium that
has developed underneath the old one. During the moulting process, the
specimens stop feeding, probably because of a transiently non-functional
gut. The new epithelium is then coated again by a peritrophic membrane
which is excreted from specific epithelium cells in the foregut (Hopkin
1997). Since the peritrophic membrane is densely colonised by bacterial
cells, the moulting process results in a dramatic change of the bacterial
population in the gut. These changes in bacterial gut colonisation could
be quantified by comparing the bacterial cell density in the gut of actively
feeding F. candida to those that were not feeding (Thimm et al. 1998).
Feeding specimens had 1.6 x 10* to 2.7 x 10° cfu per specimen in their gut,
as determined by cultivation under aerobic conditions on yeast extract
agar. In contrast, the bacterial cell densities in the non-feeding population
ranged from 4.9 x 10? to 2.3 x 10° cells per specimen. The high cell numbers
were found in specimens immediately before, and the low cell numbers
immediately after, the excretion of the old gut epithelium and peritrophic
membrane. It can be concluded that the moulting process generates high
fluctuation rates and turbulences within the bacterial community and se-

Fig.6.4.Recolonisation of the gut by bacteria after moulting. a Pylorus region with remaining
bacteria after the moulting process - a possible starting point for bacterial recolonisation of
the gut; b growth of bacteria into the hindgut region. Bacterial cells (red) were detected by
fluorescence in situ hybridisations (FISH) with the 16S rRNA gene probe EUB388, Aargetting
all bacteria (Thimm and Tebbe, 2003)
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lects for bacteria that are able to rapidly multiply in the gut. The question
emerged, from where the bacteria actually recolonise the gut after moult-
ing. Probably, a main pathway for inoculation is faeces, including exuvia,
on which E candida normally feeds. Another pathway, however, may come
from the opposite direction. We have recently identified structures in the
pylorus region, located between the midgut and hindgut, in which bacterial
cells were detected even in specimens that had just moulted. Detection of
bacterial cells by fluorescence in situ hybridization (FISH) in this region
indicated that the bacterial recolonisation of the gut may also start from
this point (Fig. 6.4).

6.3
Feeding Preferences of Folsomia candida
and Fate of Ingested Bacterial Cells

Under natural conditions, . candida seems to be an omnivore, as it feeds
on dead organic material as well as on fungal mycelia, nematodes or bac-
teria. E candida, in fact, is very adaptable to different food sources. To
understand the impact of collembolan feeding on the bacterial community
structure and diversity in soil, we conducted feeding preference studies
with different bacterial species. At the outset of these investigations, it was
unclear whether bacteria would be digested, not affected or even stimu-
lated in growth during a gut passage. The feeding preferences for bacteria
were tested with a total of twelve different bacterial strains, among them
Gram-positive and -negative strains from type-culture collections. These
strains were fed to E candida specimens in petri dish-size microcosms
offering pairs of choices (Thimm et al. 1998).

From a total of 66 tests, 22 showed significant preferences. Eight different
preference classes could be differentiated. The most preferred class con-
tained the type culture strain Pseudomonas putida PaW340 and a strain
isolated from faeces of F. candida. As indicated by 16S rRNA gene sequenc-
ing, this strain was also a P. putida or a close relative (similarity to the 16S
rRNA gene of P. putida PaW340, 99.1%). The second class contained two
bacterial strains, both isolated from F. candida faeces: the Gram-positive
isolate, Arthrobacter citreus and a close relative of the Gram-negative Al-
caligenes faecalis. Interestingly, the A. citreus was an isolate from a different
breeding stock. In fact, the bacteria were kept for nine years in a culture
collection (by H. Borkott, Braunschweig) before they were fed to F. candida
in our studies. The lower preference classes contained different type culture
strains but no isolates from F. candida. The least preferred classes contained
Corynbacterium glutamicum and Bacillus subtilis. Both species have a po-
tential to live in soil. Also, Escherichia colifell into a low preference class. We
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were aware that these choice experiments were not very realistic in regard
to natural food sources of E. candida, as it is unlikely that E candida finds
opportunities to choose between different bacterial species in its natural
habitat. On the other hand, the obvious feeding preference of E. candida
for its own gut bacteria indicated that these bacteria were recognised as
beneficial and probably not as a well-digestible food source. Interestingly,
the isolate A. citreus exhibited chitinase activity and, thus, could possibly
act as a gut symbiont, as suggested by Borkott and Insam (1990).

The digestibility of different bacterial species was tested by feeding F.
candida for one day with strains that had been genetically tagged with
the luciferase gene (luc) or the gene encoding for the Green Fluorescence
Protein (gfp). By this means, the bacteria could easily be differentiated from
other, indigenous bacteria. The faeces of the specimens were analysed over
aperiod of 56 days in which only sterile food was available for the specimens.
E. coli cells could only be detected in faeces one day after feeding of the
bacteria. The soil bacteria Sinorhizobium meliloti or Pseudomonas stutzeri
were only detected during the first week. In contrast, P. putida cells were
detected for 20 days and A. faecalis even until the end of the experiment
(56 days). The data indicated that bacterial species can differ significantly
in their capacity to survive or even colonise the gut of E. candida.

The “pulse-feed” studies were complemented by studies in which the
effect of the gut passage on ingested bacteria was quantified in more detail.
Based on feeding colorised food we first determined that the period between
ingestion and excretion of food was only 35 min. When we fed E. coli, we
only detected an average of 4.3 cfu in the gut of each specimen. In contrast,
with S. meliloti and A. faecalis, the other two strains tested, cell numbers
were approx. four orders (!) of magnitude higher, indicating these bacteria
were not as efficiently digested as E. coli. Consequently, due to the efficient
digestion, the numbers of E. coli cells in faeces were also very low (2 cfu
per faecal pellet) and the number of S. meliloti and A. faecalis were one
to two orders of magnitude higher. As estimated from uptake and release
rates of the selected strains, E. coli populations were reduced 60,000-fold
whereas A. faecalis was only reduced 500-fold (Thimm et al. 1998). The
studies demonstrated that even though the period of time for a gut passage
was relatively short, the species specific effects were quite dramatic.

We extended this type of study on the survival of ingested bacterial cells
to another Collembola species, i.e., Protaphorura fimata (formerly Ony-
chiurus fimatus; Onychiuridae, Poduromorpha, Arthropleona). P. fimata
is a sexually reproducing, non-pigmented, euedaphic species that is less
associated with the litter fraction of soils than F. candida and that can feed
on mycorrhizal fungi as well as on the roots of living plants. In accordance
with our studies on F. candida, E. coli was efficiently eliminated from the
gut within two days after feeding, but in contrast to F. candida, the soil
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bacterium S. meliloti was only detectable for two days instead of a full week
(Hoffmann et al. 1999). Thus, it can be expected from these results that
different Collembola will impose different selective pressures on ingested
bacterial cells. Interestingly, we included a strain isolated from the gut of
F. candida, closely related to Stenotrophomonas maltophilia, in the feeding
experiments with P. fimata, and this strain persisted much longer in the
gut after feeding (Hoffmann et al. 1999). We assume that some bacterial
species, among them this relative of S. maltophilia, developed a certain
capacity to survive or even grow in the gut of Collembola. It should be
noted that despite some microhabitat preferences, E. candida and P. fimata
can coexist in the same soils and may feed on the same substrates. Possibly,
some soil bacteria may have evolved to utilise gut passages, as they occur in
most soils with microarthropods, to grow and maintain their populations.
S. maltophilia may be good example of such an ecological adaptation (see
also Sect. 6.6).

6.4
The Gut of Collembola: a Hot Spot for Conjugative
Gene Transfer Between Bacteria

Gene transfer between microorganisms in soil has become an issue of
public interest in the context of the debate on the environmental risks
associated with the deliberate or accidental release of genetically engineered
microorganisms. Two mechanisms for gene transfer were considered to
be potentially most important for soil: transformation and conjugation.
Transformation is the process in which bacterial cells take up cell-free DNA
and incorporate it by recombination into their own genome. Conjugation
is a process by which self-transferable, mobile genetic elements (plasmids)
which carry genes for transfer, replication and possibly other properties,
are transferred from a donor to a recipient strain. The transfer can be of
narrow-host range, between only closely related bacteria, or it can be of
broad-host range, between more distantly related species. The detection of
a gene transfer event normally requires the expression of the transferred
gene in the new host organisms.

Early studies on gene transfer in soil revealed no or only low rates
of conjugative plasmid transfer from a donor to a recipient in bulk soil
(Ramos-Gonzalez et al. 1991; Smit et al. 1991). However, transfer rates
in rhizospheres were much higher, probably because of the presence of
metabolically active recipient cells (van Elsas 1992). In analogy to the
rhizosphere, we suspected that the gut of invertebrates, and especially that
of earthworms (Thimm et al. 2001) and Collembola could also be a “hot
spot” for gene transfer. The high number of bacterial cells observed in the
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gut of F. candida indicated that sufficient recipients were present in the
gut, and both the population dynamics in response to the moulting cycles
and the release of nutrients by digestion of food indicated that these gut
bacteria were in fact metabolically active. In order to demonstrate bacterial
gene transfer in the gut of Collembola under laboratory conditions, E. coli
cells with different types of plasmids were fed to F. candida in microcosm
experiments (Hoffmann et al. 1998).

We chose E. coli strains with self-transferable conjugative plasmids of
broad or narrow-host range. In addition, E. coli strains with mobilisable
plasmids were included. Mobilisable plasmids are only transferred to a re-
cipient if another “mobilising” plasmid is present. These mobilising plas-
mids can either be in the donor cell itself, or it can be provided by a third
partner, a mobilising strain, in a so-called triparental mating. Finally, we
also included an E. coli strain with a plasmid (pUC18) that was not ef-
ficiently mobilisable. We suspected that this plasmid would possibly be
transferred by transformation and not conjugation. A transfer of this type
was demonstrated to occur under certain conditions in mineral water as
a substrate (Baur et al. 1996) and thus it was not unlikely that it would also
occur in the gut of F. candida . The experimental set-up for gene transfer
studies was as follows. A total of 50 or 100 specimens of F. candida were fed
in one arena (petri dish) with agar that was inoculated with the respective

Fig.6.5. Petri-dish microcosm with E candida feeding on donor bacteria, placed on an agar
cube. Note the faecal depositions (white dots) on the agar surface
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donor strains placed on an agar cube (Fig. 6.5). After feeding for several
hours, the specimens were transferred to a new arena without food, but with
an agar-surface that contained the antibiotic nalidixic acid, an inhibitor of
conjugative gene transfer (Hane 1971). The antibiotic was chosen to pre-
vent conjugative gene transfer in the faeces to show whether gene transfer
would take place in the gut. The faeces that were deposited within a period
of up to 24 h was then collected and analysed for the presence of donor
bacteria, recipients and transcipients (transconjugants or transformants).
In order to follow the transfer of plasmids, we chose plasmids that carried
a marker-gene (luc or gfp) and a gene encoding for an antibiotic resistance.
The inhibition of the growth of donor cells was achieved by cultivating on
an agar with benzoic acid as a sole source of carbon. In preparation for
those studies we found that, in contrast to E. coli, most gut bacteria of F.
candida could utilise benzoic acid for growth.

Despite their low survival rate in the gut, several E. coli cells could in fact
transfer their plasmids to indigenous bacteria of F. candida. We expected
transformation to be important, because the digestion of the donor cells
would possibly result in the release of significant amounts of DNA which
would have been available for transformation. However, we could not detect
transfer of the non-mobilisable plasmid. In contrast, conjugative transfer
of self-transferable narrow- and broad-host range plasmids to indigenous
bacteria were detected. Mobilisable plasmids were only transferred when
the mobilising genes were located in the donor cell, but not by triparental
mating with mobilising genes or plasmids provided by the bacterial com-
munity in the gut. Such mobilisation by other bacteria had been shown
to occur in soil amended with manure (G6tz and Smalla 1997). In our
studies, the transfer rates of the broad-host range plasmid RP4, expressed
as the transconjugants-to-donor ratio in the faeces, were in the region of
1x 1071, This was as high as rates can be measured under optimised lab-
oratory conditions in filter-mating. The results of our studies underlined
the importance of the feeding activity and gut microhabitat conditions of
E. candida for promoting conjugative gene transfer.

In order to confirm that the Collembolan gut is a hot spot for conjugative
gene transfer we conducted similar studies as described above for F. candida
with another species, i.e., P. fimata. We were interested to see if a Collembola
with somewhat different feeding preferences than E candida would also
provide suitable conditions of conjugative gene transfer in the gut — and
in fact, this was the case (Hoffmann et al. 1999). In contrast to the studies
with E candida, however, transfer of narrow-host range plasmids could
not be detected. On the other hand, in accordance to the results with
E candida, conjugative plasmids and also mobilisable plasmids, with the
mobilising genes in the donor cells, were transferred to indigenous gut
bacteria. Plasmid mobilisation by indigenous gut bacteria was not detected,
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but possibly the threshold of detection was just too insensitive in our
studies. We assume that plasmid mobilisation in the collembolan gut is
possible, because it is likely that mobilising strains occur in the gut of
Collembola, just as they occur in soil or other environments (Smalla et al.
2000).

6.5
Diversity of Microorganisms in the Gut of F. candida
and Other Collembola

Only a very limited number of studies has looked at the microbial diver-
sity associated with the gut of Collembola. It could be argued that the gut
of Collembola is too small, its structure too simple, and the gut passage
of ingested material too quick, to allow the development of a specifically
adapted or even symbiotic microbial community. In fact, some evidence
was collected by high resolution microscopy that at least some Collem-
bola do not possess any intestinal microbial community (Kilbertus and
Vannier 1981; Saur and Ponge 1988). An analysis of the gut contents of
E candida, fed with hornbeam (Carpinus betulus) leaves, however, showed
a high abundance of fungal mycelia (Tochot et al. 1982) but (surprisingly)
no bacteria were seen. First indications that the gut of Collembola also har-
bours bacteria and that these bacteria actually contribute to the digestion
of food, were reported by Doeksen and Hitchen (cited by W.G. Hale 1967),
who cultivated a Bacillus sp. from faeces with a capacity to degrade chitin.
Chitin is an important substance in the gut as it is a major constituent of
fungal mycelia and the cuticules of arthropods. Chitin is also a compo-
nent of the exuvia (including old cuticules), that are released during the
moulting of insects and Collembola, and that many Collembola may feed
on. In later studies, Borkott and Insam (1990) found that one third of the
culturable bacteria from gut and faeces of E candida showed chitin de-
grading activity on agar plates. Two of these bacteria were identified; one
was Stenotrophomonas maltophilia (formerly Xanthomonas maltophilia;
Gammaproteobacteria) and one Curtobacterium sp. (Actinomycetes, Acti-
nobacteria).

In an initial attempt to characterise the diversity of bacteria found in
the gut of E. candida, we isolated a total of 45 different bacterial pure cul-
tures which had been kept in a breeding stock for several years (Thimm
et al. 1998). These isolates could be grouped into 11 different groups
according to their Gram-staining, fatty acid profiles, physiological tests
and ARDRA (amplified ribosomal DNA restriction fragment length anal-
ysis). The abundance of each of these groups ranged from 4x 10 to
1.2 x 10° cfu perspecimen. Only one group, with an estimated abundance
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of 5.3 x 10° cfu per specimen, exhibited chitinase activity. The most abun-
dant group was represented by an isolate most closely related to Erwinia
amylovora (96.2% similarity of the almost complete 16S rRNA gene). The
second and third most dominant groups were represented by isolates related
to Staphylococcus captitis and to Pantoea agglomerans. E. amylovora is an
important pathogen in orchards as it is the causative agent of the fire-blight
disease and we were interested to know if F. candida could possibly act as
a vector. Feeding experiments with a pathogenic strain of E. amylovora,
expressing a recombinant gfp-marker gene, however, indicated that the
pathogen was, in fact, efficiently digested in the gut of F. candida (Hilde-
brand et al. 2001). In the course of this cultivation-dependent detection of
microorganisms from the gut of FE candida, we only isolated one fungus,
which was identified as a cellulose-degrading Acremonium charticola (As-
comycetes) (Thimm et al. 1998). However, we did not determine whether
this fungus was cultivated from a spore or a mycelium.

A number of different Proteobacteria were isolated as transconjugants
receiving plasmids from E. coli cells (see previous paragraph) (Hoffmann
et al. 1998). The Proteobacteria comprised one isolate from the Alpha-
subclass, related to Ochrobactrum anthropi (99.8% similarity of the 16S
rRNA gene) and several isolates from the Beta-subclass with isolates related
to Alcaligenes xylosoxidans, A. faecalis, Comamonas acidovorans and Co-
mamonas testosteroni. Other isolates, among them different Pseudomonas
species, S. maltophilia, or P. agglomerans, belonged to the Gamma-subclass.
It should be noted that the host-range of the plasmids was responsible for
the fact that no bacteria outside of the class Proteobacteria could be found.
On the other hand, the occurrence of certain bacteria like S. maltophilia or
P. agglomerans in the gut of F. candida was confirmed.

Recently, a molecular approach independent of cultivation has been
used to elucidate further the bacterial diversity found in F candida. By
means of PCR, 16S rRNA genes were directly amplified from DNA extracted
from F candida specimens (Czarnetzki and Tebbe, 2004a). In addition to
the detection of intracellular bacteria (see next paragraph), a number of
different 16S rRNA genes, which probably originated from bacteria of the
gut, were identified. These 16S rRNA genes were related to Proteobacteria
of the Alpha-subclass (closest relative: Paracoccus denitrificans), of the
Gamma-subclass (100% similarity to S. maltophilia), of the Firmicutes
(Bacillus weihenstephaniensis; from the Bacillus cereus group) and from
the Planctomycetales, the latter only with as yet uncultured relatives. We
assume that the diversity of gut bacteria is much higher than described to
date and also that this diversity will be affected by the quality of the ingested
food. However, the evidence is accumulating that certain bacteria from soil
can utilise the gut passage through F. candida or other microarthropods to
grow. We suspect that bacteria like S. maltophilia or B. weihenstephaniensis
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are representatives of such a life-style. In a recent review it was suggested
that bacteria of the B. cereus group utilise the gut of insects to grow and
survive in terrestrial habitats (Jensen et al. 2003). Collembola should also
be considered in this context.

In a screening experiment, we compared the diversity of 16S rRNA
amplified partial sequences from other species than F. candida. The SSCP
(single strand conformation polymorphism) technique was utilised to com-
pare the amplified products by generating genetic profiles (Schwieger and
Tebbe 1998). The profiles of seven different species indicated that differ-
ent bacteria were dominant in each species(Czarnetzki and Tebbe, 2004a).
Interestingly, the patterns of the two closely related species Mesaphorura
macrochaeta and Mesaphorura italica were more similar to each other than
to other species. A total of 24 partial sequences were recovered and identi-
fied from these profiles, indicating the presence of different members from
the group of Proteobacteria (Alpha-, Gamma-, and Delta-subclass), Fir-
micutes, Actinobacteria and Bacteroidetes. The sequences however, were
not long enough to allow a more detailed phylogenetic analysis. In sev-
eral cases, closest relatives as indicated by database searches were 16S
rRNA genes from uncultured bacteria from other environments, e.g., soil,
wastewater, lake sediment, potato rhizosphere or, in one case, from a tissue
of the honey bee (Apis mellifera). Again, a sequence related closely to S.
maltophilia was detected in the DNA of P. armata, confirming this species
as a common gut inhabitant.

