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‘Per Scientium Ad Melora ’

Motto of The Mosslands School, taken to mean ‘Through Knowledge, 
strive’.
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A b s t r a c t

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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C h a p t e r  1

In t r o d u c t i o n  a n d  S t a t e  o f  t h e  A r t

1.0. Introduction

Insect Parasitic Nematodes represent a natural biopesticide that may be used against 

many soilbome 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 hydro skeleton 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 

‘J’ 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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1.1.3.7. Excretion and Osmoregulation

Wastes from the gut diffuse across the intestinal wall and are gathered by special cells 

known as renette cells. These glandular cells connect to a ventral pore where 

excretion occurs. The more solidified wastes are passed through the reetum and anus. 

The maintenance of water balance is controlled in part by the cuticle, which may be 

impermeable to water. The renette cells also play a role in osmoregulation by 

removing nitrogenous wastes from the gut. The epidermis itself may aid in 

osmoregulation by active removal of salts across the body wall.

1.1.4. General life cycle

All nematodes have five post-embryonic stages (LI through L4 and adult) separated 

by four molts. The general life cycle consists of eggs, four larval stages and the 

adults.

FGG -► :J11
— ► J2

1

ÀDtJLT
. . .  ' . . . . ; .........IS

J3

Figure 1.0: The generalised nematode life cycle, dashed lines indicate alternative 

pathway for Infective Juvenile formation.
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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 

Steinemematidae 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, S. 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 fi*om 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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Figure 1.1. An Infective juvenile (IJ), showing the thickened, double cuticle, (which is 

thought to be lacking pore structures) and enclosed posterior and anterior ends.

1.1.6.2. Interaction between the Nematode and Insect

The degree of inactivity of each nematode species/strain for different hosts varies 

considerably. No one species/strain is most infective for a wide variety of insect hosts. 

In addition, the interaction between the bacterium Xenorhabdus and the host 

nematode is also specific.

1.1.6.3. The Symbiotic Bacteria of entomopathogenic nematodes

Nematodes of the rhabditid genera Steinernema and Heterorhabditis, symbiotically 

associated with bacteria of the genus Xenorhabdus, are biological agents for the
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1.1.6.3. The Symbiotic Bacteria of entomopathogenic nematodes

Nematodes of the rhabditid genera Steinernema and Heterorhabditis, symbiotically 

associated with bacteria of the genus Xenorhabdus, are biological agents for the 

control of noxious insects in cryptic habitats. Their efficacy has been proven in 

numerous application tests (Klein, 1990; Begley, 1986) and several commercial 

enterprises have been started for their large scale production. All Entomopathogenic 

nematodes form a symbiotic relationship with certain species of bacteria. It is this 

interaction which allows the nematode to kill its host.

1.1.6.3.1. The Genus Xenorhabdus

Xenorhabdus spp. are Gram negative, facultatively anaerobic, rod shaped bacteria 

currently assigned to the family Enterohacteriaceae. Only two species have been 

described (X. nematophilus and % luminescens), however, Akhurst (1980, 1982) has 

recognised four subspecies of X. nematophilus {nematophilus, bovienii, poinarii and 

beddingii). All strains grow at 28°C, hut not all strains grow at 37°C.

1.1.6.4. Pathogenesis of Insect Hosts

Once entry to the insect haemocoel has been gained, the nematodes release their 

insect-pathogenic bacterial symbiont, which subvert the insect’s immune system and 

release toxins, which kill it. Xenorhabdus multiply in the haemocoel, produce 

antibacterial compounds, which restrict the growth of other types of microorganisms 

and, as a consequence, create ideal conditions for reproduction of the nematode. Two 

or more weeks after the death of the host, up to 5 x 10̂  infective stage juveniles per
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Gram of larvae are produced, which leave the cadaver to locate new hosts. 

Xenorhabdus from the insect cadaver associate with the foregut of daughter 

nematodes prior to release. The relationship between these organisms is one of classic 

mutualism. (Akhurst, 1982).

1.1.6.5. Habitat

Steinemematid and heterorhabditid nematodes are exclusively soil organisms 

(Although some work has gone into developing foliar applications (Levy et al, 

1996). They are ubiquitous, having been isolated from every inhabited continent from 

a wide range of ecologically diverse soil habitats including cultivated fields, forests, 

grasslands, deserts, and even ocean beaches. In New Jersey, entomopathogenic 

nematodes were recovered from 22% of sites sampled (Gaugler, et al., 1992).

1.1.6.6. Target Pests

The symbiotic bacterium kills insects quickly, so there is no intimate host-parasite 

relationship as is characteristic for other insect-parasitic nematodes. Consequently, 

entomopathogenic nematodes are lethal to an extraordinarily broad range of insect 

pests in the laboratory. When considered as a group of nearly 30 species 

entomopathogenic nematodes are useful against a large number of insect pests. As 

field research progresses and improved insect-nematode matches are made, this list is 

certain to expand. Nematodes have yet to be found which are effective against several 

of the most important soil insects, including wireworms, grape phylloxera, fire ants, 

or com rootworms.
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1.1.6.7. Steinernema feltiae

Attacks primarily immature dipterous insects, including mushroom flies, fungus 

gnats, and tipulids. This nematode is unique in maintaining infectivity at soil 

temperatures below 10°C. S. feltiae offers lower stability than other steinemematids. 

