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ABSTRACT

The use of nematodes as a highly selective biopesticide is becoming established and
the prospect of widespread horticultural use has now become a reality. To satisfy the
requirements of a wider commercial market, a major increase in production scale is

needed. This can only be achieved through technological advancement.

The development of fermentation systems, for the production of nematodes has been
rapid over the past couple of decades, however, downstream operations, particularly
at a scale required to meet demand, have received less attention. Much development is
still required if nematode-based biopesticides are to compete with much cheaper

chemical agents and fulfil their potential.

Large-scale liquid fermentation methods for the manufacture of nematodes as
biopesticides produce the viable nematode life stage in a low concentration
suspension containing large quantities of spent media and other waste material. The
waste material includes non-viable nematode life stages, nematode debris and the
nematodes’ associated bacteria as well as the spent media. The presence of even
small quantities of waste components has a detrimental impact on the quality and

shelf life of the viable nematodes.

Downstream operations for the recovery and concentration of viable nematodes and

the consideration of flow phenomena form the foci of this Thesis. The physical

characteristics of nematodes are very different from other more traditional biotech
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products, and material properties such as cuticle strength have been measured.
Methods of recovery have been explored with particular emphasis on material

properties, product specification and physical data.

Two process options were considered; including a flow assisted wet sieving technique
and a new vibrating filtration system. Batch and semi-batch experiments using
conventional flow-assisted wet sieving and a novel cross-flow sieving technique were
used to study the separation of juveniles from adult nematodes. The results were used
to identify the sieve size and operating conditions for optimum juvenile recovery
using an effectiveness factor. The use of a novel vibrating membrane filter for the
combined recovery and concentration of nematodes from mature liquid cultures was
also demonstrated. The results of the experiments, which showed the impact of
operational and geometrical parameters on permeate flux, are used to demonstrate the
potential of the vibrating membrane filtration as a flexible one-unit operation for the

separation and concentration of viable nematodes from fermentation broth.
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CHAPTER 1

INTRODUCTION AND STATE OF THE ART

1.0. Introduction

Insect Parasitic Nematodes represent a natural biopesticide that may be used against
many soilborne and some foliar pests (Lello et al., 1996). If the insect parasitic
nematode kills or hampers the development of the an insect pest; and is capable of
mass production, then it can be used as an effective biological control agent (Poinar
1979). Interest in nematodes as biological control agents goes back to at least the
1920's, and was actually tested as a pest control strategy (Glaser, 1930), but
development of cheap and widely available chemical pesticides almost halted the
progress of this field. Interest was rekindled around the mid 1970's when there was
widespread banning of DDT, and it became clear that a viable alternative to chemical
pesticides was necessary to avoid ecological disaster. In Silent Spring (1963) Carson
challenged the practices of agricultural scientists and governments, and called for a
change in the way we view the natural world. She provided some of the first public
evidence of how synthetic chemical pesticides used after World War II, without

proper control or knowledge, were poisoning the environment.

The production of whole viable animals such as nematodes poses many interesting

challenges. Compared to the more traditional liquid fermentations, for example, yeast



and bacteria, nematode fermentation and downstream processing is relatively

complex.

Biological control agents have often had to compete directly with chemical pesticides
from their inception in terms of cost, shelf life, availability and effectiveness. Gaugler
(1988) has called the difference between chemicals and biologicals the Efficiency
Gap”. It is this conceptual difference between chemical and non-chemical strategies,
which must be addressed, by improvements in selective breeding, genetic
manipulation and production techniques. New applications and markets are
continually appearing, challenging existing chemical markets and creating new ones,
thus placing an ever-increasing demand on the industry to supply. Further
advancements in the underlying production technology are needed to expand and

improve the market potential of nematode based products (Georgis, 1992).
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1.1: Nematology

1.1. Introduction

As the product consists of a live, multicellular animal, its biology will undoubtedly
dictate the engineering of any production system. Therefore, it is intended that any
biological parameters that will impact on engineering will be mentioned here with an
aim to understanding the physiology and anatomy of nematodes as an aid to

production.