6.6
Collembola Can Harbour the Reproduction Parasite
Wolbachia and Other Intracellular Bacteria

The long coexistence of arthropods and bacteria for approx. 400 million
years, has allowed the development of sophisticated interactions between
both groups. Striking examples are the intracellular bacteria, e.g., the en-
dosymbiont Buchnera in aphids (Douglas 1998) or the parasite Wolbachia,
the latter affecting the sexual reproduction patterns of many insects and
other arthropods (Stouthamer et al. 1999). In Collembola, intracellular bac-
teria were first detected by transmission electron microscopy (TEM) in the
fat body and ovarial tissue of F. candida by Palévody in 1972 (Palevody
1972). In 1999, Vanderkerckhove et al., detected by PCR a 16S rRNA se-
quence that was closely related to group of Wolbachia (Alphaproteobacteria)
(Vanderkerckhove et al. 1999). In the same study, the authors detected in-
tracellular bacteria in fat bodies and intestinal cells by means of TEM. In our
own laboratory, we used the fluorescence in situ hybridisation technique
(FISH) with universal gene probes for Bacteria on microscopic sections of
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Fig.6.6. Detection of intracellular bacteria of F candida in the furca and neighbouring
regions. The hindgut region and anus are seen in the upper part of the figure, the furca
below. Bacterial cells (red) were by detected by FISH using the probe EUB388 for Bacteria

whole E candida specimens (and not specific tissues) and we found that in
addition to the gut, several compartments of the body cavity were colonised
by bacterial cells (Thimm and Tebbe 2003).

Intracellular bacteria were detected in fat bodies in different regions and
tissues of the body, including the furca (Fig. 6.6), brain and ovaries (Thimm
and Tebbe 2003). FISH with a specific gene probe for Wolbachia, however,
only hybridised with bacteria that were located in the ovarial tissue or
the brain region. We concluded that other bacterial species than Wolbachia
must also be present in the body cavity of E. candida (Czarnetzki and Tebbe
2004b). And in fact, recently we detected a 16S rRNA gene related to the
intracellular Rickettsiella grylli (gamma-Proteobacteria) of other arthro-
pods. We found this sequence by generating clone libraries of 16S rRNA
genes amplified from total DNA extracted from E candida. Interestingly,
when we compared clone libraries generated from specimens of two dif-
ferent breeding stocks, we found the Rickettsiella sequence to be dominant
in one stock but completely absent in the other stock. The phenotype of
E. candida did not seem to affected by the Rickettsiella infection. We there-
fore assume that Rickettsiella is a facultative coloniser of F. candida and
probably a commensal or weak pathogen.
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In contrast to Rickettsiella, we detected Wolbachia in all of five breeding
stocks of E candida analysed (Czarnetzki and Tebbe 2004b). In addition,
we found Wolbachia by 16S rRNA specific PCR in other parthenogenetic
Collembola, i.e., M. macrochaeta, M. italica, and P. callipygos, but we could
not detect it in the sexually reproducing species P. fimata or Isotoma
viridis. This indicated that Wolbachia may in fact induce parthenogene-
sis in Collembola. Parthenogenesis is a powerful option in the success of
populations in the environment as it allows organisms to multiply more
efficiently, e.g., when entering a new ecological niche (Koivisto and Braig
2003). It should be noted, however, that in the case of Wolbachia and
Collembola, more experimental evidence needs to be collected to confirm
this hypothesis. Our own studies, in which we tried to eliminate Wolbachia
from E. candida, were so far unsuccessful (unpublished results). In order to
understand better the Wolbachia-host relationships, we conducted a phy-
logenetic analysis of Wolbachia with both the 16S rRNA and ftsZ genes
amplified from F. candida of the different breeding stocks and from the
other parthenogenetic species. The Wolbachia 16S rRNA genes of all F.
candida breeding stocks was identical and in fact they were also identi-
cal to the sequence reported by Vanderkerckhove (Vanderkerckhove et al.
1999). The 16S rRNA sequences of the other Collembola were much more
closely related to the E candida sequence than to any sequence from other
arthropod hosts. In fact, a monophyletic branch for Collembola could be
demonstrated for the phylogenetic tree of Wolbachia.

The monophyletic branch of Wolbachia from Collembola was also seen
in phylogenetic analyses based on ftsZ genes (Czarnetzki and Tebbe 2004b).
Here, the Wolbachia sequences from the different breeding stocks of F. can-
dida showed some variations. In summary, our phylogenetic analyses in-
dicated a new Supergroup E for Wolbachia in Collembola, Both studies
based only on a single sequence from F. candida had already postulated
that such a supergroup might exist (Vanderkerckhove et al. 1999; Lo et al.
2002). Compared to the approx. 7,500 species that are known in the class
of Collembola it is much too early to conclude that supergroup E is an
exclusive group for Collembola or that Wolbachia of other supergroups
have no option to infect Collembola. In fact, we assume that the long co-
evolution of Collembola and Wolbachia make it probable that many such
exceptions exist. Our phylogenetic analyses indicated that new supergroup
E is a sister group of supergroup A. Supergroup A, like supergroup B,
harbours Wolbachia from a high diversity of different hosts of the Class
Insecta and there is no congruence between host and Wolbachia phylogeny.
Interestingly, the other major group of the soil microarthropods, the mites,
which can also be hosts for Wolbachia, have no own branch or supergroup
in the Wolbachia tree. Instead, all yet detected Wolbachia sequences be-
longed to Supergroup B (Breeuwer and Jacobs 1996). In our own study,
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arough estimate of evolutionary rates of the different marker genes (rRNA
genes, ftsZ genes) indicated that the differences between the Collembola
supergroup E and A were much smaller than the phylogenetic distance
between Collembola and Insecta (Czarnetzki and Tebbe 2004b). We there-
fore assume that Wolbachia infections took place long after Collembola had
diversified. If Wolbachia really induces parthenogenesis in Collembola, this
would indicate that parthenogenesis is a rather young development during
the evolution of Collembola.

6.7
Conclusions

Collembola are a quantitatively and functionally important organisms in
most terrestrial ecosystems. Together with mites and some other less abun-
dant groups, they build up the group of microarthropods. Microarthropods
enhance the mineralisation and restructuring of organic substrates in soil.
Collembola can select for specific food sources, e.g., they prefer certain
fungi to others in choice experiments, but many are also quite adaptable to
different food sources, which probably explains their high adaptability and
success in most soils. The size of the gut of Collembola is very small with
avolume ofless than 20 nl, as measured for the representative species F. can-
dida. The gut passage of ingested food in F. candida can last less than 1 h.
However, during this passage food is inoculated with bacteria which fur-
ther enhances the degradation of these substrates. In contrast to some other
studies, our own studies indicated that the Collembolan gut can be densely
colonised with bacterial cells and that certain bacterial species, like relatives
of the type culture strains Stenotrophomonas maltophilia or Bacillus wei-
henstephaniensis, have adapted to live in this microhabitat. A precondition
for successfully colonising the collembolan gut is that the bacteria resist di-
gestion by the host. Also, successful gut bacteria in Collembola need to grow
quickly, since moulting cycles frequently change the total bacterial popu-
lation by several orders of magnitude within less than a week. The feeding
activities of Collembola in the terrestrial ecosystem thus clearly affect both
the quality of the organic substrates and the composition of the microbial
communities. The high densities of bacterial cells and the microhabitat con-
ditions provide excellent conditions for conjugative gene transfer between
bacteria, a factor that should be considered when evaluating rates of bacte-
rial gene transfer in soil. Beside the gut, other compartments of the body of
Collembola can also be colonised by bacteria. Two bacteria with an intracel-
lular life-style have been detected so far: one relative of Rickettsiella grylli
and one belonging to the group of Wolbachia. To our knowledge, all Wol-
bachia thathave been detected in Collembola are more related to each other
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than to Wolbachia from other arthropod hosts. The biological importance
of Wolbachia infections are yet unknown, but as suggested by the hosts that
have so far been analysed, such infections may induce parthenogenesis.
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Methane Production
by Terrestrial Arthropods

Johannes H. P. Hackstein, Theo A. van Alen, Jorg Rosenberg

7.1
Introduction

Biopolymer degradation under anaerobic conditions is responsible for
most of the atmospheric methane (Ferry 1997). Methanogenic archaea
thriving in the gastro-intestinal tract of animals are a major source, and
domestic ruminants such as cattle, goats and sheep, in particular, are known
for their substantial contribution to global methane production, and hence
to global change and global warming (Crutzen et al. 1986; Fraser et al. 1986;
Khalil and Shearer 1993; Chynoweth 1996; Hansen et al. 2000, 2002). These
methanogenic archaea are part of a highly complex, biopolymer-degrading
microbial community that generates H, and CO,, which provide the nu-
tritional basis for most of the intestinal methanogens via the inter-species
hydrogen transfer (Hobson 1988). However, the presence of methanogenic
archaea in guts is far from being trivial, and not the inevitable conse-
quence of the availability of H, and CO, in the intestine. For example,
while large herbivorous mammals such as cattle, goats and sheep produce
large amounts of methane, the strictly herbivorous panda, which also pro-
vides high concentrations of H, and CO; in his gut, does not (Hackstein
and van Alen 1996). Also, all Old World monkeys and apes make methane,
but many South American apes and many humans do not host significant
numbers of methanogenic archaea in their guts, and, consequently, do not
produce methane (Hackstein et al. 1995; Hackstein and van Alen 1996).
Many hypotheses have been put forward to explain these oddities (see for
example Hackstein et al. 1996, 1998), but, until now, there is no generally
accepted theory that could explain why certain animals host methanogens
in their gut while others do not. Thus, there is still neither a well supported
hypothesis nor conclusive evidence for a molecular basis for the symbiosis
between mammals and methanogenic archaea.
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Arthropods represent by far the largest global biodiversity of all mul-
ticellular animals, and many of them host a complex microbiota in their
guts (for review see Hackstein 1997 and references therein; Cazemier et
al. 1997). Notably, only a few taxa (i.e. millipedes, termites, cockroaches,
and scarab beetles, see below) host methanogenic archaea (Hackstein and
Stumm 1994). As in mammals, there is no strict correlation between having
a plant-based (or detritus/soil-based, respectively) nutrition and methane
production. For example, cockroaches make methane, but locusts and
crickets do not (Hackstein and Stumm 1994). Obviously, a small gut vol-
ume is not limiting the symbiosis between arthropods and methanogens,
since there are many species with similar sized (small) guts and similar
diets, which differ just by their ability to host methanogens. Also the pres-
ence of oxygen which is the consequence of diffusion of O, into the tiny
guts does not hamper the presence of symbiotic methanogens in partially
oxygenated environments. Moreover, protozoa with epi- or endosymbiotic
methanogens, similar to the situation in ruminants and hindgut fermenters
such as horse and elephant (Vogels et al. 1980), are also found in arthropod
guts. Notably, they occur only in methanogenic taxa. Thus, there is a clear
taxonomic component, which governs the symbiosis between methanogens
and arthropods, but, as in mammals, the molecular or physiological ba-
sis for these limitations in the occurrence of gut methanogens remained
unknown so far (Hackstein and Stumm 1994).

In this chapter, we will discuss the available evidence with respect to the
symbioses between methanogenic archaea and terrestrial arthropods. The
compartmentalisation of the intestinal tracts of the hosts, the consequences
of the small size of these compartments, and the evolution of specialised
differentiations of the gut wall will be major issues. Attention will also be
paid to the inter-compartment hydrogen transfer, the presence of anaerobic
gut-protozoa, and lastly the biodiversity of symbiotic methanogens.

7.2
Symbiotic Methanogens and Terrestrial Arthropods

In his seminal monograph, Paul Buchner (1953) described the fascinating
universe of symbiotic associations between animals and bacteria. He em-
phasised both the structures created by the various hosts facilitating the
transmission and maintenance of bacterial symbionts, and the potential
contributions of the symbionts to the host’s nutrition. Only recently has
the enormous progress in molecular biological techniques and bioinfor-
matics allowed some aspects of the molecular basis for these symbiotic
associations to be unravelled (Moran 2003; Moran and Baumann 2000;
Hofmeister and Martin 2003; Dillon and Dillon 2004; Canback et al. 2004),
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and to get first insight into the fascinating effects that symbiotic bacteria
eventually exert on animal (host) development (McFall-Ngai 2002).

Buchner and all the early investigators of bacterial-animal symbioses
were not aware of the existence of symbiotic methanogenic archaea, which
were not recognised as representatives of a separate kingdom until 1990
(Woese et al. 1990). Therefore, certain symbioses described by the early
authors as involving “bacteria”, eventually turned out as symbiotic associ-
ations with methanogenic archaea. Even in the decade before the identifi-
cation of the methanogenic archaea as representatives of a novel kingdom,
symbiotic methanogenic “bacteria”, and protists hosting methanogenic
endosymbionts had been described in termite and cockroach guts (Brez-
nak 1982). However, many of the early studies focused on dietary aspects,
and the challenging observation that some arthropods make methane,
while others do not produce methane did not receive particular atten-
tion.

In comparison with “ordinary” bacteria, methanogenic archaea exhibit
anumber of unique properties that facilitate a systematic analysis of the dis-
tribution of symbioses between methanogens and arthropods. First of all,
a single methanogen can produce approximately 1 x 10™'> mol methane/h
(Fenchel and Finlay 1992), a gas, which can be measured easily and with
high sensitivity using either gas chromatography (GC) or more advanced
detection methods such as laser-photo acoustics (Bijnen et al. 1996) or mass
spectrometry (Beckmann and Lloyd 2001). Although the methanogens are
found exclusively in the gastro-intestinal tract of their hosts, methane mea-
surements can be performed with intact specimen because the methane
derived from the intestinal fermentations is released together with the ex-
haled breath of their host animals. Therefore, the presence of methanogenic
archaea in the gut of an individual arthropod can be traced easily (and non-
invasively) by measuring methane concentrations in its breath, provided
that the animals host more than 10° methanogens. Using photo acoustic
laser techniques methane release can be monitored even below ppb level
(Bijnen et al. 1996).

Second, methane formation requires a set of unique enzymes and co-
factors (Ferry 1993, 1999; Shima et al. 2002). One of these cofactors,
Fu0, exhibits a characteristic autofluorescence. Because it is present in
large amounts in most of the methanogens, methanogenic archaea exhibit
a strong blue autofluorescence when irradiated with UV-light of a wave-
length of 420 nm (Fig. 7.1). Therefore, it is possible to detect even a single
(fluorescing) methanogen directly among thousands of (non-fluorescing)
eubacteria using epifluorescence microscopy (Doddema and Vogels 1978).
The application of this technique led to the identification of the first en-
dosymbiotic and episymbiotic methanogens of anaerobic protozoa (Vogels
et al. 1980; van Bruggen et al.1983; Fenchel and Finlay 1995).
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Third, the polymerase chain reaction (PCR) and the fluorescent in situ
hybridisation (FISH) using methanogen-specific primers and probes, re-
spectively, allow the identification of specific methanogens in their natural
environments without the need for culturing (Amann et al. 1995, Amann
and Ludwig 2000). It was not until 1992 when Embley and his cowork-
ers identified the first methanogenic endosymbionts of ciliates by rDNA
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<« Fig.7.1. Methanogenic archaea in the hindguts of the various arthropods. The blue auto-
fluorescence caused by the cofactor F4y9 indicates the presence of methanogens. The yellow-
ish/greenish fluorescence originates from the chitinous, cuticular structures of the arthropod
hosts. a Filamentous methanogensloosely associated with cuticular hairs in the anterior part
ofthe hindgut of the cockroach Diploptera punctata. Bar 10 pm. b Filamentous methanogens
adhering with their tips to cuticular hairs of the hindgut of the cockroach Nauphoeta cinerea.
Bar 10 pm. ¢ Coccoid methanogens closely associated with cuticular hairs of the hindgut
of the cockroach Leucophaea maderae. Bar 10 pm. d Filamentous methanogens in the pos-
terior hindgut of Diploptera punctata. There is no evidence for a close association with
cuticular hindgut structures. Bar 10 pm. e Small, coccoid methanogens between cuticular
hairs (yellowish autofluorescence) covering the hindgut of the cockroach Nyctibora sp.. Note
that many methanogens are found at the basis of the hairs, adhering to the cuticle of the
hindgut, at a distance of only a few micrometres to the tracheoles, which support aerobic
mitochondrial metabolism in the hindgut epithelium. Bar 10 pm. f Coccoid methanogens
closely associated with a “pseudoseta” from the hindgut of a larva of the scarab beetle
Pachnoda marginata. Bar 10 pm. g An anaerobic nyctotheroid ciliate from the hindgut of
the cockroach Byrsotria fumigata. Note the intensive autofluorescence of F4¢ originating
from endosymbiotic methanogens. Bar 10 pm. h Filamentous methanogens closely associ-
ated with a pseudoseta from the hindgut of alarva from the scarab beetle Pachnoda bhutana.
Bar 10 pm

sequencing and in situ hybridisation (Embley et al. 1992a,b; Dyal et al.
1995). Eight years later, the complex correlations between the phyloge-
nies of endosymbiotic methanogens and their hosts could be explained by
a principally “vertical inheritance” of the methanogenic endosymbionts
from one ciliate generation to the next. However, the phylogenetic analysis
can be blurred by rare evolutionary endosymbiont replacements accompa-
nying the adaptations of the ciliate host to novel environments (van Hoek
et al. 2000).

Lastly, recently developed profiling techniques such as 16S rRNA commu-
nity analysis, DGGE (denaturing gradient gel electrophoresis) or T-RFLP
(terminally labelled restriction fragment length polymorphism) allow the
analysis of complex archaeal symbiotic associations (Tokura et al. 2000;
Brauman et al. 2001; Friedrich et al. 2001; Egert et al. 2003; Wright and
Pimm 2003; Donovan et al. 2004; Regensbogenova et al. 2004a,b). Real-time
PCR, finally, allows a quantitative assessment of particular methanogenic
taxa in complex environments (Tang et al. 2004; Sawayama et al. 2004).

7.3
Why Do Certain Arthropods Make Methane and Others Not?

From 1992 on, we started a systematic search for “methanogenic” arthro-
pods in order to gain insights into the problem of why certain arthropods
make methane and others do not. In a first experiment, 110 representatives
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of 35 higher taxa of terrestrial arthropods were screened for methane and
hydrogen emissions with the aid of a gas chromatograph. Then the animal
was sacrificed, dissected and analysed by epifluorescence-, phase contrast-
and differential interference contrast (DIC) microscopy for the presence
or absence of methanogens, and their localization in the various compart-
ments of the gut (Hackstein and Stumm 1994). In a second screen some 70
strains of cockroaches representing 44 different species were analysed in
the same way (Hackstein 1997; Hackstein and van Alen, unpubl.).
Summarising the results of these screens briefly, it has to be concluded:

1. Only representatives of millipedes, cockroaches, termites and scarab
beetles produce methane. Representatives of other taxa do not produce
methane - irrespective of whether these arthropods have diets very
similar to those of methanogenic species. This suggests a taxonomic,

Table 7.1. Methane production in cockroaches

Species Methane emissions Hindgut Protists

Blattoidea

Blattinae

Blatta orientalis
Deropeltis sp.
Periplaneta americana
Periplaneta australasiae
Periplaneta brunnea
Periplaneta fulginosa

+ o+ o+
+ o+ o+ o+
cogooo

Polyzosteriinae
Eurycotis floridana

+
+
@)

Blaberoidea

Polyphagidae

Polyphaginae

Polyphaga aegyptiaca + + C

Blattellidae

Plectopterinae

Eudromiella sp. (Costa Rica) - - -

Lupparia sp. (Luzon, Philippines) - - -

Supella longipalpa - - -

Supella supellectilium + + M
Blattellinae

Blattella germanica +/- +/- -

Ischnoptera sp. - -

Loboptera decipiens - -

Parcoblatta lata + nd nd
Shawella couloniana - - -

Symplece pallens - nd nd
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Table 7.1. (continued)

Species Methane emissions Hindgut Protists

Ectobiinae
Ectobius sylvestris - - -
Ectobius sp. - - -
Nyctiborinae

Nyctibora sp. (Costa Rica) + + -
Blaberidae

Blaberoid complex
Zetoborinae

Schultesia lampyridiformis

+
+
|

Blaberinae
Archimandrita sp.
Blaberus craniifer
Blaberus fuscus
Blaberus discoidalis
Blaberus giganteus
Blaberus sp. CR
Byrsotria fumigata
Eublaberus distanti
Eublaberus posticus
Blaptica sp.

nd nd

+ +
000

nd nd
(©)

++ o+

+ + + +

C+M

Panchloroid complex
Pycnoscelinae
Pycnoscelus surinamensis +

—+

(C+M)
Diplopterinae
Diploptera punctata + + C

Panchlorinae
Panchlora nivea

Oxyhaloinae
Gromphodorhina chopardi
Gromphodorhina portentosa
Leucophaea maderae
Nauphoeta cinerea

Gen. near Griffiniella
Epilamproid complex
Epilamprinae

Rhabdoblatta sp. + + -

+ 4+ + + +
+ 4+ + + +
0O 1 0o

Abbreviations:
C: cilates,

M: mastigotes (flagellates),
nd: not determined,
(c) low numbers of ciliates
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and, consequently, hereditary basis for methanogenesis. The screen
for methanogenic cockroaches strongly supports this assumption since
nearly all non-methanogenic species are restricted to the taxon Blattelli-
nae, whereas most of the Blaberidae and Blattinae tested were methano-
genic (Table 7.1).