This species is currently manufactured by Microbio Ltd., and is used in this study.

1.1.6.8. Heterorhabditis megidis

The second species used in this study and is currently manufactured by Microbio Ltd.

1.1.6.9. Survival mechanisms

Entomopathogenic nematodes of the Heterorhabditidae and Steinemematidae appear 

to be capable of long-distance dispersal and migration. Their transmission strategies 

include both highly active seek-and-destroy behaviours and ambusher strategies, and 

they may be sensitive to sex related factors in their own populations. Their host 

finding abilities are poorly understood, despite the fact that these abilities are 

fundamental to their success as biocontrol agents in soil. Like other natural enemies 

that have been released for biological control over the past centuries, they may be 

used in their ecologically competent wild-type form. (Downes et al, 1996).

1.1.7. Insect parasitic nematodes

1.1.7.1. Phasmarhabditis hermaphrodita (Rhabditida: Rhabditidae)

P. hermaphrodita is an autogamous hermaphrodite which is mainly oviparous, with 

eggs being laid at an advanced stage of development. Like other rhabditid nematodes,
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it is a bacterial feeder, which can be grown in vitro on bacterial cultures. At present, 

the relationship between P. hermaphrodita and bacteria is poorly understood (Wilson 

et al, 1993). Unlike entomopathogenic nematodes, no specific symbiotically 

associated bacterium has been isolated from these nematodes to date. However, 

growing these nematodes with different bacteria changes the resulting nematodes' 

yield and pathogenicity for several pest species, including slugs and snails and thus 

has potential to be used as a biological control agent. ‘Entomopathogenic’ literally 

means causing disease to insects, but the term is not extended to P.hermaphrodita due 

to their loose (i.e., not ‘symbiotic’ in the strict sense) association with bacteria. 

However, large scale ‘Phas’ production has subsequently been developed in much the 

same way as the entomopathogenic nematodes and has been commercialised in the 

UK as a biological molluscicide.(Wilson et a l, 1993 and Coupland 1995).

1.1.7.1.1. Habitat

The nematode is a soil dwelling animal and is generally found where slugs are 

abundant. It has been isolated from grassland and crops of wheat and oilseed rape. It 

is significantly larger than Steinernema or Heterorhabditis and is also used in this 

study.

Jonathan Alexander Wilson 2003. 30



1.2. Biological control

1.2.1. Introduction

Biological control uses naturally occurring predators, parasites and diseases to control 

pests. There are three main ways to use these natural enemies against unwanted insect 

pest populations. Biological control can be broadly defined as any activity involving 

the manipulation of natural enemies such as predators, parasitoids, or pathogens to 

reduce or suppress pest populations. A biological control programme may range from 

choosing a pesticide, which will be least harmful to beneficial insects, to raising and 

releasing one insect to have it attack another, in other words a "living insecticide." 

Unlike broad-spectrum insecticides, which kill a wide range of insects and other 

animals, natural enemies usually have very specific preferences for certain types of 

insects. They may do no harm at all to other beneficial insects and are less harmful to 

the environment. As an alternative to reducing pest populations with chemical 

insecticides, biological control methods can be used in agricultural settings to prevent 

pest populations from reaching damaging levels. Hundreds of researchers 

representing more than forty countries are working to develop nematodes as 

biological insecticides. Nematodes are sold in the U.S., Europe, Japan, and China for 

control of insect pests in high-value horticulture, agriculture, home and garden niche 

markets.
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1.2.2. Classical Biological Control

Classical Biological Control (importation) involves traveling to the country or area 

from which a newly introduced pest originated and returning with some of the natural 

enemies that attacked it and kept it from being a pest there. New pests are constantly 

arriving accidentally or intentionally. Sometimes they survive. When they come, their 

enemies are left behind. If a pest emerges, introducing some of their natural enemies 

can be an important way to reduce the amount of harm they can do. "Pest 

management is the reduction of pest problems by actions selected after the life 

systems of the pests are understood and the ecological as well as economic 

consequences of these actions have been predicted, as accurately as possible, to be in 

the best interest of mankind" (Rabb and Guthrie, 1970).

1.2.3. Application of Natural Enemies

Natural enemies of pests are considered the least toxic pest control method. As the 

use of these products becomes more widespread, the need for an understanding of 

how to best use these products is becoming more acute. Conservation of natural 

enemies is an important part in any biological control effort. This involves identifying 

any factors that limit the effectiveness of a particular natural enemy and changing 

them to help the beneficial species. Conservation of natural enemies involves either 

reducing factors that interfere with the natural enemies or providing needed resources 

that help natural enemies.
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1.2.4. Use of nematodes in biocontrol

Because of the increasing restriction of chemical insecticides and the expansion of 

biological control of pests, there is a demand for biological insecticides. Constraints 

about the use of chemical insecticides have limited the availability of control 

measures against soil-borne insect pests. Entomopathogenic nematodes of the genera 

Steinernema and Heterorhabditis provide an environmentally safe and economically 

reasonable alternative.