1.1.2. Nematode Definition

The nematodes or ‘roundworms’ are a widespread group of animals and are
considered one of the most abundant on earth. Although morphologically very
simple, they have exploited a wide range of diverse habitats and niches including the
parasitisation of invertebrates (Poinar, 1979). There are nearly 20,000 described
species classified in the phylum Nemata, but relatively little attention has been paid to
these animals and the true number may be closer to 500,000. In some types of soil
there may be as many as 3 million roundworms consisting of hundreds of species per
square metre. They have a great impact on the health and economy of man through
their parasitisation of humans, domestic animals and crop plants. Besides this, there
are enormous numbers of free-living nematodes in the soil and in the bottom
sediments of lakes and seas. Some species are generalists, occurring across wide areas

and in many habitats; others are much more specialized. Many nematodes play
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critical ecological roles as decomposers and predators on microorganisms, but some

can parasitise spiders, leeches, annelids, crustaceans, molluscs, and insects.

1.1.3. Nematode Biology

1.1.3.1. General Structure

Although diverse, nematodes are generally tiny in size, they range from 0.25 mm to
over 8 metres, but most have bodies from 0.25 to 3.0 mm in length and may be just
visible with the unaided eye, so are therefore not truly microscopic. The nematode
body plan is simple, based on a distinctly rounded, slender, fusiform (cigar-like)
shape. They are unsegmented, generally transparent and colorless. They have been
described as a tube within a tube; referring to the alimentary canal which extends
from the mouth on the anterior end, to the anus located near the posterior. A true
coelom is not present; instead nematodes have a "pseudocoel" formed directly from
the cavity of the blastula (rather than as a result of the division or folding of
mesoderm). A strong, flexible noncellular structure called a cuticle surrounds the
body cavity, which is fluid-filled and at high pressure. The cavity of the pseudocoel is
small, being mostly filled with an intestine and oviducts or testes. Adult nematodes
are composed of approximately 1000 somatic cells. Nematodes possess digestive,
nervous, excretory, and reproductive systems, but lack a discrete circulatory or
respiratory system. A simple nervous system consists of a ring of nervous tissue
around the pharynx that gives rise to dorsal and ventral nerve cords running the length

of the body (Bird and Bird, 1991).
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1.1.3.3. Skeleton and Support

Nematodes do not have any rigid skeletal structures and it is the cuticle, which
prevents water loss and reduces the permeability of the animal. The fibres of the body
wall muscles are longitudinal only. This surface cuticle is a critical feature of all
nematodes. This structure acts as a hydroskeleton providing body shape, mobility,
elasticity and interaction with the external environment. The nematode cuticle is a
complex structure of plates, fibres, and several layers of protein, containing pores,
ducts, glands, and dendrites. The specific structure varies between different species
and different growth stages. The cuticle is a physiologically active component and is
probably maintained by the underlying hypodermis. The replacement of the cuticle
allows for growth and may serve in shedding antibody complexes formed by the host
immune response. All nematodes undergo 5 moults, characterised by the synthesis
and expression of a new extracellular proteinacious cuticle and the shedding of the
old one. The major components of this structure are the proline/glycine-rich
collagens, which constitute up to 80% of the soluble proteins in this structure. Outside
of this multi-layered extracellular matrix is a 5 - 20 nm thick surface coat composed

primarily of glycoproteins and collagen (Bird and Bird 1991).

1.1.3.4. Locomotion

As nematodes possess only longitudinal muscles, their movements consist of
undulations of the body (Gray and Lissman, 1963). Their internal pressure is high,
and this causes the body to flex rather than flatten, and the animal moves by thrashing

back and forth. Contractions of the longitudinal muscles against the hydrostatic
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skeleton allow this type of movement. No cilia or flagella are present for allowing
progress in a forward direction. The aquatic species use these whipping motions to
swim through the water. This movement is indicative of a healthy nematode; dead
nematodes will often lie straight, and resting nematodes often acquire a characteristic

‘]’ shape (Young, 1998).

1.1.3.5. Reproduction

Most of the nematodes are dioecious with the males commonly smaller than the
females and curved at the posterior end. Fertilization is internal and eggs are shed
from the female nematode after fertilization has occurred. If a species of nematode
reproduces sexually, then the method of copulation must be considered so that it is
not disrupted during fermentation. It was thought that Heterorhaditis fermentations
may have inhibited their mating due to complex ‘Y’ type copulation of males and
females, and that the only offspring were from hermaphrodite females. In this case the
males and females would represent useless feeders, and thus a very wasteful quantity

of biomass (Strauch, 1997).