2. Microscope inspection confirmed the presence of methanogenic archaea
in the methane-emitting animals, and, likewise, their absence in non-
methanogenic animals. Thus all methanogenic species studied hosted
more than 10° methanogens (because of the detection threshold of the
GC), and the absence of methanogenesis correlated strictly with the com-
plete absence of methanogens as judged by epifluorescence microscopy.
Notably, in all methanogenic species, the occurrence of methanogens
was restricted to the hindgut. Methanogens were never found in the
foregut or the midgut of any methanogenic species.

3. Methanogens in hindguts are found free-floating in the gut lumen, at-
tached to food particles, or adhering to the gut wall. In certain in-
sects, these gut walls possess elaborated cuticular differentiations, which
eventually enlarge the inner surface of the hindgut by several orders of
magnitude (see below). Moreover, many methanogenic arthropods host
protozoa with endosymbiotic methanogens (Figs. 7.1, 7.2d-h, 7.3, 7.4,
Table 7.1).

4. In general, the hindguts of methanogenic arthropods exhibit a remark-
able complex longitudinal compartmentalization and radial differentia-
tion, i.e. cuticular structures protruding into the hind gut lumen, and/or

» Fig.7.2. Differentiations of the hindgut epithelium of short-horned grasshoppers and
crickets. Note the complete absence of blue-fluorescing methanogens. Neither taxa produce
methane. a Phaeophylacris bedoides, a cave-dwelling cricket (bar 10 pm). b Unidentified,
European short-horned grasshopper (bar 10 pm). ¢ Cuticular structures at the junction
between midgut and hindgut of the cockroach Rhabdoblatta sp.. These chitinous bracts are
likely to have a function in disrupting the peritrophic membrane before the gut contents
enter the hindgut (bar 10 pm). d An anaerobic nyctotheroid ciliate from the hindgut of the
cockroach Deropeltis sp.. The blue autofluorescence stems from numerous endosymbiotic
methanogens. The dark spot identifies the location of the macronucleus, which does not
contain methanogens. (bar 10 pm). e Cyst (resting stage) of the ciliate shown in Fig. 7.1g (i.e.
from the hindgut of the cockroach Byrsotria fumigata). The blue autofluorescence discloses
the presence of methanogens also in cysts (bar 10 pm). f, g Endosymbiotic methanogens
from ciliates thriving in the hindgut of the cockroach Periplaneta americana (strain Ams-
terdam) (f), and the cockroach Blaberus sp. (strain Amsterdam) (g). The methanogens were
released from the ciliates by gentle squashing. Note the different shapes of the methanogens
(bar 5 um). h Cysts of ciliates from the hindgut of a cockroach belonging to the Oxyhaloinae
(Gen. near Griffiniella) containing endosymbiotic methanogens (blue autofluorescence).
(Bar 10 pm)
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<« Fig.7.3. Light micrograph (semi-thin section) of the hindgut epithelium of a larva of
Dynastes hercules (Scarabaeidae). Villus-like structures, measuring between 200 and 500 pm
in length protrude into the lumen of the hindgut. These structures, which we have named
“pseudosetae”, are composed of several, elongated cells of the hindgut epithelium and
covered by a complex prokaryotic microbiota, including methanogens (cf. Fig. 7.1£h). b
Light micrograph (differential interference contrast) of a single pseudoseta from the hindgut
of a Pachnoda marginata (Scarabaeidae) larva after the removal of the bacteria adhering
to this structure. The surface of the pseudoseta is covered with a cuticle, which carries
numerous hairs (trichomes) enhancing the surface by about two orders of magnitude. Sizes
100-300 pm. ¢, d Electron micrograph (c) and cartoon (d) of a single pseudoseta. Note
that tracheae and tracheoles as well as mitochondria are lacking in the distal parts of the
pseudoseta. The vacuoles are most likely involved in the transport of fermentation products
(mainly short chain fatty acids) generated in the lumen of the hindgut to the hindgut
epithelium, and eventually to the hemolymph. Bar 5 pm. Black ovals in d indicate the nuclei
of the hindgut epithelium and the pseudoseta.

a characteristic radial distribution of intestinal protozoa (Figs. 7.3-7.6).
However, the presence of bristles and pseudosetae for the attachment of
bacteria is not restricted to methanogenic hosts (Fig. 7.2a,b).

5. Substantial numbers of (anaerobic) symbiotic protozoa were only found
in the hindgut of methanogenic species. Parasitic protozoa such as Gre-
garines, for example, thrive in the midgut, whereas parasitic worms are
found frequently in the hindgut compartment.

6. Terrestrial arthropods thriving in boreal climates seem to lack intestinal
methanogens, even if they belong to a methanogenic host-taxon. The
potential influences of the ambient temperatures on the occurrence of
methanogens in the guts of arthropods require additional studies.

In conclusion, symbioses between arthropods and methanogenic ar-
chaea are not ubiquitous, and a plant-based diet of an arthropod does
not necessarily imply the presence of methanogenic archaea in the gut.
Symbioses between arthropods and methanogenic archaea are restricted
to certain taxonomic groups. Thus, symbioses between arthropods and
methanogenic archaea depend primarily on the evolutionary descent and,
consequently, on hereditary factors rather than on dietary habits. Symbiotic
methanogens are always restricted to the hindgut. They occur free-floating
in the gut lumen, attached to digesta, attached to the hindgut wall, or as
endosymbionts in anaerobic protists thriving in the same gut compartment
(see below). There is, until now, no explanation for the observed restric-
tion of such symbioses to a few higher taxa - neither at the physiological
nor at the molecular level. Moreover, the small size of the arthropod hosts
raises a number of questions concerning the survival of strictly anaerobic
methanogens in tiny gut compartments that are exposed to atmospheric
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<« Fig.7.4. Various aspects of the hindgut epithelium of the cockroach Nyctibora sp. a Low
magnification light microscopy reveals that the inner surface of the hindgut is covered by
villus-like protrusions of the hindgut epithelium (bar 200 pm). b A cross section of the
hindgut shows that these villi fill nearly the whole volume of the gut (bar 200 pm). f The
same aspect at higher magnification (bar 100 pm) reveals the presence of tracheae inside
of these villi. ¢ A light micrograph at higher magnification (bar 100 pm), which shows that
tracheae and tracheoles are present in each of the villi. d Mitochondria with many cristae are
found just below the cuticle, which covers the epithelial cells at the luminal side (bar 1 pm).
e Electron micrograph of a villus, which is associated with numerous bacteria forming
a complex microbiota strongly adhering to the villus with its trichomes (several of which

are cut). Note the trachea inside the epithelial cell (close to letter “e”). Bar 2 pm

oxygen, which is transported through the tracheae directly into the gut
epithelia. Several of these issues are discussed in some detail below.

7.4
“Small Is Beautiful”: The Elusive Co-Existence of Aerobes
and Anaerobes in Arthropod Guts

The rumen of a cow has a volume between 100 and 2001 and a macro-
scopic surface of about 1 m?. Consequently, the surface/volume ratio of
this “fermenter” is about 10 m?/1 m’. Due to the large volume and the
relatively low surface to volume ration, the diffusion of oxygen into the
rumen is rather limited. The rumen is largely anoxic due to the metabolic
activities of facultative aerobic rumen bacteria, and therefore, comparable
to a laboratory-scale anaerobic fermenter. Insect guts, on the other hand,
have volumes at the microlitre scale, i.e. from about 1 pl in termites and
small cockroach larvae to not more than a few thousand microlitres in the
case of adult giant cockroaches or of the giant larvae of cetonid beetles
(Fig. 7.6a,c). These dimensions implicate a surface area of these guts in
the order of some mm?, and consequently, a surface/volume ratio of some
thousand m?/m® (Brune 1998) . This raises the question as to whether
under these conditions anoxic niches, which are required for the strictly
anaerobic methanogens can exist at all. The introduction of microsensor
(O, Hy, and pH electrodes) techniques into insect physiology by Andreas
Brune allowed these questions to be answered (Brune et al. 1995). It could
be shown that, despite of the small size, insect guts can be completely anoxic
just a few micrometers below the hindgut wall (Figs. 7.4, 7.5). Because of the
metabolic activities of aerobic and facultative anaerobic bacteria adhering
to the gut wall (or positioned closely to it) very steep oxygen gradients can
be established, which render the majority of the hindgut volume anoxic
(Brune and Friedrich 2000).
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The H, accumulation in these particular termite hindguts is believed
to be due to the presence of an extremely dense population of flagellates
(Figs. 7.5, 7.6b). The flagellates are restricted to the “paunch”, the anterior,
dilated part of the termite hindgut. They occupy nearly the whole lumen
of this gut compartment. These flagellates are supposed to possess hy-
drogenosomes, although the evidence for this is still rather circumstantial.
Histochemical tests to demonstrate the presence of hydrogenase activity (cf.
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<« Fig.7.5. Cartoons illustrating the radial profiles of H, and O, partial pressures in ter-
mite (a) and cockroach hindgut (b), respectively, as measured with the aid of microsensors
at explanted guts, which had been embedded into agarose (Brune et al. 1995; for such
a setup, see Fig. 7.6a,b). Very steep O, gradients (a, and right part of b) are caused by
the respiration of facultatively aerobic microbiota with the consequence of small microoxic
zones at the periphery of the hindgut lumen (cross section in a, and grey arrow in b, right
panel). The H, peak in the termite hindgut is caused by hydrogen-producing protozoa. The
hydrogen diffuses out of the gut, being partially consumed by methanogens colonising the
hindgut wall. In b, hydrogen is generated throughout the hindgut lumen, but the presence
of methanogens throughout the lumen keeps the partial pressure of hydrogen low (black
arrow in left panel). The hydrogen-consuming communities are not saturated, since even
the application of external hydrogen at a partial pressure of 18% does not cause higher
than background levels of hydrogen in the gut lumen [left panel, open circles (5% Hj) and
black circles (18% H;)]. The shaded areas indicate the location of the left and right halves of
the hindgut, respectively. Abscissa: distance to the surface of the agarose in micrometers. a
reproduced with permission from Brune and Friedrich (2000)

Zwart et al. 1988) have not been performed, and methanogenic endosym-
bionts are lacking in most of the flagellates, but some contain endosym-
biotic methanogens (Frohlich and Koénig 1999). However, H, microsensor
measurements indicate a hydrogen release by isolated flagellates (Brune,
pers. comm.). Microscope inspection does indeed reveal the presence of
numerous methanogens adhering to the hindgut wall, and the absence of
significant amounts of methanogens adhering to the gut contents.
Cockroach guts are very similar to that of termites with respect to the
oxygen gradients. Very steep O, gradients reveal anoxic conditions a few
micrometers below the hindgut wall (Fig. 7.5b). The H, gradients, however,
behave completely different. Electrode measurements in the hindgut of
several species of cockroaches reveal that the H, partial pressure in the
centre of the gut is at detection limit of the electrode. Also, increasing
the ambient H, partial pressure to 18% does not lead to an increase in
the H, partial pressure in the central region of the hindgut - in clear
contrast to the situation in the termite hindgut. These data indicate the
presence of H, sinks throughout the lumen of the hindgut, and there is
no evidence for a particular concentration of hydrogen sinks near the
gut wall. Microscope inspection of the particular guts shows that only
a few methanogens adhere to the hindgut wall; the majority are more or
less evenly distributed through whole gut lumen, or adhere to cuticular
structures, such as spines and hairs, which protrude into the gut lumen
(Figs. 7.1, 7.3; see below). Notably, gut ciliates are not concentrated in the
centre of the hindgut, and in contrast to the flagellates from the termite gut,
they possess methanogenic endosymbionts, which convert intracellularly
formed hydrogen into methane inside the ciliate cells (Figs. 7.1g, 7.2d-h).
Therefore, ciliates do not release detectable amounts of hydrogen, and the
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Fig.7.6. Macroscopic views of the gut of cockroaches, termites and larvae of scarab beetles.
a Top, a cartoon of the intestinal tract of a cockroach (Periplaneta americana). Below,
a picture of a gut of Periplaneta americana, which has been embedded into agarose for
microsensor measurements (after removal of the crop). b The unravelled intestinal tract of
a termite (Cubitermes sp.) to demonstrate the complex longitudinal compartmentalisation
of the termite gut. A microsensor is inserted into compartment PI. The plot below displays
the longitudinal variations in pH (solid line) and the partial pressures of O, and Hy. C Crop,
M midgut, ms mixed segment, P1-5 proctodeal regions. b reproduced with permission
from Brune and Friedrich (2000). ¢ A cartoon demonstrating the gross organisation of the
intestinal tract of the larva of a scarab beetle (Pachnoda sp.). The midgut is highly alkaline.
The interior of the hindgut is shown to indicate the location of the pseudosetae (black
structures).

hydrogen in the hindgut, which fuels the ubiquitous methanogens must
be generated by bacteria throughout the hindgut (Fig. 7.5b). Interestingly,
a substantial fraction of the hydrogen, which is consumed in the hindgut
of cockroaches by the methanogenic archaea stems from hydrogen formed
in the midgut and is acquired by inter-compartment hydrogen transfer
(Lemke et al. 2001; see below).

The metabolic activities of a facultatively aerobic microbial biota in
the guts are responsible for the formation of steep oxygen gradients, which
eventually cause the formation of a narrow microoxic zone in the periphery
of the gut. These oxygen gradients are characteristic for the intestinal tract
of termites, cockroaches, beetle larvae, and, most likely of all insects, which
host a complex facultatively aerobic microbial biota in their guts (Brune
et al. 2000). The cockroach Nyctibora sp. possesses an extremely enlarged
hindgut wall. Finger-like protrusions of the gut epithelium stick out into the
lumen until the very centre of the hindgut (Fig. 7.4a-f). The epithelium of
these protrusions is supplied with oxygen by tracheae and tracheoles, which
extend intracellularly just below the cuticle lining the site of the epithelium
facing the gut lumen. One wonders if any part of the gut lumen can be com-
pletely anoxic, but methanogens are found adhering to the inner surface
of the gut wall, at a micrometer distance to tracheoles and mitochondria,
which are frequent in the hindgut epithelium (Figs. 7.1e, 7.4d).
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7.5
Longitudinal Differentiation of the Intestinal Tract
of Methanogenic Arthropods

Arthropod guts are clearly compartmentalised in the anterior-posterior
direction. In general, it is possible to identify an oesophagus, crop, midgut,
and hindgut (Dettner and Peters 2003). The intestinal tract of cockroaches
is structured relatively simply (Fig. 7.6a). The gut of termites, especially of
humivorous species, can be rather complex (Fig. 7.6b), whereas the intesti-
nal tract of cetonid and scarabeid larvae is dominated by a giant midgut and
hindgut (Fig. 7.6¢). Notably, in all methanogenic arthropods studied so far,
methanogens are restricted to the hindgut (Hackstein and Stumm 1994).
This compartment has a pH around neutral, whereas certain parts of the
guts of humivorous insects can be strongly alkaline, which might prevent
a colonisation by methanogenic archaea (Fig. 7.6b,c). In cockroaches, how-
ever, all gut compartments have a similar, near neutral pH. Nevertheless,
there are no methanogens found in other compartments of the intestinal
tract besides the hindgut. Interestingly, in all methanogenic arthropods
studied, the peritrophic membrane (Dettner and Peters 2003), which wraps
the gut contents during its passage through the midgut, is disintegrated at
the junction between midgut and hindgut. In many cockroaches, cuticular
structures located at the junction between midgut and hindgut, are involved
in the mechanical disruption of the peritrophic membrane (Fig. 7.2¢).

7.6
Intercompartment Hydrogen Transfer

Indirectly, the midgut, which does not host methanogenic archaea in any
of the arthropods studied so far, contributes to the methane emissions.
In the midgut of many species of terrestrial arthropods dense popula-
tions of bacteria were identified, which produce hydrogen. This also holds
true for midguts, which possess an extremely high pH in this compart-
ment (Cazemier et al. 1997; Schmitt-Wagner et al. 2003a,b). These bac-
terial microbiota allow a net production of hydrogen, which is released
into the hemolymph. This hydrogen fuels the methane production in the
hindgut (Lemke et al. 2001). In both cockroaches and larvae of scarab bee-
tles, but also in certain termites, the anatomy of the gut facilitates a close
apposition of hydrogen-producing and hydrogen-consuming, i.e. methane-
producing compartments (Fig. 7.7; cf. Hackstein and Stumm 1994; Brune
and Friedrich 2000; Hackstein et al., unpubl.). The intercompartment hy-
drogen transfer between hydrogen-producing and hydrogen-consuming
compartments is very effective. Although significant amounts of hydrogen
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Fig.7.7. Cartoon of the intestinal tract of the cockroach Blaberus sp. Ingested food is stored
in the crop (C) before it is passed into the midgut (M), where it is fermented by a com-
plex microbiota, which generates hydrogen. The midgut is wrapped around the hindgut
(H), which provides a strong hydrogen-sink because of the presence of methanogens. The
close anatomical association between midgut and hindgut facilitates an efficient intercom-
partment hydrogen transfer, which has been confirmed by microsensor measurements (cf.
Lemke et al. 2001). Reproduced with permission from Lemke et al. (2001).

are produced by the isolated midguts of quite a number of insects (mea-
sured with the aid of a GC in vitro using isolated, ligated midguts, which
were incubated anaerobically for several hours), only rarely traces of H,
emissions could be measured in the breath of methanogenic insects (Hack-
stein and Stumm 1994). Consequently, the surplus of H, produced in the
midgut must be very efficiently metabolised in the hindgut to methane. We
estimated that about 25-30% of the total methane production might be due
to hydrogen, which stems from intercompartment hydrogen transfer. There
are indications that also methanol (and potentially also formate) might be
transferred from the midgut to the hindgut of cockroaches and Pachnoda
sp. larvae with the consequence of an increased methane production in
the hindgut (Fig. 7.8; Hackstein et al. 2000; Lemke et al. 2003). We have
shown earlier by the isolation of Methanomicrococcus blatticola that cer-
tain methanogens in the hindgut of cockroaches use methanol and H, as
substrates for methanogenesis instead of CO, and H, (Sprenger et al. 2000).