1.2.5. History of development

The American R. W. Glaser (1932) was one of the firsts to publish on the biological 

control potential of steinemematids. In a field in New Jersey, he observed that 

Steinernema glaseri killed large numbers of Japanese beetles, Popillia japonica. In 

his laboratory, in a salve can of sterilized soil, a heavy suspension of this nematode 

killed the beetles in the manner of a true infectious disease; however, houseflies, 

silkworms force-fed with nematodes, and plants all remained uninfected. Glaser did 

not understand the mode of action of this disease but did not discount the possible 

presence of a bacterium. His first field experiments were extremely promising and a 

program for extensive treatment against Japanese beetles throughout New Jersey was 

organized. The discovery of other species of this genus, e.g. S. bihionis (Bovien, 

1937), attracted little attention. Bovien considered that these species were able to 

multiply within a host but did not suspect pathogenicity. Bovien assumed that the 

infective juvenile accumulated in the host's intestine and penetrated the body cavity
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after the host had died. Only a few decades ago, there was almost no dedicated 

research into this group of nematodes, however, recent times have seen an enormous 

increase in research groups committed to this area (Poinar, 1985). This development 

is largely due to pressure from environmentalists to develop biological alternatives 

for pest control.

1.2.6. Host Range

Several species have such a wide host range that they can be used successfully on 

numerous insect pests. The nematodes' non-specific development, which does not 

rely on specific host nutrients, allows them to infect a large number of insect species.

1.2.7. Safety and Regulations

There is no evidence of natural or acquired resistance to the Xenorhabdus bacteria. 

Though there is no insect immunity to the bacteria, some insects, particularly 

beneficial insects are possibly less parasitized because nematodes are less likely to 

encounter bénéficiais, which are often very active and escape nematode penetration 

by quickly moving away, such as ladybirds. Finally, there is no evidence that 

parasitic nematodes or their symbiotic bacteria can develop in vertebrates (Wilson et 

al., 1993). This makes nematode use for insect pest control safe and environmentally 

friendly. The United States Environmental Protection Agency (EPA) has ruled that 

nematodes are exempt from registration because they occur naturally and require no 

genetic modification by man.
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Nematodes should be applied at the first sign that a pest population is causing 

damage. Reapplying nematodes may not be necessary if previous populations have 

survived at a suitable level. Their survival and success are based on environmental 

conditions. Regulatory policies tend toward supporting the further introduction of 

nematodes as biocontrol agents (Ehlers, 1996).
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1.3: Commercialisation of nematode biopesticides

1.3.1. Industrial.Perspective

The widely predicted environmentally driven demand for biological pesticides has 

begun to gather momentum. During the infancy of nematode biocontrol research, it 

was envisaged that a cottage industry supplying local markets would arise (Holdom et 

al, 1996) based on low technology solutions such as in vivo production systems and 

disposable fermentation kits (Brown, 2000). While, this has occurred; the possibility 

of large scale commercial use has led to the need for production on an ultra large 

scale, a prospect which can only be delivered by large Biotech companies. Byosis 

(now Thermo Trilogy) spent 35 million dollars to developing the use of nematodes 

for the control of soil insects and is now the World’s largest Nematode Producer. In 

1991, Biosys formed a marketing alliance with Ciba-U.S and also had a marketing 

agreement with Solaris Ortho. However, all Thermo Trilogy nematode products are 

steinemematid-based. Thermo Trilogy has also taken over Agrodyne, Agrisense, 

Ciba, Crop Genetics, Grace and Sandoz consolidating the industry. Ecogen, Inc. a 

manufacturer of Bacillus thuringiensis bioinsecticides started research on 

entomopathogenic nematodes after its acquisition of Biotechnology Australia Pty. 

Ltd. Netherlands based Koppert produce beneficial insects with interests in 

nematodes, however. Microbio Group Ltd., a Becker Underwood company, is the 

industry leader in Europe. In vivo teclmology is still used in the cottage industry,
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mostly in the US. The Chinese are currently producing large quantities of 

entomopathogenic nematodes using the solid phase system developed by Bedding 

(1990) for controlling a major fruit pest, the peach fruit borer, Carpostia niponensts. 

They intend to produce 360 tons of nematodes per annum (Hominick and Reid, 

1990).

1.3.2. Current status of nematode based pesticides

Steinemematid nematodes are the most important tme biological pesticides. 

Researchers have put forward nematodes for the control of soil-inhabiting insect pests 

for many years, stressing their extraordinary pathogenicity to insects, broad range of 

activity as a group, ease of culture, and exemption from government registration in 

most countries. Industry has responded with rapid advances in mass production, 

formulation, and application technologies. However, nematode usage has so far failed 

to measurably reduce the groundwater contamination, wildlife kills, and toxic residue 

problems associated with over reliance on chemical insecticides, even though they are 

probably the most prominent of all the biopesticide strategies currently available. 