1.1.3.6. Respiration and Circulation

There are no specialized structures for circulation in the nematodes. Circulation is
accomplished by diffusion and by the pseudocoelom. Gas exchange occurs by
diffusion across the body wall and also by movement of the pseudocoelomic fluids. A
few nematodes have a respiratory pigment in their body fluids that may supply

oxygen to the cells.
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1.1.5. Beneficial Nematodes

Although there are many species of nematode, we are concerned here only with
relatively few species, which have displayed the ability to paratisize insects. The
different types of nematode, which possess such qualities, are reviewed, with
emphasis on those used for this study. The use of insect parasitic nematodes, and
other biological control agents to manage insect pests has grown in popularity. This
is primarily due to the changing problems associated with pest control. Indeed, many
pests have developed resistance to certain pesticides, new pests have arisen to replace
those successfully controlled, the effectiveness of natural control agents (predators,
parasites and pathogens) has been reduced by pesticide use, and there is increased
concern about pesticide safety and environmental quality. These beneficial organisms
can be an important component of an integrated pest management (IPM) strategy

(Kaya, 1985).

1.1.5.1. Entomopathogenic nematodes

Entomopathogenic nematodes are extraordinarily lethal to many important soil insect
pests, yet are safe for use around plants and vertebrates. This degree of safety means
that unlike chemicals, or even Bacillus thuringiensis, nematode applications do not
require masks or other safety equipment; and re-entry time, residues, groundwater
contamination, chemical trespass, and pollinators are not issues. Most biologicals,
such as the bacterium Bacillus thuringiensis require days or weeks to kill, yet
nematodes, working with their symbiotic bacteria, kill insects in 24-48 hours.

Entomopathogenic nematodes are remarkably versatile in being useful against many
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soil and cryptic insect pests in diverse cropping systems, yet are clearly underutilised
(Ishibashi, 1990). Like other biological control agents, nematodes are constrained by
being living organisms that require specific conditions to be effective. Thus,
desiccation or ultraviolet light rapidly inactivates insecticidal nematodes; chemical
insecticides are less so constrained (Neves, 1994). Similarly, nematodes are effective
within a narrower temperature range than chemicals, and are more impacted by
suboptimal soil type, thatch depth, and irrigation frequency (Georgis and Gaugler,
1991). Nematode-based insecticides may be inactivated if stored in hot vehicles,
cannot be left in spray tanks for long periods, and are incompatible with several
agricultural chemicals. Certain species cannot be applied with high-pressure
application equipment; and unused nematodes cannot be applied the following year.
Despite the problems of chemical systems previously described, a large knowledge
base has been developed to support their use. Accelerated implementation of
nematodes into IPM systems will require users to be more knowledgeable about how

to use them effectively.

In 1976, Poinar described a new genus and species of entomopathogenic nematode,
Heterorhabditis bacteriophora, which he placed in a new family, Heterorhabditida
(Rhabditida: Nematoda). Entomopathogenic nematodes are from the families
Steinernematidae and Heterorhabditidae, which contain the insect parasitic nematode
species that have great potential as biological control agents of agricultural pests

(Gaugler & Kaya, 1990). These species share many of the same traits including
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similar life cycles, wide host ranges, and symbiotic relationships with Xenorhabdus
bacteria. The most commonly used beneficial nematodes are Steinernema

carpocapsae, 8. feltiae, S. glaseri, Heterorhabditis heliothidis and H. bacteriophora.

1.1.6. The Infective Juvenile

The infective juvenile or dauer life stage is the only life stage capable of living freely
outside the host. Thus, it is this stage which is the useful product, and that which must
be separated from other fermentation media components. Infective juveniles range
from 0.4 to 1.1 mm in length and can be observed with a hand lens or microscope
after separation from formulation materials. The Infective Juvenile (IJ) stage is the
alternative form of the stage 3 juvenile (see Figure 1.0). They seek out susceptible
hosts, primarily insect larvae, by detecting excretory products, carbon dioxide and
temperature changes. Juvenile nematodes enter the insect host through the mouth,
anus or breathing holes (spiracles). Heterorhabditid nematodes can also pierce

through the insect' s body wall using a small ‘tooth’ (Gaugler and Kaya, 1990).
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