7.7
DifferentiationsofthelIntestinal Tractto Host Methanogenic
Archaea (and Other Prokaryotes)

Millipedes, certain termites, many cockroaches, and larvae of cetonid and
scarab beetles evolved cuticular projections of the hindgut epithelium,



174 J. H. P. Hackstein et al.

1 1 1 Il

26 1

24 1

22'| -

350 360 370 380

Fig.7.8. Methanol release via breathing by a cockroach (Blaberus sp.). Methanol is produced
by the fermentations in the intestinal tract of the cockroach (in both the midgut- and hindgut
compartments). It is released periodically via the tracheae exhibiting the characteristic
fluctuations in concentration known from the resting respiration of cockroaches (Bijnen
et al. 1996). Methanol is detected using proton-transfer mass-spectrometry (Boschetti et
al. 1999). Incubations of isolated gut compartments revealed a release of methanol by
the midgut, and a concomitant stimulation of methanogenesis in the hindgut. Ordinate
Methanol concentration in ppb. Abscissa Time in minutes. The scale above the recording
marks four complete respiration cycles

which increase the surface providing attachment sites for the microbiota in
the gut. In methanogenic species, methanogens represent a major fraction
of the prokaryotic community attaching to the cuticular hairs (trichomes).
However, such differentiations are not specific for methanogenic hosts,
since similar structures are found also in non-methanogenic insects such
as for example crickets and locusts (Fig. 7.2a, b). Thus, these differentia-
tions are not specific attachment sites for methanogens. In cockroaches, the
cuticular differentiations are in general simple cuticular hairs (trichomes,
see Fig. 7.1a-e). In the larvae of cetonids, complex differentiations of the
hindgut epithelium evolved consisting of several highly differentiated, elon-
gated epithelial cells that together form a “pseudoseta” (Figs. 7.1f,h, 7.3).
Macroscopically, the inner surface of the hindgut of the larvae of the vari-
ous scarabaeids resembles the “villi” known from mammalian guts. These
structures not only serve as attachment for eubacteria and methanogenic
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archaea, rather they are also engaged in the resorption of the fermenta-
tion products. The presence of large bundles of microtubules, which are
closely associated with potentially fatty acids-containing vacuoles, strongly
suggests that the pseudosetae of Pachnoda sp. larvae absorb fermentation
products in the gut lumen and transport them to the hindgut epithe-
lium, which contains numerous mitochondria. Mitochondria and tracheae
are lacking in the distal parts of the pseudosetae, in clear contrast to
the hindgut structures of Nyctibora spec. described above (Figs. 7.1e,fh,
7.3,7.4).

7.8
Biodiversity of Intestinal and Endosymbiotic Methanogens

Most gut bacteria and, in particular, most of the intestinal and endosym-
biotic methanogenic archaea cannot be cultured yet. The few exceptions
of cultured methanogens from insect guts (Leadbetter and Breznak 1996;
Leadbetter et al. 1998; Sprenger et al. 2000) reveal significant differences
in both the taxonomic position and the metabolic properties. Culture-
independent methods such as PCR amplification of the 16S rRNA genes
of intestinal methanogens provided a first overview over the biodiversity
of methanogens in the arthropod guts. The methanogenic endosymbionts
of gut-dwelling ciliates have been identified by FISH and PCR based am-
plification of the methanogenic 16S rRNA genes (van Hoek et al. 2000).
Community analysis using archaeal 16S rRNA libraries and profiling tech-
niques such as T-RFLP analysis of methanogenic archaea from arthropod
guts (Ohkuma et al. 1999; Tokura et al. 2000; Brauman et al. 2001; Friedrich
etal. 2001; Egert et al. 2003) revealed an enormous biodiversity. The analy-
ses of termite guts reveals a surprisingly stable gut community, which might
be host-specific. It could be shown that the gut microbiota is clearly distinct
from the microbial communities in different soils, and also characteristic
for the particular compartments of the termite gut (Schmitt-Wagner et al.
2003a,b; Donovan et al. 2004).

Moreover, many cockroach species hostanaerobic ciliates with endosym-
biotic methanogens (Table 7.1). By an analysis of the 16S rRNA genes of
the methanogenic endosymbionts and the 18S rRNA genes of their par-
ticular ciliate hosts, it could be shown (1) that nearly every strain of
a (methanogenic) cockroach species hosts a specific ciliate, and (2) that
every ciliate species seems to carry a specific endosymbiont (Embley et al.
1992a,b; Dyal et al. 1995; Fenchel and Finlay 1995; van Hoek et al. 1998, 2000;
see Hackstein et al. 2002 for a review). In contrast to cockroaches, only a few
flagellates from the termite gut host endosymbiotic methanogens. Never-
theless, the phylogenetic analysis of the flagellate-associated methanogens
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reveals that they are clearly different from those methanogens, which ad-
here to gut wall (Fréhlich et al. 1999; Tokura et al. 2000).

A broad, systematic analysis of the biodiversity of arthropod-borne
methanogens has not been published until now. However, given the pre-
sumed host-specificity and the evidence in favour of a long-lasting co-
evolution between the arthropod hosts and their methanogenic symbionts
one might predict that arthropod-methanogen symbiosis will provide one
of the biggest sources of biodiversity of methanogenic archaea. Given that
there are some 2200 described species of termites (Brauman et al. 2001),
and that there is a remarkable biodiversity of Euryarchaeota in the vari-
ous gut segments, then one might expect some 20,000-200,000 different
methanogens only in termite guts. Comparable studies have not been pub-
lished for cockroaches, but we have shown that about 70% of the (estimated)
5000 species of cockroaches have the potential to host methanogens and
ciliates with endosymbiotic methanogens (Table 7.1; Hackstein 1997). If
the Euryarchaeota in cockroach guts exhibit a diversity comparable to the
one observed in termite guts, we must at least double the estimate for
methanogens in termite guts. Since it has also been shown that most of
the local populations of cockroaches host their “own” specific ciliate (each
with its own endosymbiont) we are envisaging previously unrecognised,
gargantuan biodiversity of symbiotic methanogens (Hackstein 1997).

7.9
Conclusions

Little is known about the function of the methanogenic archaea in the guts
of arthropods, besides their role in lowering the H, partial pressure by pro-
ducing methane. This lowering of the H, partial pressure might have similar
consequences for the fermentation patterns of the gut microbiota similar
to the situation known from mammalian guts and rumen (Hobson 1988).
In addition, it may be speculated as to whether intestinal methanogens
can contribute also to the nitrogen-carbon balance in the hindgut by the
fixation of atmospheric nitrogen, since methanogenic archaea possess the
whole set of genes required for nitrogen fixation (Raymond et al. 2004).
Recently, it has been shown that the detrivorous and humivorous insects
or their larvae have a much greater importance in the mineralization of
organic compounds and the supplementation of soil with nitrogen than
anticipated by earlier investigators (Nardi et al. 2002; Lemke et al. 2003;
Ndiaye et al. 2004; Zhang and Brune 2004). Thus, the role of methanogenic
arthropods exceeds their role as methane-emitters and potential contrib-
utors to global warming. Future studies will provide further information
about their complex role in terrestrial ecosystems.
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8 Termites as Soil Engineers

and Soil Processors
David E. Bignell

8.1
Introduction

Termites have a highly significant impact on pedogenesis, soil properties
and soil functions over large areas of the tropics and sub-tropics. The impact
varies with temperature, rainfall, altitude, seasonality, latitude, longitude
and parent geology; but generally arises from frequent high abundance and
biomass, combined with the habit of creating extensive gallery systems in
soil and the use of excavated mineral material to build mounds both above
and below ground and runways above ground. This manipulation affects
the mineral material both physically and chemically; broadly, soils which
are well populated by termites are better drained, more stable and likely
to have a higher retained organic content than counterpart soils which
are depauperate, either for natural reasons or because of anthropogenic
land-use change. Additionally, termites can digest a wide range of types
of organic detritus, ranging (in different taxa) from freshly dead wood
and dried grass through to highly humified organic-rich whole soil. This
arises from a number of highly evolved mutualisms with microbes and
appears to give them a role in decomposition processes out of proportion
to their diversity and taxonomic identity as a single invertebrate order,
though perhaps not to their biomass. There is also evidence of a role
in the N-cycle, especially symbiotic nitrogen fixation, which may be the
primary contribution of some of the associated microbes, rather than the
degradation of lignocellulose.

All termites are eusocial, that is, the ability to reproduce can be sup-
pressed in individuals (usually the great majority), which then reversibly
or irreversibly specialise behaviourally and morphologically for other ac-
tivities such as defence, foraging, construction or nurturing of the young.
The result is a colony, ranging (in different cases) from a few individu-
als to many millions, where the members have a relatively high degree
of relatedness to one another, as well as an absolute dependence on the
continuation of the colony and its social order. The impact of termites in
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soils in not a direct consequence of their social organisation (for example,
earthworms can have a comparable or greater impact without being eu-
social), but inasmuch as the mutualisms with microbes have developed in
a social context (Nalepa et al. 2001), sociality has been strongly selected in
termite evolution and remains essential for their continued existence and
niche exploitations.

Termites are frequently seen as actual or potential pests. A small number
of relatively primitive species, loosely termed “drywood termites”, “damp-
wood termites” and “subterranean termites” can infest timber used for
buildings, poles, furniture and fencing. This is often to spectacular effect,
and such species are inadvertently distributed by man, becoming pantrop-
ical or even more widely distributed. Other types of termite can become
agricultural or silvicultural pests, but this is normally in the context of the
destruction or modification of their natural habitats by the introduction of
non-indigenous crop plants (including trees) or the clearance or burning
off of natural mulches (Wood 1996). The large majority of termite species
are not pests under any circumstances, but instead carry out wholly bene-
ficial activities. These include not only the facilitation of drainage through
the maintenance of macropores, but also the mixing of organic and mineral
materials, the translocation of soil and microbial propagules, the stimula-
tion of microbial metabolism and the promotion of hydraulic conductivity.
The extent of the benefits of termites is only just gaining recognition and
has scarcely been valued by any economic calculation. In the tropics as
a whole, termites are thought to constitute 10% of all animal biomass (up
to 95% of soil insect biomass), and to impact C mineralisation (decomposi-
tion) to roughly the same extent as all mammalian herbivores and natural
fires. Overall, they mediate somewhere between 2 and 5% of the CO, flux
to the atmosphere from all terrestrial sources (the variation in estimate
depending on the assumptions made in scaling-up calculations), a large
contribution for such a discrete taxon. Earlier concerns about the possi-
ble role of CH4 production by termites in global warming have now been
shown to be unfounded (Sugimoto et al. 2000) and will not be considered
in this review, despite the relatively large recent literature on the subject.

The chapter will summarise the basic biology of termites relevant to
their impacts on soils, but with a more extensive discussion of gut pro-
cesses, before reviewing the empirical evidence for the role of termites in
pedogenesis and soil processes. We conclude with an assessment of whether
manipulation of termite populations can promote soil fertility and stability.

For a modern synthesis of termite biology readers are advised to see
the following book and reviews for details (Lal 1987; Lobry de Bruyn and
Conacher 1990; Wood 1996; Black and Okwakol 1997; Pearce 1997; Lavelle
et al. 1997; Abe et al. 2000; Holt and Lepage 2000; Lavelle and Spain 2001;
Bignell and Holt 2002). The classic book “Termites and Soils” (Lee and
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Wood 1971) is still valuable as a source of much original data, as is Chapter 8
of Grassé (1986, in French). Wood and Sands (1978) remains probably the
most influential review of termite ecology and includes an evaluation of the
physical and chemical modifications of soils caused by the insects. Wood
(1988) and Jones and Nutting (1989) are also useful as introductions to the
topic.

8.2
Current State of Termite Science

Termites have been studied scientifically since the late eighteenth century.
However, local expertise with termites is usually orientated towards pest
control, which is a billion-dollar industry worldwide, and relatively few
academic termite scientists are tenured in universities or other public in-
stitutions. Taxonomic expertise and capacity is particularly deficient in
least developed countries and therefore the inventory of naturally occur-
ring species in incomplete. Even in 2005, the main global centres for termite
taxonomy (and often the only places where some specimens can be identi-
fied unequivocally) are in the UK, the USA, Australia, South Africa, France
and Japan. Excepting Australia and South Africa, these are all outside the
main geographical zones where termites are abundant. However the sit-
uation is changing: taxonomic training is assuming greater importance
in bilateral development/co-operation agreements between Western coun-
tries and those of the humid tropics, such that Brazil, Kenya, Pakistan, India,
China and Malaysia, which have established local taxonomic expertise and
tully curated national collections. Unfortunately, taxonomic expertise is
not so easily exchanged between countries. This is because termites show
high endemicity, i.e. most species are confined to a defined area, usually
a part of one of the world’s major biogeographical regions, and do not occur
elsewhere. There are also imbalances between historical taxonomical work
and actual diversities; for example, the termite faunas of N America and SE
Asia are well described, but relatively depauperate, compared to those of
Africa and S America (Eggleton 2000; Eggleton and Tayasu 2001; Davies et
al. 2003). Other anomalies exist: the termite literature is notable for the high
proportion of African studies, a legacy of the colonial process, and studies
of savannah systems are more frequent than those of forests, despite most
tropical forest systems supporting a higher diversity and abundance of
termites overall. These problems notwithstanding, more than 2600 species
of termites have been described in 270 genera and 6 families: an educated
guess would be that this represents about 70% of the species that actually
exist, and that most of the undescribed fauna is located in African and
South American lowland humid tropical forests (Bignell et al. 2004).
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If termites are sampled with reasonable thoroughness in any one place,
a range of species can usually be found which are characteristic for the
locality, the land-use and land-cover in question. Termites are sensitive to
the disturbance of their environment by man, and will generally respond by
diminishing in diversity (usually with particular trophic functional groups
showing the greatest response), abundance (fewer individuals and smaller
colonies) and biomass (less impact on natural environmental processes).
Therefore, termites may be indicator species and monitoring their assem-
blages may be a surrogate for ecosystem health as a whole (Jones and
Eggleton 2000; Bignell and Eggleton 2000). In practice, however, there is no
universally agreed protocol for sampling in the field, which makes compar-
isons of studies by different authors difficult and suggests that some of the
existing published information on termite diversity and abundance may be
inaccurate, most likely underestimates (Eggleton and Bignell 1995; Bignell
and Eggleton 2000). However, efforts to standardise sampling methodology
are providing useful comparative data (Anderson and Ingram 1993; Jones
and Eggleton 2000; Davies et al. 2003), and such methods may be more
widely adopted in the future (Swift and Bignell 2001). Paradoxically, it is
easier to standardise sampling under forest canopies, where a thorough
examination of a small area, ca. 0.1 ha and including the top 20 cm of the
soil, would reveal most of the species present, than in savannahs, where
more widely separated nests rather than galleries contain the majority of
individuals and where dry seasons drive termites to considerable depths.

Fields to benefit from recent research in termite science include chemi-
cal ecology (production of pheromones and their influence on termite be-
haviour, especially foraging), sociobiology (how and why termite societies
have evolved), evolution (how and why termites evolved from cockroach
ancestors) and microbiology (what is the true diversity of archaea, eubac-
teria, actinobacteria, protists and fungi associated with termites, and what
are their individual roles?). Modern molecular methods have also made
an impact: these permit the phylogenies of termites and their symbionts
(including even intracellular parasites) to be reconstructed when other ev-
idences are conflicting, and have confirmed the close relationship between
termites, cockroaches and mantids. In addition, there have been major ad-
vances in understanding the physiological regimes within the alimentary
canal, defining the metabolic capabilities of the termite host and some of
the main groups of microbial mutualists, and, by the use of natural stable
isotope ratios, defining the balance of C and N sources used in different taxa
and trophic functional groups. Most pleasing of all, Lepage and Darlington
(2000) were recently able to write a comprehensive review devoted entirely
to termite population ecology, documenting our accumulated knowledge
of the growth and dynamics of individual colonies, and how work is divided
between castes.
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Keen interest in the terrestrial C cycle has been stimulated by attempts
to fully quantify it, over the whole land surface of the earth, and more
recently by concern about global change and, most notably, greenhouse gas
emissions. As a consequence, there are now a large number of quantitative
studies of termite assemblages, often accompanied by attempts to estimate
their contribution to the C fluxes to the atmosphere (as CO, and CH,)
that result from organic decomposition. Comprehensive recent reviews of
these data appeared (Martius 1994a; Sanderson 1996; Bignell and Eggleton
2000; Sugimoto et al. 2000). Termite abundance varies from less than 50
individuals m™ in arid savannahs to more than 7,000 m™2 in some African
forests. The corresponding biomass densities range from negligible to more
than 100 gm™2, in exceptional cases. In general, abundance and biomass
increase with rainfall (at the same altitude) and decrease with altitude (at
the same level of rainfall). Decreasing rainfall tends to favour wood-feeding
and grass-cutting over soil-feeding trophic groups, but there are many
subtleties related to biogeography and geology. Some soils do not support
termites at all, especially those which are excessively sandy, contain heavy
metals or are subject to severe cracking (Wild 1975; Holt et al. 1980; Bignell
and Eggleton 2000). Seasonal flooding tends to reduce overall diversity
and abundance, but in relative terms favours arboreal termites and those
able to build epigeal mounds over those that are subterranean (Collins
1979; Martius 1994b, 1997). For details of more than 60 published estimates
of termite abundance and biomass see Tables 8.1 and 8.2 in Bignell and
Eggleton (2000).

Table 8.1. Definitions of putative (heuristic) termite feeding groups, based on inspection
and knowledge of natural history (after Eggleton et al. 1997)

Group Descriptions

Soil Termites distributed in the soil profile, surface litter (leaves and twigs), and/or
epigeal mounds, feeding on mineral soil; workers dark-bodied

Soil/wood Termites feeding only or predominantly within soil under or plastered within
logs, or feeding within highly decayed wood that has become friable and soil-
like; workers dark-bodied (=intermediate feeders sensu de Souza and Brown
1994)

Wood Termites feeding on wood and excavating galleries in large items of woody litter,
which in some cases become colony centres. This group may also include species
with arboreal (carton) nests, epigeal (soil or carton) nests or subterranean nests;
also includes some Macrotermitinae cultivating fungus gardens

Litter Termites that forage for leaf litter and small woody litter; includes some mound-
building and subterranean Macrotermitinae, also epigeal mound builders and
arboreal nesters of the Nasutitermitinae (nasute soldiers), which forage on the
surface of the litter layer

Lichen Termites that forage for lichen, mosses and algae on the bark of trees
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Scaling-up calculations by Sanderson (1996), Bignell et al. (1997) and
Sugimoto et al. (2000) all agree that CO, fluxes by termites are in the
range 2-5% of the total from all terrestrial sources, despite the different
assumptions these authors made in their calculations. For a single insect
order with about 0.01% of the global terrestrial species richness, 2% is an
impressive figure, but is nevertheless only a minor source in the context
of the whole C budget. With CH,4 emission, it now appears that the net
contribution by termites is very small, despite the fact that some species
(more correctly some trophic groups) produce this potent greenhouse gas
in large amounts. Studies of static chambers and natural stable isotope
ratios show that mound walls and undisturbed soil between mounds have
a strong sink capacity, presumably due to the presence of methylothrophic
archaea (Sugimoto et al. 1998; MacDonald et al. 1999). Intuitively, this is
disappointing for termite scientists, but there has been a large concomi-
tant gain of new data. In addition to better estimates of abundance and
biomass, many studies have tried to estimate the consumption of organic
matter by termites (not necessarily the same thing as C mineralisation)
and C cycling through their populations (e.g. Lepage 1973, 1974; Peakin
and Josens 1978; Wood 1976, 1978, 1996; Wood and Sands 1978; Collins
1981; Holt 1987, 1988; Waller and Le Fage 1987; Jones and Nutting 1989;
Jones 1990; Whitford et al. 1991; Martius 1994a,b, 1997). The published
estimates of termite wood consumption rates range from 6 to 270 mg per
termite per day (dry weight basis; Wood 1978; Wood and Sands 1978),
a difference of more than one order of magnitude. Estimates of population
respiration rates in moist savannah systems suggest that roughly 20% of
C mineralisation could be attributed to termites (Wood and Sands 1978;
Collins 1981), but this is equivalent to the consumption of 55% of surface lit-
ter, including about a quarter of the standing crop of dry grass. In semi-arid
systems, the proportion of litter removed by termites may be even higher,
although the process is slow (Bodine and Uekert 1979; Buxton 1981). In
forests, C fluxes are dominated by the metabolism of the trees, and the
relative contribution of termites is small, although abundance and biomass
may be higher than in savannahs (Bignell et al. 1997). However, it was still
possible for Matsumoto and Abe (1979) to estimate that the termites of
Pasoh Forest (Malaysia) consumed more than 30% of tree leaf litter. There
is thus a high visibility to termite feeding activity, although its importance
in terms of C mineralisation, is rather variable. Termite biomass is quite
often exceeded by that of earthworms (Lavelle et al. 1997), so the notion
that termites always dominate tropical macrofaunas and are the primary
agents of decomposition is untrue. Productive tropical forest and savannah
systems in which termites are relatively less abundant and less diverse (e.g.
in SE Asia) do not have noticeably less vigorous decomposition processes.
In such cases decomposition of organic litter is presumably shared with
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other animals (such as cockroaches, millipedes, various types of insect
larvae, collembolans and arachnids) and microorganisms. These obser-
vations help us to the conclusion that the main impact of termites in the
biosphere is on soil formation and conditioning, rather than decomposition
per se.