Nematodes are applied to considerably less than 100,000 hectares every year at 

present, moreover, these tend to be hectares for which conventional insecticides are 

unavailable (e.g., black vine weevil in cranberries).

1.3.3. Markets

Nematodes are now being used commercially to control a number of insect pests and 

at 13% of bioinsecticides sales in industrialised countries they are already second
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only to Bacillus thuriengensis at 80% (Lisansky and Coombs, 1994). However, the 

market for nematodes represents only a tiny fraction of their potential (Bedding, 

2000). A significant improvement in process technology would not only allow 

economically feasible scale-up, but would have a knock-on effect on storage 

capability and field performance, giving appreciable commercial advantage to 

companies, which possess such technology.

Georgis and Hague (1991) estimated world insecticide sales at US $6 billion per 

annum. If biopesticides reach their full potential, they could easily take a large share 

in this market, and even create new markets.

Several consultancies have also made estimates for the size of biopesticide markets. 

Frost and Sullivan (London, UK) in their study on biopesticides estimated the 

European market to be worth $102m in 1997 increasing at a compound rate of 7.3% 

annually reaching $125m in 2000 and $ 167.2m in the year 2004. Frost and Sullivan 

also reported 30 companies to be active in the biopesticide sector, led by three 

companies Abbott, Koppert and Novartis (now Thermo Trilogy) all of whom have 

grown through mergers, acquisitions and investment in R&D (Lisansky, 1999).

Market Intelligence (California, US) estimate that the biopesticides market was 

approximately $74m in 1991 and would rise to $196m in 1998. Woodbum (1993) 

predicted that total agricultural biotechnology sales in 1998 would be <$700m
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(compared to other predictions of sales >$ 1 .6b). He estimates that the biopesticides 

(microbials) market in 1998 will be $270m with sales of nematodes rising to around 

$140m that year. Arguing the case for entomopathogenic nematodes, he said that; 

"They alone may be able to compete successfully with conventional pesticides on the 

basis o f efficacy, cost ofproduction, and low probability o f resistance. "

Certain markets, such as Australasia and China have opened up much more quickly 

than the rest because of intense research activity. Government backing and interest in 

specialty crops.

1.3.4. Manufacturers and Commercial availability

Of the nearly thirty Steinemematid and Heterorhabditid nematodes identified to date, 

seven species are commercially available. There are currently eight nematode 

manufacturers in the United States (Hunter, 1994). Biofac, Inc., BioLogic and M&R 

Durango, Inc. produce Steinernema carpocapsae. Biosys (Now part of the Thermo

trilogy group) produces different Steinernema species. Hydro-Gardens, Inc., 

Nematec, and Praxis manufacture various Heterorhabditis species. These nematodes 

are sold to various omamental/lawn care companies and mail-order pest management 

supply companies.

Phasmarhabditis hermaphrodita is currently only available in the UK where it is sold 

to domestic gardeners. It is manufactured by MicroBio LTD, (Thriplow, Herts, UK) 

and distributed by Defenders (Ashford, Kent, UK) under the trade name "Nemaslug".
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However, nematode producing companies in other European states and in the US 

have expressed interest in producing P.hermaphrodita as a biological molluscicide. 

MicroBio also produce Heterorhabditis and Steinernema species.

1.3.5. Product Value

Due to the fact that nematodes are a product for horticulture and agriculture, they are 

often considered to be low cost products. This, however, a misconception, although 

they cannot be considered high value products relative to therapeutic proteins, 

antibiotics or DNA based products (see appendix for fermentation value example), 

and so are placed somewhere between Biogas (alcohol) fermentation and human 

insulin. Nematodes are available in the US at $1-11 per million. It is common and 

recommended practice for a company to guarantee the number of live nematodes per 

pack, so it is imperative that the maximum number of nematodes survive (Gaugler et 

al, 2000).

1.3.6. Alternative uses of nematodes

The same technology developed for nematode production for use as biopesticides, 

could be applied to production of different nematode species for various uses. The 

symbiotic bacteria of entomopathogenic nematodes have yielded some very 

interesting substances, such as antibiotics, and antifoams, it may be the case that the 

bacteria must maintain an association with the nematodes for this to occur. A 

reasonable amount of material is often required for biochemical and molecular 

biology studies. This was initially a problem with C.elegans where workers often
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cloned genes to produce the proteins of interest, because they couldn’t grow large 

amounts of nematodes at the time. Larvae of many commercially important marine 

fish and crustaceans require live food. Prepared artificial diets are not always 

accepted and, if accepted, may not be assimilated (Baragi and Lovell 1986). Several 

species of insect parasitic nematodes have been found to produce the digestive 

enzyme collagenase (Gouge et a l, 1999). Insects infected with nematodes without 

their bacteria resulted in large amounts of the enzyme collagenase, which is presumed 

to be of nematode origin. Collagenase from other sources is used to digest material 

for research and diagnostics. It provides free cells, which can be subcultured 

immediately. Antibody and vaccine production may also be a future prospect, and, as 

nematodes are eukaryotic, they would be at an advantage over bacterial systems.
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1.4: Nematode Culture Systems

1.4.1. Introduction

This section details development of nematode culture methods and the manufacturing 

processes and includes the current methods of fermentation with emphasis on 

possible separation methods.

1.4.2. Nematode culture and nutritional requirements.

Axenic cultures of C. elegans have been used in studies to determine essential 

nutrient for nematode growth and reproduction. The interpretation of these studies is 

complicated by the ability of these nematodes to grow and mature, albeit slowly, even 

in nutrient deficient minimal media. If the prerequisite quantities of the nutrients are 

not supplied, nematodes can synthesize some of the required nutrients. However, if 

placed in an environment promoting fast or accelerated metabolism, the biochemical 

synthesis of some of the compounds may be too slow to allow proper growth and 

maturation of the nematode (House et a l, 1965). In addition, the possibility always 

exists that small amounts of essential nutrients will be transferred with the nematode 

inoculum to new cultures. These minor nutrients may be present in high enough 

concentration to provide for proper growth and development for several generations 

of nematodes.
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Environmental and other factors associated with axenic cultures may also complicate 

measurements of growth and reproduction and the interpretation of experimental 

results. Environmental factors such as changes in pH, accumulation of COg, 

accumulation of metabolic acids and reduction of oxygen concentration increase 

variation in nematode growth rates and reproduction. Infrequent sub-culture may 

inhibit reproduction and introduce a lag-phase immediately after inoculation into a 

new media (Wilson, 1976). Developmental studies have also shown a direct effect of 

temperature on egg laying, rate of development and survival (Cassada and Russell 

1975).

1.4.4. Development of culture media

Success of nematode culture is dependent on the media and the nematode used. Until 

the development of the current chemically defined media, the results and culture 

methods have varied. Murfitt et al, (1976) cultured C. elegans in 2.5cm deep 

solutions in shaken flasks with good results. C. briggsae has been cultured in a semi

defined medium (Vanfieteren, 1978).

1.4.5. In Vivo culture

In vivo culture is most appropriate for maintenance of colonies and production of IJs 

for laboratory and small-scale field tests. For large-scale production in vitro methods 

are the most practical. Since steinemematids and heterorhabditids infect and 

reproduce in a broad spectmm of insects, they may be readily reared in vivo in the 

laboratory. Galleria mellonella is often used as a host because it is widely available,
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easily reared, very susceptible and an excellent host for nematode reproduction. Up to 

200,000 5". feltiae (Dutky et al. 1964) and 350,000 H. bacteriophora infectives 

(Milstead and Poinar, 1978) have been harvested from one last-instar Galleria, 

although average production is much less, in the order of 30,000 to 50,000 IJs per 

insect.

1.4.6. In Vitro culture.

In vitro culture is routinely carried out at lab scale in Erlemeyer shake flasks to 

produce material for study. Many authors advocate this method over in vivo culture 

as it is more convenient. Indeed, the liquid culture method of Wouts (1981), was an 

important step in the evolution of large scale production systems.

1.4.7. In Vitro Production

1.4.7.1. Introduction

The introduction of artificial media incorporating the nematodes' symbiotic bacteria 

(Dutky et al, 1964; House et al, 1965; Bedding, 1981: Wouts, 1981) was a major 

step toward commercial production of nematodes for insect control. Bedding (1981) 

developed a semi-solid culture method whereby nematodes were reared on an animal 

protein and lipid-based medium coated onto a polyether polyurethane sponge matrix. 

This method was later expanded for large-scale nematode production (Bedding, 

1984), and although labour intensive, it has been the main method of production for 

some of the commercial producers (Friedman, 1990).
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1.4.7.2. Culture Conditions

In the past, Steinemematids and Heterorhabditids have been cultured on a variety of 

substrates: potato mash ground veal pulp (Glaser et a l, 1936), dog food (House et al. 

1965, Hara et al, 1981) and liquid egg media (Wouts, 1981). Currently, a medium 

based on chicken offal (Bedding 1984) is common. The important factors seem to be 

monoxenicity (i.e., the nematode and associated bacterium as the only biotic agents), 

the use of primary form bacteria, a large surface area on which the nematodes may 

grow, a sterol source for the nematode and a food base for the bacterium. Monoxenic 

in vitro culture methods have been developed based on media inoculated with the 

nematode's bacterial symbiont in solid (Bedding, 1981) or liquid systems (Pace et al., 

1989; Friedman, 1990). In the monoxenic culture systems, infectives of Steinernema 

develop into males or females, which mate, while those of Heterorhabditis mostly 

develop into hermaphroditic females.