Heuristic feeding classifications for termites have been proposed by
Eggleton et al. (1995, 1996; see Table 8.1). These are useful in the field
up to a point, but suffer the disadvantage of depending on circumstan-
tial evidence, especially the site of discovery of the specimens concerned,
without confirmation from an inspection of the gut contents. A new sys-
tem, based on the relative proportions of silica and plant tissue fragments
in the posterior hindgut has been put forward by Donovan et al. (2001a;
see Table 8.2). This has the additional advantage that unknown specimens
can be allocated to feeding group by reference to relatively straightforward
morphological character states, which strongly correlate to feeding group,
and no gut content analysis is required. It is still necessary to dissect the
intestine; however this can be done after preservation in alcohol and should
be within the competence of well-trained parataxonomists.

The success of termites (there are estimated to be more than 1 x10'® in
the biosphere, making them more numerous than the human population
by about six orders of magnitude) is still the cause of debate amongst sci-
entists. Broadly, the key evolutionary advantages that termites have are (1)
social organisation and (2) a well-designed digestive system, including very
effective mouthparts, combined with an obligate symbiosis with microor-
ganisms which makes it possible to gain energy and nutrients efficiently
from abundant but refractory food substrates (Bignell 1994, 2000). Until
quite recently, these twin features of termite biology have been investigated
quite separately, such that the evolutionary connection between the two
has been unclear, but some synthesis is now emerging (Nalepa and Bandi
2000; Nalepa et al. 2001).

8.3
Termite Biology and Evolution

Termites are eusocial, polymorphic insects (this means the adult stage is
represented by up to five morphologically distinct types or castes, only one
of which has functional gonads) and live in large family groups comprised
of reproductive forms (sometimes winged) together with numerous sterile
soldiers and workers. Unlike ants, the termite soldier is a distinct caste with
no role other than to defend the colony, although its abundance relative to
workers varies greatly from species to species, and some of the more highly
evolved cryptic termites are soldierless. Eusocial organisation allows the
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majority of individuals (the workers) to forage for food co-operatively,
while at the same time they are expendable without immediate cost to
the colony, as the reproductives are protected within the central part of
the mound or gallery system until they fly. Cost/benefit calculations based
on energy expenditure (in finding food and building mound and gallery
systems) and energy gain (from the food secured) show that insect social
systems are efficient (Brian 1978). However, because of the selfish behaviour
of DNA, they can only evolve mechanistically (i.e. without a learned cul-
ture) where the genes of the sterile castes are sufficiently similar to those of
the reproductives for the best chance of the worker genes being represented
in the next generation to reside in supporting the reproductives rather than
investing in their own gonads (Higashi et al. 2000). The nest is a charac-
teristic of all eusocial insects; in termites there is a notable diversity of
nests (mounds if wholly or partly above ground), sometimes with complex
architecture and in one or two genera reaching a huge size (Noirot and
Darlington 2000). The nest is a closed system with few connections with
the outside world (in some cases none). This permits the cryptic behaviour
of termites, restricting attacks by predators, and avoidance of air currents,
which reduces water loss and allows them to reduce nutrient investment in
a thick, impermeable cuticle.

Termites are derived forms of cockroaches (this means that termites and
cockroaches share the same basic body plan and that cockroaches are an-
cestral, termites having evolved relatively rapidly, and more recently, with
a subset of specific specialist adaptations). Termites depend on mutualis-
tic intestinal microbes, mostly archaea and bacteria and, in some higher
forms, externally cultivated basidiomycete fungi, for assistance with en-
ergy metabolism and the provision of nitrogen. Some termites (generally
the more primitive forms) also contain populations of flagellate protists
in the hindgut, a number of which share with the termite host the abil-
ity to degrade cellulose and other plant structural polysaccharides. Where
flagellates have been dispensed with (i.e. in higher termites), the ability to
degrade cellulose is not necessarily impaired, but the site of expression and
secretion of the termite’s own cellulases is moved from the salivary glands
(typical of the more primitive termites with flagellates) to the midgut ep-
ithelium (Slaytor 2000). No explanation of this unprecedented phenomenon
has yet been offered and it remains one of the mysteries of termite biology.

Although the presence of dense microbial populations in termite guts has
been known for more than 75 years, and termite-microbe interactions are
often used in textbooks to illustrate biological symbiosis, their role is yet to
be specified exactly. Most termites that feed on wood and other relatively in-
tact plant residues seem able to produce appropriate digestive enzymes for
degrading cellulose; hence the main duty for termite-associated microbes
may be to meet some other need.
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Natural termite assemblages (an assemblage is a set of species living
in the same place, though not necessarily with the same niche) normally
contain a range of species which feed, individually, on materials of differ-
ing provenance (wood, grass, leaf litter, animal dung and living lichens),
and at different stages in the decomposition process (living tissues, freshly
dead plant tissues, decayed wood and organic-rich soil; see Noirot 1992;
Bignell and Eggleton 1995). Those species feeding on more humified food
(extensively decayed wood and organic-rich soil) seem to have a more lim-
ited digestive capacity of their own, so the intestinal microbes here are,
presumably, the primary agents of nutrient acquisition by degradingligno-
cellulose and soil organic matter in some manner yet to be fully elucidated
(see below). A further complication arises from the existence of termites
that have obligate mutualism(s) with fungi. In these species, the fungal
mycelium is grown on a structurally complex substrate, derived from pri-
mary forage (mostly wood and leaf litter) and furnished by the termites,
who manipulate the culture to exclude competing fungi and then con-
sume, at different stages of their development, the spores and the senescent
mycelium. This relationship seems to cater for different needs in different
circumstances: in some species fungal products assist with digestion, while
in others the fungus accumulates nitrogenous compounds (a kind of com-
posting), which are eventually passed to the termite when the mycelium
is consumed (Rouland-Lefevre and Bignell 2001). Taxonomic characterisa-
tion of termite-associated microbes is still in its infancy, but the available
evidence suggests that some are quite commonplace organisms, while oth-
ers have co-evolved with their termite hosts and are not found elsewhere
in nature.

The available fossil evidence suggests the main adaptive radiation of
termites (and their trajectory towards ecological dominance in the lowland
tropics) was a mid-Tertiary event, and occurred after the start of the general
continental break-up in the Cretaceous (Thorne et al. 2000). The major
event in the evolution of eusocial termites seems to have been the use of
soil, initially for construction of mounds and galleries, and subsequently
as a food (Donovan et al. 2000). This apparently coincides with the loss of
protist intestinal symbionts, and the acquisition (or co-evolution), in some
clades, of gut bacteria which can degrade soil organic matter sufficiently
to provide the termite host with adequate nutrition. The advantage of
soil-feeding is (1) that this resource is available in infinite amounts and
(2) that it can be easily accessed by the construction of relatively simple
subterranean gallery systems around the colony centre. The energetic cost
of feeding is therefore low, competition for resources with other colonies
or other types of termite is minimal and defence of the colony can be
achieved largely by the avoidance of predators, rather than the production of
large numbers of specialised soldiers and/or foraging workers protected by
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thick cuticles (Bignell 1994). Such considerations weigh heavily in eusocial
systems, where it can be argued that the optimum evolutionary position is
to provide the maximum supply of nutrients to the functional reproductive
castes (queen and king) at the least cost in terms of the replacement of
expended workers and soldiers. It is tempting to see a connection between
the adoption of soil as a building material and the loss of the (relatively
fragile) flagellate mutualists from the gut (Donovan et al. 2001a).

Constructions made by termites include: numerous galleries tunnelled
through wood and soil; underground chambers containing the reproduc-
tives and developing nymphs (and in some cases symbiotic fungus gar-
dens); runways attached to the sides of trees, decaying wood and buildings;
soil sheeting covering the surface of the ground and items of dead wood;
and arboreal or epigeal (i.e. emerging from the surface) mound-nests with
a complex internal structure. Materials utilised, manufactured or translo-
cated by termites include surface soil, sub-soil, compacted faeces and carton
(a lightweight organic-rich mixture of partially digested cellulose, saliva
and soil); such manipulations contribute to the role of termites as condi-
tioners of soils (Holt and Lepage 2000). The colour of termite mounds gives
some clue to the identity of their builders or occupants. A lighter orange
or brown colour indicates the use of sub-soil in construction and such soil
is unlikely to have been passed through the termite gut, being carried in-
stead in the mandibles of teams of workers without ingestion. Dark mound
material is organic-rich soil foraged from the surface layers and probably
having first passed through the guts of the workers of soil-feeding species,
to be deposited as faeces. However, one must also remember that termite
mounds can change ownership (technically this is called secondary occu-
pancy or inquilinism), so the occupants discovered during sampling may
not be the constructors. A large number of species are not primary mound
builders, either living entirely in diffuse subterranean gallery networks or
becoming established in pockets within the mounds of other species as
secondary occupants (Eggleton and Bignell 1997; Noirot and Darlington
2000).

8.4
Soil Ecosystem Engineers: Is This a Valid Concept?

Termites, ants and earthworms are considered to be “soil ecosystem en-
gineers”. This term is now attributed to Jones et al. (1994), although the
concepts can be found in earlier contributions (e.g. Lee and Wood 1971;
Stork and Eggleton 1992; Anderson 1993). There are several definitions,
but the essence of the idea is of larger organisms that directly or indirectly
affect the availability of resources to others, generally smaller, through
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modifications and turbations of the physical environment. At the heart
of the engineer concept is the ability to move through soil and to create
organo-mineral complexes (biogenic structures), directly as a consequence
of feeding on the main medium and mixing organic and mineral materials
within the gut, or indirectly by the secretion of organic substances or other
types of mixing during constructions. Soil engineers are usually thought
of as invertebrates, but the definition does not exclude either plant roots or
vertebrates, provided their numerical and biomass densities are sufficient
to exert a predominate influence and some identified pedogenic process is
the outcome of their growth and activity (Lavelle et al. 1997). It is impor-
tant to distinguish between the engineers and other soil macrofauna, for
example millipedes and woodlice, as well as epigeic earthworms producing
holorganic faecal pellets, whose contribution is that of litter transforma-
tion (physical and, to a limited extent, chemical) but without the creation of
new structures. Litter transformers and smaller invertebrates (mesofauna
and microfauna, see Fig. 8.1) are said to be dependent on engineers to

COSYSTEM ENGINEERS

LITTER TRANSFORMERS
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INCREASED INTIMACY OF ASSOCIATION WITH MICROORGANISMS
IMPROVED DIGESTION OF COMPLEX ORGANIC COMPOUNDS

INCREASED FORMATION OF STRUCTURES

Fig.8.1. Functional classification of soil organisms proposed by Lavelle et al. (1997). In this
scheme, relative influence over soil functions through the formation of biogenic structures
increases with the intimacy of association with microorganisms in the digestion of complex
organic compounds
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generate and maintain a soil structure in which there are pore spaces of
appropriate size. Neither soil engineers nor litter transformers exert fun-
damental transformations of inorganic and organic materials (for example
lignin degradation, nitrification, denitrification and sulphate reduction),
at the heart of the C, N and S cycles. These remain the prerogative of
microorganisms, even if such microorganisms are housed within the guts
of soil engineers, as is the case with termites and, apparently, also some
earthworms (Barois and Lavelle 1986; Barois 1987; Lavelle et al. 1994). Mi-
crobes in soil generally have limited abilities to move and it is hypothesised
that they are dependent on much larger invertebrates and living roots to
activate and transport them to new substrates after periods of inactiv-
ity, as well as providing those substrates if the microbes are internalised.
Lavelle (1996) takes the argument further by suggesting that each variety of
engineer delimits its own three-dimensional physical sphere of influence
within a soil system, with a distinctive population of client organisms in
smaller size categories. Thus there would be a termitosphere regulated by
termites, a drilosphere regulated by earthworms and a myrmecosphere
regulated by ants. Such hypotheses could explain the empirical evidence
(see below) that removal or addition of soil engineers has strong effects on
plant communities and that engineer diversity is, to some extent, a surro-
gate for the diversity of primary producers. However, at the present time
the speculation exceeds the clear evidence. Nevertheless, litter transform-
ers can have their own relationships with microorganisms: their pellets
are known sites of enhanced microbial activity (Anderson and Bignell
1980), and the initial bacterial community in the pellets resembles the gut
community (Ineson and Anderson 1985) and at a later time (days or weeks)
the same invertebrate or another quite different in nature may re-ingest the
pellets (refection, a form of coprophagy) and assimilate nutrients made
available by the microbes (external rumen principle: Hassall and Rushton
1984; Szlavecz and Pobozsny 1992). Growth of fungi on faecal pellets is the
basis of the mutualism between host and microorganisms in the termite
subfamily Macrotermitinae, but the termites still qualify as soil engineers
because salivary secretions are used to bind inorganic sub-soil particles in
mound and gallery construction, and indeed the resulting structures may
have a life of years or decades (Wood 1996). The micromorphology of bio-
genic structures produced by termites is reviewed by Brussaard and Juma
(1996), Lavelle et al. (1997) and by Holt and Lepage (2000). Within broad
limits, their production determines porosity, aggregation and soil organic
matter dynamics and the effects persist after the life of the engineer con-
cerned, for months, years and decades. On a longer scale of centuries and
millennia, termite burrowing and construction can determine soil profile
development (Lal 1987; Stoops 1989; Quedraogo and Lepage 1997). Ulti-
mately, soil structure is strongly influenced by engineers, and this defines



196 D. E. Bignell

the microsites where microorganisms perform primary nutrient transfor-
mations.

Lavelle et al. (1997) proposed that a gradient of interaction with mi-
croorganisms can be seen in the digestive processes of soil animals as they
increase in size and, consequently, assume different functional roles, con-
tributing progressively more to the formation and maintenance of structure
(Fig. 8.1). In litter transformers, the refection process provides access to
more labile products temporarily accumulated in the organic matrix after
the microbial succession, but there seems only a limited ability to digest
plant cell wall components, including lignocellulose, directly (Bignell 1989).
As an alternative strategy, litter transformers may be able to digest micro-
bial tissues accumulated during preconditioning of their food or in the
external rumen process. In termites and earthworms, by contrast, it can
be construed that microorganisms are directly harnessed by the intestinal
machinery as mutualists to degrade recalcitrant materials, either in the
gut lumen or via an external rumen, at a rate which is consistent with
the metabolic demands of the host (Bignell 1984, 1994). Consequently, the
huge resources represented by lignocellulose in litters and humified or-
ganic matter within the mineral soil matrix become available as nutrients,
and the engineers evolve to a dominant position in soil faunas (Nalepa
et al. 2001). With termites, it is necessary to qualify this argument to
make it consistent with the facts of the mutualisms, as we presently under-
stand them. All termites which consume plant litter, whether composted
or uncomposted, can express an indigenous cellulase (or in some cases
a hemicellulase). The enzyme is relatively inefficient but can be secreted
copiously (Slaytor 1992, 2000; Slaytor et al. 1997); similar enzymes (both in
terms of biochemical properties and parent gene sequence) are secreted in
wood-feeding cockroaches, the putative ancestors of modern-day termites.
There is therefore some disagreement about the real purpose of the mu-
tualisms, with a strong counter-hypothesis that the main role of microbial
associates is in the provision of organically combined nitrogen for the host,
either by direct fixation from the air (by prokaryotes) or by reduction of
the C/N ratio of harvested forage (by fungi). Many wood-feeding termites
and some wood-feeding cockroaches select litter items to consume which
are already well degraded by fungi (Rouland-Lefévre 2000); the distinction
between litter transformers and grass- and wood-eating engineers may
therefore be less distinct than the hypothesis of Lavelle et al. proposes.
Ipso facto, soil-feeding is the best example of engineering, as soil is not
only used to construct mounds and galleries, but is also ingested in large
amounts and passed through a highly differentiated alimentary canal sup-
porting a very diverse prokaryotic microbiota (Bignell 1994, 2000; Breznak
and Brune 1994; Breznak 2000). Soil is a “free” resource, in the sense of
being in infinite supply and having only small foraging costs, but is of
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poor quality as a C source and therefore requires extensive chemical and
microbial processing in the gut (Eggleton et al. 1998; Bignell 2000) (see
Fig. 8.2). Faeces seem to be a major construction material and are used to
line existing galleries, but further metabolism occurs by microbes and the
linings are re-ingested, more in the fashion of an external rumen (Brau-
man 2000). Recent evidence suggests that some soil-feeders can lyse and
assimilate ingested microorganisms (Fujita and Abe 2002), as is thought
to be the mode for litter transformers, so perhaps there are different ver-
sions of soil-feeding or else soil engineers are really only litter transformers
under another guise. Assays of soil-feeder guts for cellulase and xylanase
activities have proved negative (Rouland et al. 1986, 1989). Estimates of the
biomasses of microorganisms in different regions of the alimentary canal
of a typical Cubitermes-clade soil-feeding termite are given in Table 8.3.
Such data are difficult to interpret, as the microbiota is composed in part
of organisms temporarily or permanently attached to the gut wall and in
part of unattached forms which pass through with the food (Bignell et al.
1980, 1983; Bignell 2000).
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Fig.8.2. Hypothesis of gut organisation and sequential processing in soil-feeder termites of
the Cubitermes clade (sensu Kambhampati and Eggleton 2000). The model emphasises the
contributions of (separated) microbial and chemical processing of soil organic matter, the
principal nutritional resource. Not to scale. (Brauman et al. 2000)
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Table 8.3. Biomasses of non-filamentous and filamentous prokaryotes (as mg g~! gut con-
tents) in the alimentary canal of Cubitermes severus by direct microscope observation.
(Brauman et al. 2000)

Group Foregut Midgut Mixed Pl P3 P4a P4b P5
(crop) segment (paunch) (ant. (post.  (rectum)
colon) colon)

Non-filaments  28.4 30.8 21.4 8.2 33.6 93.0 86.4 28.6
Filaments 8.4 9.8 41.9 3.6 10.7 23.8 19.4 10.9
Stat. sig. abcd  efgh abejlmno fjqrs Iptu  cgmqtv dhnruw  osvw

Means of five observations (20 guts per observation) are shown. Stat. sig., statistical signi-
ficance: gut regions with the same letter are significantly different overall (non-filaments
and filaments combined), by STP. Mixed segment includes the extreme anterior P1

8.5
Microbial Processing During Gut Transit

The microbiology of the termite gut is reviewed by O’Brien and Slaytor
(1982), Breznak (1982, 2000), Breznak and Brune (1994), Inoue et al. (2000)
and Koenig et al. (2002). Useful interpretations of the available data and
hypotheses in the context of bioreactor theories have appeared (Bignell
1994,2000; Brune 1998; Brune and Friedrich 2002). Morphological diversity
of the intestine and the attendant phylogenetic implications are considered
by Noirot (1995, 2001), Donovan et al. (2000) and Bitsch and Noirot (2002).
Details of new descriptions and the discoveries of novel types amongst
termite associated prokaryotic microbiotas are given by Brauman et al.
(2000), Breznak (2000), Lilburn et al. (2001) and in a series of elegant papers
from Japanese laboratories describing the application of modern molecular
biological techniques to assess the heterogeneity of termite microbiotas
and their possible phylogenies (Ohkuma and Kudo 1996, 1998; Ohkuma
et al. 1995, 1996). Knowledge of the physiological environment within
the termite gut has been recently revolutionised by the use of oxygen-
and proton-sensitive microelectrodes (Brune et al. 1995; Brune and Kiihl
1996; Schmitt-Wagner and Brune 1999), such that the availability of oxygen
and electron donors, and the subsequent diversity of metabolic niches for
prokaryotes are much better understood (Leadbetter et al. 1999; Tholen and
Brune 1999, 2000; and for the Macrotermitinae see Aanen et al. 2002). The
new data permit some hypotheses to be advanced concerning the difference
in intestinal processes between wood-feeding and soil-feeding termites
(e.g. Kappler and Brune 1999; Ji et al. 2000; Brune and Friedrich 2000),
but many unanswered questions remain, notably the nature of the carbon
sources utilised by chemoorganotrophic bacteria in the midgut and the
hindgut (including those that fix atmospheric nitrogen). Our ignorance on
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this matter is surprising, not only because of the long-established textbook
dogma that termites can degrade cellulose only by virtue of their symbioses
with mutualistic microbes, but also because of the overwhelming and long-
standing evidence now available that all termites feeding on predominantly
cellulosic foods can produce their own cellulases (reviewed in Slaytor 2000;
Watanabe and Tokuda 2001; see also Watanabe et al. 1998; Tokuda et al.
1999; Lo et al. 2000). The best summaries of this dilemma are given by
Slaytor et al. (1997) and Slaytor (2000). The somewhat separate case of the
fungus-growing Macrotermitinae is summarised by Hyodo et al. (2000),
Rouland-Lefévre and Bignell (2001) and Hyodo et al. (2003). In this group,
competent cellulases (and in some cases hemicellulases) are produced both
by the termite host and the associated fungus. It is by no means clear that
degradation of lignocellulose is the raison d’étre of the mutualisms in any
termite; nevertheless no termite can exist without its microbial symbionts
(Bignell 2000), and theoretical arguments concerning the evolution of the
termite-symbiont system, and its reinforcement by social organisation,
still turn on the advantages to be gained by harnessing microbes to digest
recalcitrant food components (Nalepa et al. 2001).