1.4.7.3. Larger scale cultivation

Large scale production of nematodes is a prerequisite to their widescale use as a

biocontrol agent. In vivo production can never be cost effective even if labour costs

are low. It was the advent of the ‘Bedding system,’ (Bedding 1981, 1982, 1984)

which, for the first time allowed relatively large amounts of nematodes to he

produced for extended field trials and limited field applications. Bedding (1981,

1984) has developed a technique whereby huge numbers of nematodes may be

economically produced using a chicken offal medium on a porous foam substrate.

The nematodes were cultured within autoclavable plastic bags, on crumbled polyether 
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polyurethane sponge coated with chicken offal homogenate that had been sterilized 

and inoculated with the primary form of the appropriate symbiotic bacterium 

(Xenorhabdus spp.). Nematodes were stored and transported on clean sponge in 

aerated polyethylene tubes. This method gave an average a production of a billion S. 

feltiae IJs per bag container. It was a leap forward in terms of production technology, 

as fermentation and recovery were integrated, however, due to passive, and therefore 

slow nature of the recovery phase, this system does not respond particularly well to 

scale up and is labour intensive. Currently, entomopathogenic nematodes are 

commercially produced in vitro in liquid culture (Friedman, 1990, Lunau et a l,

1993), which lends itself much more readily to scale up.

1.4.7.4. Liquid culture

Since the early 1980’s liquid culture of these nematodes has been actively researched 

by a number of research and commercial organizations (Davies 1986, Pace et al, 

1989, Friedman et al, 1989, Kennedy et a l, 1995). Before this, the growth of 

entomopathogenic nematodes in liquid culture had been established only in small 

volumes of less than about 1 litre. For example in the course of nutritional studies 

liquid culture volumes of less than 100 ml were used by Stoll (1953), Hansen et al. 

(1967), and Buecher et al. (1970). Liquid medium systems have major advantages 

(Friedman, 1990), the most prominent is scale; Steinemematids have been produced 

consistently in 80,000 litre fermenters (Honi, 1994). Yield may range from 100,000 

infectives/ml, in such fermenters with a medium containing ox kidney homogenates 

and yeast extract (Pace et al, 1986), or soy flour, yeast extract, com oil and egg yolk 
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(Friedman et al, 1989), to almost 350,000 infectives ml in 500 ml flasks with 50 g of 

a confidential medium (Wang & Bedding, 1992). The production of heterorhabditids 

in liquid culture is considerably less (Hominick & Reid, 1990; Georgis, 1992), 

mainly due to the fact that mating is disrupted and males and females represent 

wasted biomass. It suffices to say that although improvement in yield could be 

achieved with further research into media and fermentation systems, it is 

inconceivable that such improvements would be much greater than the best current 

titres due to the physical constraints of space. This situation may result in a slow 

down in research on fermentation media, as it may not be economically justified 

given the relatively low cost of fermentation compared to downstream operations.

1.4.7.5. The ‘Recovery’ of the infective juvenile in liquid culture

The process of recovery for entomopathogenic and insect parasitic nematodes is 

analogous to that of the closely related nematode Caenorrhabditis elegans, (Golden 

and Riddle, 1984). Heterorhabditis spp. develops from IJs into self-fertilizing 

hermaphrodites, which lay eggs, this is known as recovery. The subsequent J1 stages 

either develop through J2, J3 and J4 stages to males and females, which are 

amphimictic cross-fertilizing adults, or they develop to pre-dauer stages J2d and 

further to IJs. The ratio amphimictic to automictic individuals depends on the 

nutritional conditions encountered by the first juvenile stage. Favourable conditions 

enhance the development of amphimictic males and females whereas depleting food 

resources lead to the development of IJs  ̂which can further develop to hermaphrodites 

(Strauch et al., 1994). When the egg production of the hermaphrodite ceases, the 
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remaining J2s develop within the uterus. These individuals develop to Us and enter 

into the surrounding medium only after the hermaphrodite has died, a process called 

‘endotokia matricida’. Due to their Y-type copulation behaviour the amphimictic 

adults of Heterorhabdids spp. are unable to mate in liquid culture (Strauch et a i,

1994), and optimising conditions to allow mating has not been commented on in the 

literature.
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1.4.8. Factors Affecting Nematode Reproduction in in vitro culture

1.4.8.1. Size of Inoculum

The size of the inoculation has been optimised to give the shortest lag phase and best 

quality product, but whether this responds to scale up is not clear.

1.4.8.2. Synchronization of nematode cultures

Synchronization, i.e. making sure that there is the same generation of nematodes in a 

single culture is accomplished by following strict processing schedules. If there are 

multiple generations in a single batch, then the maximum IJ concentration cannot be 

achieved, because some will have already ‘recovered’ in adults, initiating another 

generation. It is therefore prudent to inoculate only with IJs. The separation of these 

IJs from other life stages is therefore a process in itself.

1.4.8.3. The reproductive potential of nematodes used for inoculation

The reproductive potential of a nematode may be inhibited through several pathways. 

If the intestinal physiology is altered after the J3 stage, the reduced nutrient supply 

will result in the cessation of egg production and laying. If egg laying is delayed, the 

eggs retained in the nematode reproductive system will hatch inside the parent and 

destroy it while trying to exit. This causes the premature death of the hermaphrodite, 

the possible premature death of the juvenile, thereby, a reduction in progeny produced 

by a reproductive worm. A reduction in reproduction may also be observed if the 

sensory structures are blocked. For example, the binding of lectins to amphids blocks

Jonathan Alexander Wilson 2003. 49



chemoreception and may damage the sensory nerves of the nematode (Zuckerman, 

1983). As can be seen in Chapter 2, the trapping of IJs inside the parent can also 

result in processing challenges.

1.4.8.4. IJ formation in liquid culture

Dauer larvae (infective juveniles) form when nutrients are unavailable or a dauer 

forming hormone is present (Golden and Riddle, 1984). The formation of the dauer 

form (IJ) may be inhibited by the presence of food.

1.4.8.5. Infective juvenile induction

Transducing environmental signals modulate the formation of the dauer larva, a 

developmentally arrested dispersal stage. The challenge of future research will be to 

identify factors influencing the recovery of IJs. In C. elegans dauer recovery is a 

response to a food signal provided either by the food source E. coli or by unknown 

compounds found in yeast extract (Golden and Riddle 1982). In nature, 

entomopathogenic nematodes respond to signals provided by the host insect, probably 

chemical cues in the haemolymph. It could be speculated that the food signal 

provided by culture media used to produce entomopathogenic nematodes in liquid 

culture is less effective compared to that of the host haemolymph. Other factors 

influencing the IJ recovery might be a food signal provided by the symbiont during 

the preculture and the sensitivity of an IJ population to this signal. If a signal could be 

introduced to accelerate IJ production, thereby reducing fermentation, and overall 

process time. Or, IJ induction could be delayed in order to give maximum yield. This
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then this would make for a more robust process, as the greater proportion of IJs would 

place less demand on the subsequent separation.
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1.4.9. Scale up of monoxenic culture

Buecher and Hansen (1971) realised a requirement for ‘sufficient material for 

analysis’ and suggested that proper gas exchange is obtained by using thin layers of 

medium, and that if large populations are desired, glassware of considerable size is 

needed. Scale up and separation of nematodes from liquid media are much easier and 

more economical than scale-up and separation from solid media. Liquid monoxenic 

culture provides the best economies of scale among all the production methods. Two 

international patent applications described some of the first attempts at monoxenic 

culture in fermenters with Friedman et al (1990) reporting that air lift fermenters can 

be used to produce nematodes; in contrast to that of Pace et al (1989) who used 

conventional stirred tank reactors.
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C h a p t e r  2

R e s e a r c h  S t r a t e g i e s  f o r  E n h a n c e d  

D o w n s t r e a m  P r o c e s s i n g  o f  N e m a t o d e s  

— P r o j e c t  G o a l s  a n d  S i g n i f i c a n c e

2.0. Downstream processing and the Evaluation of Separation Processes

The use of nematodes as biopesticides is already well established, however, their 

widespread use is restricted due to the continued use of cheaper and better understood 

chemical pesticides. One of the differences in producing a biocontrol agent compared 

to a chemical product from fermentation is that the biocontrol agent must be kept 

viable. This means that the conditions used during harvesting and downstream 

processing must not be so severe (e.g. there may be temperature or shear limitations) 

as to damage the product. This often limits the downstream processing options that 

are available. The viability of the final product, the infective juvenile life stage, is 

dependent on many factors. Reducing the number of process steps and the time 

required would contribute to increased viability by reducing stress. Shear sensitive 

materials are often adversely affected by their engineering flow environment (Yim 

and Ayazi Shamlou, 1997) and this is certainly the case for nematode bioprocessing, 

where certain operations, such as disk-stack and basket centrifugation, have been 

shown to adversely affect the viability of IJs of some species (Young, 1998; Surrey 

and Davies, 1986). The development of bioprocesses, specifically for the production 

of nematodes have been rapid over the past decade, however, much improvement is
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still required if nematode based biopesticides are to compete with much cheaper 

chemical agents and open up new markets.

2.1. Laboratory methods for recovery of nematodes

It may be the case that laboratory methods used routinely for separating nematodes 

since the field began will lead to scaleable processes. There is a multitude of 

techniques used in the laboratory to recover nematodes namely; a) separation of 

nematodes from the environment, e.g. soil samples or small scale culture and b) 

separation of life stages or species from other types. Separation from soil host tissues 

and non-infective stages is often achieved by allowing the IJs to migrate through a 

suitably sized filter or mesh (Kruger and Samoiloff, 1974, Hieb and Rothstein, 1975 

Myers et al 1974). Other methods include migration down a colunrn of microbeads 

(Myers et al 1971, Gershon 1970); glass wool column (Vogel, 1975), and sucrose 

gradients (Haught et al 1976, Bollinger, 1978). Non-infective stages of many species 

may first be killed by rinsing the nematodes in 0.4% hi amine solution 

(Methylbenzethonium chloride) for 15 minutes (Fodor et al 1990) or by allowing the 

nematodes to sit at room temperature for a few days. Neves et al (1996) were able to 

separate male and female Steinernema carpocapsae (density difference is minimal 

male: 1.076, female: 1.035) using 10 and 20% discontinuous sucrose gradient 

centrifugation. The nematodes were found to be 95% viable after this treatment. 