The termite gutis divided into three regions: foregut, midgut and hindgut
(Noirot 1995, 2001; Bignell 1984, 2000). All termites have a prominent
hindgut, which contains the great majority of microorganism present in
the intestinal system as a whole and which may contribute as much as
40% of the animal’s weight (Schulz et al. 1986; Slaytor et al. 1997). Hindgut
shape, size and the degree of differentiation all vary considerably between
taxa. Bignell (1994) and Bignell and Eggleton (1995) argue that the degree
of compartmentalisation increases with the humification of the food con-
sumed, such that the most recalcitrant materials receive the most extensive
processing. A large proportion of the microorganisms are semi-permanent
and attached either to the cuticular wall of the hindgut or to chitinous spines
protruding into the lumen (Bignell 2000; Noirot 2001); the remainder are
suspended in the gut contents, but a series of valves and muscular constric-
tions between the main gut compartments regulate the movements of the
contents, so that each is, in effect, a continuous culture chemostat (Fig. 8.2).
Archaea, eubacteria, actinobacteria and spirochaetes have all been identi-
fied as elements of the permanent prokaryotic microbiota, although it is
still unclear whether representatives of all four groups are present in every
case. There is dense packing of cells in some places and microbial popu-
lation densities up to 1 x 10'? organisms ml™' have been described (Bignell
et al. 1980). Where flagellate protists are present (in lower termites), they
may reach a population of 1 x 10° per individual, representing about 60% of
total hindgut weight, closely packed, but still motile to some extent, in the
lumen of the hindgut. It is now clear that the flagellates are differentiated
into cellulose and xylan utilisers (Inoue et al. 1997), and that much of their
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digestion involves the internalisation of fragmented food. Bacteria can also
be consumed and in both cases the process involved is endocytosis (Inoue
etal. 2000). Both the flagellates and their termite hosts produce polysaccha-
ridiases, so the digestive process is shared (Watanabe and Tokuda 2001).
Earlier views that cellulolytic microbiota could not be isolated from termite
guts (O’Brien and Slaytor 1982; Slaytor 2000) might now be revised in the
light of new evidence (e.g. Rouland and Lenoir-Labé 1998; Wenzel et al.
2002), but the principle that termites do not have an absolute dependence
on their microbial associates for cellulose and hemicellulose digestion re-
mains secure.

Rouland-Lefévre and Bignell (2001) suggested that the following activ-
ities could be ascribed to the intestinal microbial community, including
protists where present:

1. Dissimilatory carbohydrate metabolism (including cross-feeding reac-
tions), either from plant cell wall polysaccharides or their depolymeri-
sation products, or from the products of glycolysis, yielding short chain
fatty acids which are energy sources for other intestinal microbes and/or
the termite host.

2. Oxygen consumption (as an electron acceptor), generally at the periph-
ery of the gut lumen, rendering the centre of the lumen microaerobic or
anaerobic. This permits fermentation of polymerised and labile carbohy-
drates, and also possibly proteins and amino acids, again yielding short
chain fatty acids. Low redox may also facilitate symbiotic N, fixation.

3. Dissimilatory and assimilatory N metabolism, providing for the con-
servation of excretory N (produced as uric acid) by the termite host as
new microbial biomass, plus assimilation of the primary products of N,
fixation in organic form and (probably) transamination, balancing the
amino acid spectrum available to the host. Interventions in N metabolism
may be unnecessary where the C:N ratio of the food is favourable, for
example in soil-feeding termites (Tayasu et al. 1997) and in Mactroter-
mitinae after processing by the fungal mutualist (Rouland-Lefévre and
Bignell 2001).

4. Electron (or hydrogen) consumption by reductive acetogenesis or me-
thanogenesis, assisting energy conservation by the system as a whole
and preserving redox balances.

5. N, fixation on a facultative basis.

6. Demethylation, deacetylation and decarboxylation of aromatic poly-
mers, possibly accompanied by limited aromatic ring cleavage.

7. Humification, or further humification, of complex organic material pass-
ing through the alimentary canal.
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Available evidence suggests thatlignin is not modified during gut passage
(Hopkins et al. 1998; Hyodo et al. 1999), but significant mineralisation of
carbon from the proteinaceous component of a model humic acid was
demonstrated in a soil-feeding species (Ji et al. 2000). This accords with
previous evidence from pyrolysis/mass spectrometry and other analyses
that peptides are depleted in soil-feeder faeces, compared with their parent
soil (Bignell 1994; Garnier-Sillam and Harry 1995). Physical changes to
soil polysaccharides during gut passage by humivores, affecting structural
stability, are described by Garnier-Sillam and Toutain (1995).

It remains unclear whether some or all of the organisms mediating the
above functions are specialist forms confined to termites, or are recruited
from inocula available in their immediate environments. The list of novel
organisms isolated from termites continues to grow (Breznak 2000; Brau-
man et al. 2000; Koenig et al. 2002), while molecular genetic studies suggest
that mutualist communities evolve with their hosts (Ohkuma et al. 1995,
1996; Aanen et al. 2002).

8.6
The Special Case of Fungus-Growing Termites

Rouland-Lefévre and Bignell (2001) proposed that filamentous fungi can-
not become established in termite guts because of the relatively large size
of the cells and fragile nature of the mycelium, in a highly contractile sys-
tem. However, mutualism with fungi should have a high value, owing to
their ability to produce potent enzymes degrading cellulose, hemicellu-
lose, lignin and lignocellulose. In the nesting systems of the higher termite
subfamily Macrotermitinae, fungus-combs of the basidiomycete genus Ter-
mitomyces are cultivated in purpose-built chambers (within the mound or
entirely subterranean), then harvested and consumed by the termite host.
This subfamily is distributed in the tropics from Africa (where diversity is
highest) through the Middle East, South and South East Asia, but is absent
from Central and South America, and from Australia (Eggleton 2000). Like
other higher termites (family Termitidae), they lack intestinal flagellates,
but in contrast to the remaining three subfamilies of higher termites, the
Macrotermitinae have not developed soil-feeding, sensu stricto. This is sur-
prising, as the group is noted for the complex nature of their mound/nest
constructions and for the ability to manipulate and translocate large quan-
tities of soil (especially sub-soil) during mound building and repair, gallery
maintenance and foraging (Wood 1996). Phylogenetic analyses show the
Macrotermitinae in a basal position within the higher termites, suggesting
that they may currently show some characteristics of the common ancestor
of all four subfamilies of higher termites (Donovan et al. 2000; Bitsch and
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Noirot 2002). Donovan et al. (2001a) and Nalepa et al. (2001) suggest that
the use of soil for nest-building can account both for the elimination of in-
testinal flagellates and the early use of soil as a feeding substrate. Crucially,
modern Macrotermitinae workers do accumulate soil in their guts, though
itis clearly not a nutrient, presumably as a consequence of the working and
carrying of mineral materials, in which the mandibles and buccal cavity
are principally involved (Badertscher et al. 1983). Soil is a good source of
fungal inoculum, so the specific association with basidomycete fungi, and
the complex behaviour patterns needed to support extensive construction
activities and to propagate the fungus are, presumably, derived charac-
ters. This reconciles the complex biology of the Macrotermitinae with their
basal phylogenetic position. The Macrotermitinae are also physiologically
advanced, showing a notable efficiency in moisture acquisition and con-
servation, which often allows them to dominate the termite faunas of arid
and semi-arid environments (Desmukh 1989; Noirot and Darlington 2000;
Traniello and Leuthold 2000). Foraging by Macrotermitinae is very intensive
per unit of termite biomass, presumably as the strongly aerobic metabolism
of the fungus, less constrained by physical space than intestinal mutualists,
is correspondingly vigorous (Wood and Sands 1978; Collins 1981; Lepage
1983). Consumption of litter and C fluxes mediated by termites appear to
increase when Macrotermitinae are well represented in the assemblage.
Estimates of litter consumption by Macrotermitinae range up to 1,500 kg
(dry weight) ha™! year™ in moist savannahs, giving them a role in C miner-
alisation comparable to (or exceeding, see Buxton 1981; Deshmukh 1989)
that of bush fires and/or mammalian herbivores. Organic matter turnover
by other types of termite in such dry-land systems would be less than 10%
of this amount. Visual evidence of foraging by Macrotermitinae is provided
by red soil sheeting, covering stems, lying dead wood of all descriptions
and the surface of the ground. Soil utilised by Macrotermitinae for building
seems to come from deeper layers with a relatively low inherent organic
content. Most other termites collect soil from the top 15 cm of the mineral
profile.

The nature of the interaction between termite and fungus is controver-
sial (see Rouland-Lefevre and Bignell 2001). Dry grass, dead wood and leaf
litter (most species specialise in one of these foodstuffs) are brought into
the colony and consumed by a subset of the worker termites, together with
existing conidia from the fungal mutualist. New fungus-comb is made from
the resulting faeces, in which the forage appears to be only lightly digested.
As the fungus grows it composts the forage, degrading cellulose, hemicellu-
lose and lignin (though apparently with different absolute and relative effi-
ciencies in different host species/fungus species combinations), and at the
same time increasing the relative N content of the substrate than remains.
The mycelium then fruits and subsequently becomes senescent, when it is
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eaten by an additional subset of the termite workers. The second diges-
tion is more thorough and little final faecal material is produced. Among
termites, the Macrotermitinae are by far the most effective in degrading
plant polymers, especially polysaccharides (Rouland et al. 1988) and pol-
yaromatic compounds (Mora et al 1998; Hyodo et al. 2000). However, the
relative contributions of termite-derived and fungus-derived enzymes are
unclear, and may well vary between termite genera and species (Rouland et
al. 1991). The worker castes of Macrotermitinae have prokaryotic gut mi-
crobiotas, which are broadly comparable to those of other higher termite
taxa, in terms of diversity, abundance and biomass, but their functions,
if any, are unknown. As in other termites, a number of short chain fatty
acids (but mainly acetate) accumulate in the gut (Anklin-Muhlemann et
al. 1995). This, and the observation that small amounts of hydrogen and
methane are evolved, suggests that some anaerobic microsites exist.

8.7
The Fate of Termite Faeces

Although termite feeding and metabolism removes a substantial amount of
organic matter by mineralisation as CO,, material is also redistributed and
chemically modified, largely as a result of gut transit and the incorpora-
tion of faeces into nest/mound materials and gallery linings (Lee and Foster
1991; Wood 1988, 1996). Lignin is not substantially degraded, though it may
be modified by marginal demethylation and decarboxylation; consequently,
the faeces of wood-feeding species are characteristically enriched in lignin
(Hopkins et al. 1998). In soil-feeders, the precise nature of the change of
organic matter during gut transit remains unclear. In the Cubitermes clade
(sensu Eggleton 2000), soil organic matter is increased up to three times,
but this is thought to be a consequence of selective feeding (Garnier-Sillam
et al. 1988; Garnier-Sillam 1991; see also Donovan et al. 2001b; Jouquet
et al. 2000). Nitrogen content also increases up to five-fold (see Table 8.4,
with C/N ratio falling by 40%), but again the explanation is selective feed-
ing on organic-rich fractions. Some of the nitrogen in these fractions is
derived from plant and animal biomass and is presumably released in or-
ganic form from combination with tannins by alkaline hydrolysis in the
anterior hindgut (Kappler and Brune 1999; Ji et al. 2000). What happens
subsequently is a matter of conjecture, but the dense microbiota of the pos-
terior hindgut is ideally placed to ferment or otherwise degrade amine-N.
Changes in the balance of fulvic and humic acids in faeces are interpreted
to imply that the organic matter in the termite faeces is less polymerised,
although the same effect would be achieved if feeding was selective for more
recently formed soil organic matter (Brauman 2000). Intense mixing of soil
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accompanies gut transit (Bignell 2000), creating organo-mineral complexes
which are more stable than the initial ingested humus (Garnier-Sillam and
Harry 1995). The stability is in part attributable to increases in the levels of
exchangeable bases, especially Ca, Mg, K and Na (Brauman 2000). NH,-N
and available P are also increased (Anderson and Wood 1984; Garnier-
Sillam and Harry 1995), which may explain the use of soil-feeder mounds
as a crude fertiliser in some subsistence agricultural practices.

The difficulty of transporting soil-feeding termites and keeping them
in viable cultures has inhibited direct experimental work on the physical
effects of gut transit. However, Donovan et al. (2001b), working with live
mounds of Cubitermes fungifaber temporarily placed in containers of fresh,
unworked forest soil, showed that the soil increased in pH, organic carbon,
water and relative kaolinite content after being worked by the termites
(“worked” soil includes material used or moved during constructions, as
well as faeces), while at the same time relative quartz content fell.

In the Macrotermitinae, mounds are made from mineral sub-soil ce-
mented with organic-rich saliva (Wood 1996). In other termites using soil
for mound construction, it is widely assumed that the mounds are as-
sembled with a mixture of faeces and uningested soil (Wood, 1988). In
soil-feeders, there is some evidence that mound materials are richer in silt
and clay fractions than the parent soil (e.g. Brauman 2000). This could be
the result of selective feeding or active sorting of mineral fractions in the
gut (Donovan et al. 2001b), although the organic matter content of mounds
generally tracks that of the parent soil, with a relative enrichment from
whatever is the base level. It is becoming clear that termite mound walls are
sites of intensive microbial growth and metabolism Brauman 2000; Holt
and Lepage 2000). Some of these organisms are presumably derived from
those initially contained in the termite faeces. Garnier-Sillam (1987) and
Brauman (2000) have suggested an external rumen mechanism, in which
faeces are used to line existing galleries; microorganisms in the linings
continue to metabolise polyaromatic materials and the linings are then
reingested by the termite hosts. Consumption of gallery walls is a known
behaviour of soil-feeding termites (Brauman et al. 2000). Evidence that
bacteria in gallery linings are metabolically active is given in Table 8.5.

8.8
Evidence of the Role of Termites in Pedogenesis
and Soil Properties

The specific termite literature in this area is reviewed by Lee and Wood
(1971), Wood (1988, 1996), Lobry de Bruyn and Conacher (1990, 1995) and
by Holt and Lepage (2000). Comparison of the effects of termites with other
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Table8.5. Microbial biomass and bacteria-specific 16S rRNA content in different components
of the termitosphere of Cubitermes fungifaber. (Brauman et al. 2000)

Fraction Microbial Bacterial ~ Water Oxygen  Carbon dioxide
analysed biomass RNA content consumption emission
as % of total C*  (ng/mg)® (%) (plg'h™)  (plgth™)

Faeces nd 177.7 £9.7 nd nd nd
Fresh

constructions nd 94.1 +14.2 20.0 14.954+1.97 20.97 + 2.46
Internal

chamber walls 16.0 (n=1) 20.3 +3.0 14.7 9,12 +1.61 13.96 £ 0.55
External

wall (old) 0.4 6.2t 1.5 11.2 7.55 +0.14 10.51 £ 1.61
Soil under

the mound 2.2 344+0.5 20.9 18.48 £+ 2.79 20.77 £ 1.46
Surrounding

soil 0—5 cm 0.3 1.3 £0.0 18.0 12.18 £+ 2.84 1.84 +0.54
Surrounding

soil 5-10 cm ndet ndet 20.0 4.21 +0.58 5.14 £ 0.54

Mean =+ SE (n=3, except where stated); nd, not determined; ndet, not detected
 Microbial biomass determined by a fumigation/extraction method
b Determined by a probe for conserved eubacterial 16S rRNA oligonucleotide sequences

soil-forming processes is made by Lal (1987). Here, the five most important
impacts of termites on the soil (see Bignell and Holt 2002) are highlighted.

8.8.1
Soil Profile Development

The construction activities of termites have a significant influence on pro-
file development through soil translocation, microped formation and the
creation of subsurface galleries. Large amounts of soil are collected, either
from the superficial horizons or further down the profile (depending on the
termite concerned), for incorporation into mounds, runways and surface
galleries. Runways are purely temporary structures (Jouquet et al. 2002)
and even mounds have, on average, a life of months to a few years (Dejean
and Ruelle 1995), so translocated soil begins almost at once to be returned
to the profile surface by erosion. As much as 4.7 tonnes ha™! year™! may be
turned over in this way in savannah systems (the calculation is based on
estimates of mound erosion and may be inaccurate; see Lobry de Bruyn
and Conacher 1990; also Badawi et al. 1982; Kooymand and Onck 1987;
Mackay and Whitford 1988). When the purely subterranean translocations
of soil-feeders are taken into account, estimates of turnover can rise by an
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order of magnitude (Bignell and Eggleton 2000). A more useful way of plac-
ing these estimates in context is the calculation by Aloni and Soyer (1987)
for an African humid forest that the top 37 cm of the mineral profile would
be completely turned over by termites every 1000 years. Eroded runway
and mound material may retain a relatively complex microped structure,
reflecting its origin as faecal aggregates or cemented uningested particles.
As much as 20% of the soil matrix may be biogenic in this way, with a signif-
icant influence on microporosity, moisture storage capacity and infiltration
rates (Kooyman and Onck 1987).

Relict features of tropical soils, such as certain microaggregates and
buried stone lines are also attributed to bioturbation by termites, combined
with the selection of finer fractions for their constructions (e.g. Folster 1964;
Soyer 1987). Tardy and Roquin (1992) summarise the evidence for the role
of termites in creating lateritic landscapes. They note that in addition to
bringing finer materials up the profile, termite galleries and mounds permit
laterite particles to move both downwards and sideways in the soil profile.
Termite galleries and chambers are themselves a component of the profile,
and can extend as much as 50 m downwards to make contact with the
water table in semi-arid systems (Lepage et al. 1974). In the humid tropics,
termite activity is generally concentrated in the top 20 cm, which may be
riddled with galleries. It is estimated that termite chambers occupy 2% of
the total soil volume (Whitford et al. 1991), but perhaps a more striking
demonstration of the impact of termites is the observation that almost any
core, monolith or even spade-full of soil dug in large areas of the tropics
(below 2000 m altitude) will reveal some evidence of termite activity.

8.8.2
Bulk Density and Structural Stability of Mound Materials

It is a matter of common observation that termites pack soil to form hard
outer layerings for their mounds, with bulk densities ranging (in different
species) from 1.0—2.0 Mgm™>, in almost all cases significantly higher than
any part of the soil profile from which the mounds are constructed. The
hardness of mounds inhibits plant growth, as well as excluding invertebrate
predators and rainwater, but in some larger mounds a mound-specific flora
may eventually become established (Wood 1996). Inner materials may be
softer, or even wholly organic (e.g. Coptotermes acinaciformis), such that
once the hard outer layer is breached, erosion may proceed more rapidly. In
soils, stability (i.e. resistance to dispersion by wetting) is usually a function
of the organic (largely polysaccharide and glycoprotein) content of the
micro- and macro-aggregates, and of the availability of multivalent cations.
Both these stability-promoting agents are generally enhanced in termite
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mound materials, even where faeces are not used to any great extent in the
construction. In the latter case, salivary secretions are the probable source
of the organic cement (Gillman et al. 1972). The selection of clay sub-soils
probably accounts for the elevated cations (Wood 1996). It is not known
whether stability-promoting ingredients of mound materials retain this
function in the soil-column after erosion. The more widely accepted view
is that termites contribute to the stability of non-mound soil through their
role as engineers sensu stricto, i.e. by mixing organic and mineral material
in the course of active subterranean feeding and construction (Lavelle et
al. 1997; see above).

8.8.3
Permeability to Water

Experimental evidence from exclusion plots suggests that removing ter-
mites (by insecticide application) reduces infiltration rates significantly,
but the effect takes some years to appear (Elkins et al. 1986; Holt et al.
1996). Hydraulic conductivity is also reduced. The most obvious explana-
tion is that the loss of termite galleries reduces bulk flow. This is supported
by the demonstration that the recolonisation of bare ground by termites,
following mulching, is accompanied by an increase in water infiltration
rates by up to six times (Mando et al. 1996; Mando 1997; Mando and
Miedema 1997). In contrast, hard mound materials have very low ponded
infiltration rates, but resistance of mound materials to water ingress is not
universal. Some termite mounds, especially those of soil feeders or highly
decayed abandoned mounds, are porous and show higher hydraulic con-
ductivity than adjacent surface soil (Garnier-Sillam et al. 1988; Martius
1994b). This is hard to rationalise for occupied mounds: it may be that one
of the soil-feeding species in question, Thoracotermes macrothorax, has an
unusual biology and is polycalic, with a tendency to abandon their char-
acteristic pillar-shaped mounds and move elsewhere whenever disturbed
(D. Bignell and P. Eggleton, unpublished observations). In this case, a hard
mound, which must be energetically expensive to produce in comparison
with a relatively uncompacted structure, may not be necessary. Soil-feeders
seem the most fragile and cryptic of creatures: this should make us more
than ever zealous for their conservation. Occasionally, in African lowland
humid forests, one observes large columns of soil-feeders on the surface of
the ground, apparently leaving one mound to seek another (this author has
seen the phenomenon twice in 20 years). The attempted migration can also
be seen in colonies forced into laboratory culture, even when appropriate
temperatures and moisture conditions are supplied. The behaviour may be
an important, but as yet under-appreciated, facet of soil-feeder biology.
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8.8.4
Soil Chemistry

Changes in the composition of mound materials, compared with parent
soils, have been outlined above, and are reviewed in Holt and Lepage
(2000). To recap, the notable contribution of termites is the incorporation
of cation-rich clay subsoils, together with organic-rich faecal and salivary
secretions, into nutrient-rich constructions which are subsequently eroded,
placing relatively beneficial material at the soil surface. However, it is also
worth noting that differences in the § *C signatures of mound soil in dif-
ferent litter-feeding species are consistent with the known diet, i.e. whether
predominantly C3 (wood), C4 (grass) or mixed feeders (Spain and Redell
1986). This supports the contention that termites are not only important
agents of direct C mineralisation, but also generate the long-lived pools of
C in soil organic matter.

Data from Australian savannah systems strongly suggest that nitrogen
in termite mound materials is an important input into the ecosystem N
budget (Holt and Lepage 2000). Part of the N (the larger part) is organic,
and part is inorganic, as NH; and NO;. The inorganic component is the
more significant, as this is immediately available to plant roots. Budgets
for savannah woodlands suggested that the annual rate of leaching of in-
organic N from termite mounds to the soil was approximately 16% of the
standing stock of soil inorganic nitrogen (Congdon et al. 1993). This N may
come from the slow microbially mediated degradation of lignoproteins in
termite excreta, but it might also be enhanced by direct fixation by the gut
microbiota (Anderson 1994). The termite mound can therefore be seen as
a bottleneck for N release, as the redistribution of N to the non-mound soil
is dependent on mound erosion rates and leaching (Bonell et al. 1986). By
contrast, the available nutrients stored in temporary termite runways and
sheetings may be reapplied to the soil in days (Mackay and Whitford 1988).
Overall, the evidence that significant amounts of available N can be leached
from termite mounds is an interesting counterpoint to the argument that
the growth of termites is N-limited, and that N-fixation is therefore the sine
qua non of their mutualisms with microorganisms.

8.8.5
Organic Matter Decomposition

Free-living bacteria and fungi are abundant in termite mound materials
(reviewed by Holt and Lepage 2000; see also Brauman et al. 2000 and
Brauman 2001). Their growth can be attributed to higher moisture levels
and substrate availability, the latter derived from faeces and salivary se-
cretions, with possible additions from partially digested plant structural
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polysaccharides added as cements (see above). The microbiotas isolated
from mound materials include lignin, cellulose and xylan decomposers,
denitrifiers, ammonifiers, nitrifiers and methylotrophs. Further, they ap-
pear to have greater biomass density than in adjacent parent soils (Arshad
1981). This assemblage embraces most of the functional groups believed
to be required for efficient mineralisation of C and N, and termite mounds
may therefore be important foci for accelerated organic decomposition.

The recent literature proposes a critical role for termites in decomposi-
tion processes in the tropics (e.g. Wood and Sands 1978; Bignell et al. 1997;
Bignell and Eggleton 2000), but most of the relevant quantitative evidence
has been obtained either in African savannahs dominated by Macroter-
mitinae or in Australian parklands, where mounds and subterranean nests
are the major population centres, and foraging of organic detritus, which
is subsequently composted within the colony system, is the most obvious
feature of termite biology. In these systems, severe dry seasons are a major
constraint on all soil biotas, and drought-adapted termites can perhaps be
seen as gate-keepers in the overall mineralisation process. By contrast, the
wetter humid forest systems support a wide range of independent decom-
poser organisms, notably including free-living fungi, isopods, diplopods,
earthworms and a variety of mesofaunal groups, in addition to termites
(Burghouts et al. 1992). This may intensify competition for organic detri-
tus (Bignell 1994), with selection pressures favouring termite species which
can feed lower down the humification gradient, ultimately accounting for
the dominance of soil-feeding forms, which incur the least competition in
obtaining access to their nutrients.

8.9
Conclusions

Although the main stimulus for field work with termites over thelast decade
has been the imperative to define and quantify their role in the terrestrial
C cycle, the greatest dividend from the research has been the realisation
of their beneficial impact of soil physics and chemistry. The conserva-
tion of termite populations under conditions where land-use changes are
accelerating and natural habitats increasingly disturbed and reduced, is
therefore clearly linked to soil fertility and sustainable subsistence agri-
culture. Growing evidence indicates that termite assemblages are vulner-
able at forest margins. For example, along an intensification gradient in
Cameroon, the diversity of soil-feeding termites was strongly reduced due
to disturbance associated with increasing intensity of cultivation, whereas
the diversity of wood-feeding termites was little affected and slightly in-
creased (Eggleton et al. 2002). Amongst the macrofaunal groups monitored
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across seven land uses from forest to Imperata savannah or cassava fields
in eastern Sumatra, termites showed the greatest sensitivity to increasing
intensification, their diversity diminishing with the ratio of (aboveground)
plant species richness to plant functional types (a measure of the morpho-
logical complexity of the plant community, and with woody basal area of
trees; Gillison et al. 2003). There was an attendant strong switch from dom-
inance of endogeic to epigeic macrofauna across this disturbance gradient
and the bulk density of soil increased, indicating decreases in soil porosity
and permeability.

Loss of soil macrofauna biodiversity on conversion of rainforest to pas-
ture (from > 160 species to < 40 species) coupled with the invasion of
a compacting earthworm species (Pontoscolex corethrus) resulted in ex-
treme problems of degradation in an Amazonian system by preventing wa-
ter infiltration and plant growth (Chauvel et al. 1999). Barros et al. (2001)
showed that the situation is reversible in less than one year through an ele-
gant experiment in which compacted soil monoliths were translocated from
the pasture to the forest, and vice versa. In compacted monoliths translo-
cated to the forest, decompacting species of ants and termites dug holes in
the casts of the earthworm to maintain their own galleries and accesses to
surface. In the Sahelian system, mulching was shown to restore termites to
degraded, semi-arid landscapes, with a resulting re-establishment of good
water infiltration and increased soil water content and stability (Mando
1997; Holt and Lepage 2000). Termite activity was also found to increase
soil porosity, saturated hydraulic conductivity and to reduce bulk density
and resistance to cone penetration. While the differences between termite
and non-termite treatments was less than 10% in the major parameters,
there was a critical improvement in the ability of plant roots to extend
through the soil in the rooting zone.

The clearest opportunities that exist for management of below-ground
biodiversity are through the manipulation of organic inputs, or through
manipulation of the soil physico-chemical environment as indicated above.
Macroinvertebrate communities of the well-drained savannahs (Decaéns
et al. 2001b) and Andean hillsides (Feijoo et al. 2001) of Colombia were
shown to be very sensitive to environmental changes associated with agri-
cultural intensification. In extensively grazed native pastures, earthworms
are favoured by grazing but traditional management by burning has the
opposite effect on termites. This suggests that the earthworm/termite ra-
tio may be a sensitive indicator of soil health. Whereas introduced forage
grasses and legumes and increasing animal production caused a ten-fold
increase in soil macrofauna, annual cropping showed a dramatic impact on
earthworms and arthropod populations, with marked decreases in biomass,
population density and taxonomic richness. We stand on the verge of begin-
ning to understand how termites can be harnessed to the task of promoting
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the use of tropical soils to producer staple foodstuffs, while conserving their
diversity and abundance as our duty to the future viability of the tropical
biosphere.

References

Aanen, D.K., Eggleton, P., Rouland-Lefevre, C., Guldberg-Froslev, T., Rosendahl, S. and
Boomsma, J.J. (2002). The evolution of fungus-growing termites and their mutualistic
fungal symbionts. Proceedings of the National Academy of Sciences (USA) 99, 14887-
14892.

Abe T, Bignell DE, Higashi M (eds) (2000) Termites: evolution, sociality, symbioses, ecology.
Kluwer Academic Publishers, Dordrecht

Aloni K, Soyer J (1987) Cercle des materiaux de construction des termitieres d’humivores
en savane au Shaba meridional (Zaire). Rev Zool Afric 101:329-357

Anderson JM (1993) Soil organisms as engineers: microsite modulation of macroscale
processes. In: Jones CG, Lawton JH (eds) Linking species and ecosystems. Chapman
and and Hall, New York, pp 940-106

Anderson A (1994) Studies on termite excretory nitrogen. In: Proceedings of the
shop on tropical entomology. Townsville, July 1991, pp 249-253

Anderson JM, Bignell DE (1980) Bacteria in the food, gut and faeces of the pill millipede
Glomeris marginata. Soil Biol. Biochem 12:251-254

Anderson JM, Wood TG (1984) Mound composition and soil modification by two soil-
feeding termites (Termitidae, Termitinae) in a riparian Nigerian forest. Pedobiologia
26:77-82

Anderson JM, Ingram JSI (1993) Tropical soil biology and fertility: a handbook of methods.
24 edn, CAB International, Wallingford

Anklin-Miihlemann R, Bignell DE, Veivers PC, Leuthold RH, Slaytor M. (1995) Morpho-
logical, microbiological and biochemical studies of the gut flora in the fungus-growing
termite Macrotermes subhyalinus. ] Insect Physiol 41:929-940

Arshad MA (1981) Physical and chemical properties of termite mounds of two species of
Macrotermes (Isoptera, Termitidae) and the surrounding soils of the semiarid savanna
of Kenya. Soil Sci 132:161-174

Badawi A, Faragalla AA, Dabbour A (1982) The role of termites in changing certain chemical
characteristics of soil. Sociobiol 7:135-155

Badertscher S, Gerber C, Leuthold RH (1983) Polyethism in food supply and processing in
termite colonies of Macrotermes subhyalinus (Isoptera). Behav Ecol Sociobiol 12:115-
119

Barois I (1987) Interactions entre les vers de terre (Oligochaeta) tropicaux géophage et la
microflore pour I’exploitation de la matiére organique du sol. These. Université Paris
VI, France

Barois I, Lavelle P (1986) Changes in respiration rate and some physicochemical properties
of a tropical soil during transit through Pontoclolex corethrurus (Glossoscoledidae,
Oligochaeta). Soil Biol Biochem 18:539-541

Barros E, Curmi P, Hallaire V Chauvel A, Lavelle P (2001) The role of macrofauma in the
transformation and reversibility of soil structure of an oxisol in the process of forest to
pasture conversion. Geoderma 100:193-213

Bignell DE (1984) The arthropod gut as an environment for microorganisms. In: Anderson
JM, Rayner ADM, Walton DWH (eds) Invertebrate-microbial interactions. Cambridge
University Press, pp 205-227

5" work-



8 Termites as Soil Engineers and Soil Processors 213

Bignell DE (1989) Relative assimilations of *C-labelled microbial tissues and *C-plant
fibre ingested with leaf litter by the millipede Glomeris marginata under experimental
conditions. Soil Biol Biochem 21:819-827

Bignell DE (1994) Soil-feeding and gut morphology in higher termites. In: Hunt JH, Nalepa
CA (eds) Nourishment and evolution in insect societies. Westview Press, Boulder,
pp 131-159

Bignell DE (2000) Introduction to symbiosis. In: Abe T, Bignell DE, Higashi M (eds) Termites:
evolution, sociality, symbioses. Kluwer Academic Publishers, Dordrecht, pp 189-208

Bignell DE, Eggleton P (1995) On the elevated intestinal pH of higher termites (Isoptera:
Termitidae). Ins Soc 42:57-69

Bignell DE, Eggleton P (2000) Termites in ecosystems. In: Abe T, Bignell DE, Higashi M
(eds) Termites: evolution, sociality, symbioses, ecology. Kluwer Academic Publishers,
Dordrecht, pp. 363-387

Bignell DE, Holt JA (2002) Termites. In: Lal R (ed) Encyclopedia of soil science. Marcel
Dekker Inc, New York pp 1305-1307

Bignell DE, Oskarsson H Anderson JM (1980) Distribution and abundance of bacteria in
the gut of a soil-feeding termite Procubitermes aburiensis (Termitidae, Termitinae).
J Gen Microbiol 117:393-403

Bignell DE, Oskarsson H, Anderson JM, Ineson, P, Wood TG (1983) Structure, microbial
associations and functions of the so-called "mixed segment" of the gut in two soil-
feeding termites, Procubitermes aburiensis Sjostedt and Cubitermes severus Silvestri
(Termitidae, Termitinae). ] Zool (Lond)) 201:445-480

Bignell DE, Eggleton P, Nunes L, Thomas K L (1997) Termites as mediators of carbon fluxes
in tropical forest: budgets for carbon dioxide and methane emissions. In: Watt AD, Stork
NE, Hunter MD (eds) Forests and insects. Chapman and Hall, London, pp 109-134

Bignell DE, Tondoh J, Dibog L, Huang SP, Moreira F, Nwaga D, Pashanasi B, Susilo F-X,
Swift M (2004) Belowground diversity assessment: the ASB rapid, functional group ap-
proach. In: Ericksen PJ, Sanchez PA, Juo A (eds) Alternatives to slash-and-burn: a global
synthesis. American Society of Agronomy Special Publication, Madison, Wisconsin.
In press

Bitsch C, Noirot C (2002) Gut characters and phylogeny of the higher termites (Isoptera:
Termitidae). A cladistic analysis. Ann Soc Entomol Fr 38:201-210

Black HIJ, Okwakol MJN (1997) Agricultural intensification, soil biodiversity and agroe-
cosystem function in the tropics: the role of termites. Appl Soil Ecol 6:37-53

Bodine MC, Ueckert DN (1975) Effect of desert termites on herbage and litter in a shortgrass
ecosystem. ] Range Manag 28:353-358

Bonell M, Coventry R]J, Holt JA (1986) Erosion of termite mounds under natural rainfall in
semi-arid tropical northeastern Australia. Catena 13:11-28

Brauman A (2000) Effect of gut transit and mound deposit on soil organic matter transfor-
mations in the soil feeding termite: a review. Eur J Soil Biol 36:117-125

Brauman A, Bignell DE, Tayasu I (2000) Soil-feeding termites: biology, microbial as-
sociations and digestive mechanisms. In: Abe T, Bignell DE, Higashi M (eds) Ter-
mites: evolution, sociality, symbioses, ecology. Kluwer Academic Publishers, Dordrecht,
Pp 233-259

Breznak JA (1982) Intestinal microbiota of termites and other xylophagous insects. Ann Rev
Microbiol 36:323-343

Breznak JA (2000) Ecology of prokaryotic microbes in the guts of wood- and litter-feeding
termites. In: Abe T, Bignell DE, Higashi M (eds) Termites: evolution, sociality, symbioses,
ecology. Kluwer Academic Publishers, Dordrecht, pp 209-231

Breznak JA, Brune A (1994) Role of microorganisms in the digestion of lignocellulose by
termites. Ann Rev Entomol 39:453-487



214 D. E. Bignell

Brian MV (1978) (ed) Production ecology of ants and termites. Cambridge University Press,
Cambridge

Brune A (1998) Termite guts: the world’s smallest bioreactors. Trends Biochem 16:16-21

Brune A, Friedrich (2000) Microecology of the termite gut: structure and function on
a microscale. Curr Opinion Microbiol 3:263-269

Brune A, Kiihl M (1996) pH profiles of the extremely alkaline hindguts of soil-feeding ter-
mites (Isoptera: Termitidae) determined with microelectrodes. ] Insect Physiol. 42:1121-
1127

Brune A, Miambi E, Breznak JA (1995) Roles of oxygen and the intestinal microflora in the
metabolism of lignin-derived phenylpropenoids and other monoaromatic compounds
by termites. Appl Environ Microbiol 61:2681-2687

Brussaard L, Juma NG (1996) Organisms and humus in soils. In: Piccolo A (ed) Humic
substances in terrestrial ecosystems. Elsevier, Amsterdam, pp 329-359

Burghouts T, Ernsting E, Korthals G, de Vries T (1992) Litterfall, leaf litter decomposition
and litter invertebrates in primary and selectively logged dipterocarp forest in Sabah.
Phil Trans R Soc Lond B335:407-416

Buxton RD (1981) Termites and the turnover of dead wood in an arid tropical environment.
Oecologia 51:371-384

Chauvel A, Grimaldi M, Barros E, Blanchart E, Desjardins T, Sarrazin M, Lavelle P (1999)
Pasture degradation by an Amazonian earthworm. Nature 389:32-33

Collins NM (1979) A comparison of the soil macrofauna of three lowland forest types in
Sarawak. Sarawak Mus J 27:267-281

Collins NM (1981) The role of termites in the decomposition of wood and leaf litter in the
southern Guinea savanna of Nigeria. Oecologia 51:389-399

Congdon RA, Holt JA, Sinclair DF (1993) The role of mound-building termites in the
nitrogen economy of semi-arid ecosystems. In: Prestidge RA (ed) Proceedings of the 6"
Australian conference on grassland invertebrate ecology. Agresearch, Hamilton. New
Zealand, pp 100-106

Davies RG, Eggleton P, Jones DT, Gathorne-Hardy F, Hernadez LM (2003) Evolution of
termite functional diversity: analysis and synthesis of local ecological and regional
influences on local species richness. ] Biogeogr 30:847-877

Decaéns T, Galvin JH, Amezquita E (2001) Propriétés des structures produites par les
ingénieurs écologiques a la surface du sol d’une savane colombienne. C R Acad Sci Life
Sci 324:465-478

Dejean A, Ruelle JE (1995) Importance of Cubitermes termitaries as shelter for alien recipient
termite societies. Ins Soc 42:129-136

Desmukh I (1989) How important are termites in the production ecology of African savan-
nas? Sociobiol 15:155-168

De Souza, OFF, Brown VK (1994) Effects of habitat fragmentation on Amazonian termite
communities. ] Trop Ecol 10:197-206

Donovan SE, Jones DT, Sands WA, Eggleton P (2000) The morphological phylogenetics of
termites (Isoptera). Biol J Linn Soc 70:467-513

Donovan SE, Eggleton P, Bignell DE (2001a) Gut content analysis and a new feeding group
classification of termites. Ecol Entomol 26:356-366

Donovan SE, Eggleton P, Dubbin WE, Batchelor M, Dibog L (2001b) The effect of a soil-
feeding termite, Cubitermes fungifaber (Isoptera: Termitidar) on soil proberties: ter-
mites may be an important source of soil microhabital heterogeneity in tropical forests.
Pedobiologia 45:1-11

Eggleton P (2000) Global patterns of termite diversity. In: Abe T, Bignell DE, Higashi M
(eds) Termites: evolution, sociality, symbioses, ecology. Kluwer Academic Publishers,
Dordrecht, pp 25-51



8 Termites as Soil Engineers and Soil Processors 215

Eggleton P, Bignell DE (1995) Monitoring the response of tropical insects to changes in in
the environment:troubles with termites. In: Harrington R, Stork NE (eds) Insects in
a changing environment. Academic Press, London, pp 473-497

Eggleton P, Bignell DE (1997) Secondary occupation of epigeal termite (Isoptera) mounds by
other termites in the Mbalmayo Forest reserve, southern Cameroon, and its biological
significance. ] Afr Zool 111:489-498

Eggleton P, Tayasu I (2001) Feeding groups, lifetypes and the global ecology of termites.
Ecol Res 16:941-960

Eggleton P, Bignell DE, Sands WA, Waite B, Wood TG, Lawton JH (1995) The diversity of
termites (Isoptera) under differing levels of forest disturbance in the Mbalmayo Forest
Reserve, Southern Cameroon. ] Tropic Ecol 11:85-98

Eggleton P, Bignell DE, Sands WA, Mawdsley NA, Lawton JH, Wood TG, Bignell NC (1996)
The diversity, abundance and biomass of termites under differing levels of distur-
bance in the Mbalmayo Forest Reserve, Southern Cameroon. Phil Trans R Soc Lond
B351:51-68

Eggleton P, Davies RG, Bignell DE (1998) Body size and energy use in termites (Isoptera):
the responses of soil-feeders and wood-feeders differ in a tropical forest assemblage.
Oikos 81:525-530

Eggleton P, Bignell DE, Hauser S, Dibog L, Norgrove L, Madong B (2002) Termite diversity
across an anthropogenic disturbance gradient in the humid forest zone of West Africa.
Agric Ecosyst Environ 90:189-202

Elkins NZ, Sabol GV, Ward TJ, Whitford WG (1986) The influence of subteranean ter-
mites on the hydrological characteristics of a Chihuahuan desert ecosystem. Oecologia
68:521-528

Feijoo A, Knapp EB, Lavelle P, Moreno AG (2001) Quantifying soil macrofauna in a Colom-
bian watershed. In: Jiménez JJ, Thomas R] (eds) Nature’s plow: soil macroinvertebrate
communities in the neotropical savannas of Colombia. CIAT, Cali, Colombia

Folster H (1964) The pedisediments of the southern Sudanese pediplane. Pedologie 14:64-68

Fujita A, Abe T (2002) Amino acid concentration and distribution of lysozyme and protease
activities in the guts of higher termites. Physiol Entomol 27:76-78.

Garnier-Sillam E (1987) Biologie et role des termites dans les processus d’humification
dans les sols forestiers tropicaux au Congo. Doctoral thesis, Université Paris XII, Val de
Marne

Garnier-Sillam (1991) Comparative physico-chemical properties of soil-feeding Thoracoter-
mes macrothorax and fungus-growing Macrotermes miilleri mounds. Biogeochemistry
48:7-13

Garnier-Sillam E, Harry M (1995) Distribution of humic compounds in mounds of some soil-
feeding termite species of tropical rainforests: its influence on soil structural stability.
Ins Soc 42:167-185

Garnier-Sillam E, Toutain F (1995) Distribution of polysaccharides within the humic com-
pounds of soils subjected to a humivorous termite Thoracotermes macrothorax Sjostedt.
Pedobiologia 39:462-469

Garnier-Sillam E, Toutain F, Renoux J (1988) Comparison de I'influence de deux termitiéres
(humivore et champignonniste) sur la stabilité structurale des sols forestiers tropicaux.
Pedobiologia 32:89-97

Gillison AN, Jones DT, Susilo F-X, Bignell DE (2003) Vegetation indicates diversity of
macroinvertebrates: a case study with termites sampled across a land-use intensification
gradient in lowland Sumatra. Org Divers Evol 3:111-126

Gillman LR, Jeffries MK, Richards GN (1972) Non-soil constituents of termite (Coptotermes
acinaciformis) mounds. Austr J Bio Sci 25:1005-1013

Grassé P-P (1986) Termitologia, vol 3. Masson, Paris



216 D. E. Bignell

Hassall M, Rushton SP (1984) Feeding behaviour of terrestrial isopods in relation to plant
defences and microbial activity. In: Sutton SL, Holdich D (eds) The biology of terrestrial
arthropods. Academic Press, London, pp 487-505

Higashi M, Yamamura N, Abe T (2000) Theories on the sociality of termites. In: Abe T,
Bignell DE, Higashi M (eds) Termites: evolution, sociality, symbioses, ecology. Kluwer
Academic Publishers, Dordrecht, pp. 169-187

Holt JA (1987) Carbon mineralization in northeastern Australia: the role of termites. ] Trop
Ecol 3:255-263

Holt JA (1988) Microbial activity in the mounds of some Australian termites. Appl Soil Ecol
9:183-187

Holt JA, Lepage M (2000) Termites and soil properties. In: Abe T, Bignell DE, Higashi M
(eds) Termites: evolution, sociality, symbioses, ecology. Kluwer Academic Publishers,
Dordrecht, pp. 389-407

Holt JA, Coventry RJ, Sinclair DF (1980) Some aspects of the biology and pedological
significance of mound-building termites in a red and yellow earth landscape near
Charters Towers, North Queensland. Austr ] Soil Res 18:97-109

Holt JA, Bristow KL, McIvor KG (1996) The effects of grazing pressure on soil and litter
animals and some hydraulic properties of two soils in semi-arid tropical Australia.
Austr J Soil Res 34:69-79

Hopkins DW, Chudek JA, Bignell DE, Webster EA, Frouz ], Lawson T (1998) Application of
13C NMR to investigate the transformations and biodegradation of organic materials by
some soil and litter-dwelling insects. Biodegradation 9:423-431.

Hyodo F, Azuma J-I, Abe T (1999) A new pattern of lignin degradation in the fungus
comb of Macrotermes carbonarius (Isoptera, Termitidae, Macrotermitinae). Sociobiol
34:591-596

Hyodo E, Inoue T, Azuma J-I, Tayasu I, Abe T (2000) Role of the mutualistic fungus in lignin
degradation in the fungus-growing termite Macrotermes gilvus (Isoptera; Macroter-
mitinae). Soil Biol Biochem 32:653-658

Hyodo F, Tayasu I, Inoue T, Azuma J-I, Kudo T, Abe T (2003) Differential role of symbiotic
fungi in lignin degradation and food provision for fungus-growing termites (Macroter-
mitinae: Isoptera). Functional Ecol 17:186-193

Ineson P, Anderson JM (1985) Aerobically isolated bacteria associated with the gut and
faeces of litter-feeding macroarthroods Oniscus asellus and Glomeris marginata. Soil
Biol Biochem 17:843-849

Inoue T, Murashima K, Azuma J-I, Sugimoto, A, Slaytor M (1997) Cellulose and xy-
lan utilisation in the lower termite Reticulitermes speratus. ] Insect Physiol 43:
235-242

Inoue T, Kitade O, Yoshimura T, Yamaoka I (2000) Symbiotic associations with protists. In:
Abe T, Bignell DE, Higashi M (eds) Termites: evolution, sociality, symbioses, ecology.
Kluwer Academic Publishers, Dordrecht, pp 275-288

JiR, Kappler A, Brune A (2000) Transformation and mineralization of synthetic '*C-labeled
humic model compounds by soil-feeding termites. Soil Biol Biochem 32:1281-1291

Jones JA (1990) Termites, soil fertility and carbon cycling in dry tropical Africa - a hypoth-
esis. ] Trop Ecol 6:291-305

Jones SC, Nutting WL (1989) Foraging ecology of subterranean termites in the Sonoran
Desert. In: Schmidt JO (ed) Special biotic relationships in the arid Southwest. New
Mexico Press, Alburquerque, pp 79-106

Jones DT, Eggleton P (2000) Sampling termite assemblages in tropical forests: testing a rapid
biodiversity assessment protocol. ] Appl Ecol 37:191-203

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem engineers. Oikos 69:
373-386



8 Termites as Soil Engineers and Soil Processors 217

Jouquet P, Lepage M, Velde B (2002) Termite soil preferences and particle selections strategies
related to ecological requirements. Ins Soc 49:1-7

Kambhampati, S, Eggleton P (2000) Taxonomy and phylogeny of termites. In: Abe T, Bignell
DE, Higashi M (eds) Termites: evolution, sociality, symbioses, ecology. Kluwer Academic
Publishers, Dordrecht, pp 1-23

Kappler A, Brune A (1999) Influence of gut alkalinity and oxygen status on mobilization
and size-class distribution of humic acids in the hindgut of soil-feeding termites. Appl
Soil Ecol 13:219-229

Konig H, Frohlich ], Berchtold, M, Wenzel, M (2002) Diversity and microhabitats of the
hindgut flora of termites. Recent Res Devel Microbiol 6:125-156

Kooyman CHR, Onck RFM (1987) The interactions between termite activity, agricultural
practices and soil characteristics in Kisii district, Kenya. Agric Univ Wageningen Papers
87-3

Lal R (1987) Tropical ecology and physical edaphology. John Wiley and Sons, Chichester

Lepage, M. (1983) Foraging of Macrotermes spp. (Isoptera: Macrotermitinae) in the tropics.
Social Insects in the tropics 1, 205-217.

Lavelle P (1986) Diversity of soil fauna and ecosystem function. Biol Internat 33:3-16

Lavelle P, Spain AV (2001) Soil ecology. Kluwer Scientific Publications, Amsterdam

Lavelle P, Lattaud C, Trigo D, Barois I (1994) Mutualism and biodiversity in soils. Plant Soil
170:23-33

Lavelle P, Bignell DE, Lepage M (1997) Soil function in a changing world: the role of
invertebrate ecosystem engineers. Eur J Soil Biol 33:159-193

Leadbetter JR, Schmidt TM, Graber JR, Breznak JA (1999) Acetogenesis from H, plus CO;
by spirochetes from termite guts. Science 283:686-689

Lee KE, Foster RC (1991) Soil fauna and soil structure. Austr J Soil Res 29:745-775

Lee KE, Wood TG (1971) Termites and soils. Academic Press, London

Lepage M (1973) Recherches écologiques sur une savanne sahélienne du Ferlo Septentrional
Sénégal. Termites: repartition, biomasse et récolte de nourriture. Ann Univ Abidjan
E6:139-145

Lepage M (1974) Les termites d’une savanne Sahélienne (Ferlo Septentrional, Sénégal): pe-
uplement, consommation, rdle dans I'écosystéme. Doctoral thesis, Université de Dijon,
Dijon

Lepage M, Darlington JPEC (2000) Population dynamics of termites. In: Abe T, Bignell DE,
Higashi M (eds) Termites: evolution, sociality, symbioses, ecology. Kluwer Academic
Publishers, Dordrecht, pp 333-361

Lepage M, Morel G, Resplandino C (1974) Découverte de galeries de termites atteignant la
nappe phréatique profonde dans le nord du Sénégal. C R Acad Sci Paris 278:1855-1859

Lilburn, TG, Kim KS, Ostrom NE, Byzek KR, Leadbetter JT, Breznak JA (2001) Nitrogen
fixation by symbiotic and free-living spirochetes. Science 292:2495-2498

Lo N, Tokuda G, Watanabe H, Rose H, Slaytor M, Maekawa K, Bandi C, Noda H (2000)
Evidence from multiple gene sequences indicates that termites evolved from wood-
feeding cockroaches. Curr Biol 10:801-804

Lobry de Bruyn L, Conacher AJ (1990) The role of termites and ants in soil modification:
a review. Austr J Soil Res 28:55-93

MacDonald JA, Jeeva D, Eggleton P, Davies R, Bignell DE, Fowler D, Lawton, JH, Maryati M
(1999) The effect of termite biomass and anthropogenic disturbance on the CHybudgets
of tropical forests in Cameroon and Malaysia. Global Change Biol 5:869-880

Mackay WP, Whitford WG (1988) Spatial variability of termite gallery production in Chi-
huahuan desert plant communities. Sociobiol 14:281-289

Mando A (1997) Effect of termites and mulch on the physical rehabilitation of structurally
crusted soils in the Sahel. Land Degrad Develop 8:269-278



218 D. E. Bignell

Mando A, Miedema R (1997) Termite-induced change in soil structure after mulching
degraded (crusted) soil in the Sahel. Appl Soil Ecol 6:241-249

Mando A, Stroosnijder L, Brussaard L (1996) Effects of termites on infiltration into crusted
soil. Geoderma 74:107-113

Martius C (1994a) Diversity and ecology of termites in Amazonian forests. Pedobiologia
38:407-428

Martius C (1994b) Termite nests as structural elements of the Amazon floodplain forest.
Andrias 13:137-150

Martius C (1997) The termites. In: Junk W (ed) The central Amazon floodplain. Springer-
Verlag, Berlin, 361-371

Matsumoto T, Abe T (1979) The role of termites in an equatorial rain forest ecosystem of
West Malaysia. II Litter consumption on the forest floor. Oecologia 22:153-178

Mora P, Lattaud C, Rouland C (1998) Recherche d’enzymes intervenant dans la dégradation
de la lignine chez plusieurs espéces de termites a régimes alimentaire différent. Actes
Colloques UEIES 11:77-80

Nalepa CA, Bandi C (2000) Characterizing the ancestors: paedomorphosis and termite evo-
lution. In: Abe T, Bignell DE, Higashi M (eds) Termites: evolution, sociality, symbioses,
ecology. Kluwer Academic Publishers, Dordrecht, pp 53-75

Nalepa CA, Bignell DE, Bandi C (2001) Detritivory, coprophagy and the evolution of digestive
mutualisms in Dictyoptera. Insectes Sociaux 48:194-201

Noirot C (1992) From wood- to humus-feeding: an important trend in termite evolution. In:
Billen ] (ed) Biology and evolution of social insects. Leuven University Press, Leuven,
pp 107-119

Noirot C (1995) The gut of termites (Isoptera). Comparative anatomy, systematics, phy-
logeny. I Lower termites. Ann Soc Entomol France 31:197-226

Noirot C (2001) The gut of termites (Isoptera) comparative anatomy, systematics, phylogeny.
I1.- Higher termites (Termitidae) Ann Soc Entomol Fr 37:431-471

Noirot C, Darlington JPEC (2000) Termite nests: architecture, regulation and defence. In:
Abe T, Bignell DE, Higashi M (eds) Termites: evolution, sociality, symbioses, ecology.
Kluwer Academic Publishers, Dordrecht, pp 121-139

O’Brien RW, Slaytor M (1982) Role of microorganisms in the metabolism of termites. Austr
] Biol Sci 35:239-262

Ohkuma M, Kudo T (1996) Phylogenetic diversity of the intestinal bacterial community in
the termite Reticulitermes speratus. Appl Environ Microbiol 62:461-468

Ohkuma M, Kudo T (1998) Phylogenetic analysis of the symbiotic intestinal microflora of
the termite Cryptotermes domesticus. FEMS Micrbiol Lett 164:389-395

Ohkuma M, Noda S, Horikoshi K, Kudo T (1995) Phylogeny of symbiotic methanogens in
the gut of the termite Reticulitermes speratus. FEMS Microbiol Lett 134:45-50

Ohkuma M, Noda S, Usami R, Horikoshi K, Kudo T (1996) Diversity of nitrogen fixing
genes in the symbiotic intestinal microflora of the termites Reticulitermes speratus.
Appl Environ Microbiol 62:2747-2752

Peakin GJ, Josens G (1978) Respiration and energy flow. In: Brian MV (ed) Production
ecology of ants and termites. Cambridge University Press, Cambridge, pp 111-163

Quedraogo P, Lepage M (1997) Réle des termitieres de Macrotermes subhyalinus dans une
brousse tigrée (Yatenga, Burkina Faso). In: d’Herbés M, Ambouta JMK, Peltier R (eds)
Fonctionnement et gestation des écosystémes forestiers contractés sahéliens. John Libby
Eurotext, Paris, pp 91-94

Pearce M (1997) Termites, biology and pest management. CAB International, Wallingford

Rouland-Lefevre C (2000) Symbiosis with fungi. In: Abe T, Bignell DE, Higashi M (eds) Ter-
mites: evolution, sociality, symbioses, ecology. Kluwer Academic Publishers, Dordrecht,
pp 289-306



8 Termites as Soil Engineers and Soil Processors 219

Rouland-Lefevre C, Bignell DE (2001) Cultivation of symbiotic fungi by termites of the
subfamily Macrotermtinae. In: Seckbach J (ed) Symbiosis: mechanisms and model
systems. Kluwer Academic Publishers, Dordrecht, pp. 731-756

Rouland C, Lenoir-Labé F (1998) Microflore intestinale symbiotique des insectes xylophages:
mythe ou réalité? Cahiers Agricult 7:37-47

Rouland C, Chararas C, Renoux J (1986) Etudes comparées des osidases de trois especes
de termites Africain a regime alimentaire différent. C R Acad Sci Paris Ser III 9:
341-345

Rouland C, Chivas A, Renoux J, Petek F (1988) Synergistic activities of the enzymes involved
in cellulose degradation purified from Macrotermes miilleri and from its symbiotic
fungus Termitomyces sp. Comp Biochem Physiol 91B:459-465

Rouland C, Chararas C, Renoux ] (1989) Les osidases digestives dans l'intestin moyen,
Pintestin postérieur et les glands salivaire du termite humivore Crenete