Glaser (1940) devised a mechanical washing machine which greatly reduced the time 

and effort required in cleaning nematodes. This machine consisted of a cylindrical 

screen of fine mesh (350 x 20 per inch) wire filter cloth, which was rotated, rapidly in 

the nematode suspension, the latter being contained in a cylindrical glass vessel. 
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Apparently, the openings in the screen were too small to permit the passage of the 

nematodes, but not small enough to retain the finely divided culture debris. The 

rotation of the screen was said to prevent a mat of nematodes from forming on the 

screen surface as the fluid and finely divided fluid in suspension was withdrawn 

under a partial vacuum. Fresh wash solution was continuously introduced to replace 

the dirty solution removed. It was claimed that this machine was capable of 

thoroughly washing as many as 100 million nematodes within 20 minutes, with a loss 

of nematodes of less than 0.1 %.

2.2. Pilot/Manufacturing scale separation

2.2.1. Centrifugation

This has been used in the past for biomass concentration, it is easy to scale to a 

certain extent, and existing models can be used. Surrey and Davies (1995) suc

cessfully separated infective juvenile nematodes from the 500 litre fermenter from 

their liquid medium using both a basket centrifuge and a scroll decanter centrifuge. 

Infective juvenile nematode concentrations between 8 and 19 times those of the feed 

stream were achieved, although, some loss of viability occurred during the scroll 

decanter separation. Industrial Research Ltd. of New Zealand (Kennedy et al, 1995) 

evaluated several harvesting techniques. From a 500 litre culture of Heterorhabditis 

bacteriophora they used a basket centrifuge and were successful in separating viable 

IJs and in concentrating the nematode product from 5 times to 19 times that of the 

feed stream. A continuous separation was also performed using a scroll decanter 

(Sharpies P600) which gave a 7-12 times concentration of the feed stream. In both
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cases >90% viability was achieved. They suggest that a greater loss in viability 

occurred with the scroll decanter operation, presumably due to shear forces created 

by the differential rotation between the scroll and decanter bowl. As a harvesting 

operation the scroll decanter centrifuge has advantages over the batch basket 

centrifuge system being continuous, scaleable and not requiring manual extraction of 

nematode solids from the centrifuge bowl. Other species were not tested, however, 

and although shear sensitivity of adults is mentioned, whether or not they were 

damaged is not discussed. They would also be concentrated along with the IJs! 

Although centrifugation can undoubtedly concentrate to high levels, this is not 

necessarily desirable. Waste components, such as the adults are concentrated along 

with the IJs, subsequent handling of the process stream could be made more difficult, 

and stress could be caused due to build up of metabolites and lack of oxygen. The 

positioning of a concentration step in the process should therefore be at the end of the 

process, just prior to formulation to limit stress.

2.5. Flotation

Flotation involves separation by means of differential densities. Flotation alone as a 

separation process requires much time. Flotation and a combination of flotation and 

centrifugation have been used on both small and large scale. Previous studies 

(Gbewenko, 1993; Young, 1998) have used sucrose as a flotation medium, this has 

been shown to separate nematodes adequately, but such a method does not respond 

well to scale up.
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2.5.1. Flotation medium

Nematodes tend to swell but do not burst, when placed in sucrose solution. 

Rodriguez-Kabana and King (1975) found that blackstrap molasses was cheap, and 

because of higher viscosity, more effective than sucrose for extracting nematodes. 

Separan CP-7 has been used instead of glucose by Rush (1970). Young (1998) 

suggested that the disposal of large amounts of sucrose would be expensive and 

would cause an increase in the biological oxygen demand in the waste stream. The 

sucrose could be recycled by filtration, but the feed would have to be relatively clean 

so that it is not contaminated with other soluble substances.

2.5.2. Centrifugal flotation

Centrifugal flotation has many of the inherent problems of flotation, recycling for 

example, albeit faster. This method has been used by many authors for recovery of 

nematodes from soil. Gbewonko (1994) used this method to effectively harvest 

nematodes from a relatively large (150 litre) culture, although the degree of life stage 

and other waste separation was not discussed.

2.5.3. Screening

Traditional extraction of nematodes from soils has utilised a bank of sieves to 

separate them from soil particles. This could also be utilised for the separation of 

nematodes from media and subsequent separation of adult life stages. Direct sieving 

was found to damage Longdorus spp. and so partially submerged sieves were used 

(Bird and Bird, 1991)
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2.5.4. Elutration and Fluidisation

A fluidising column uses an upcurrent of water to hold nematodes in suspension 

while heavier particles sink and has been used extensively for the recovery of 

nematodes from soil (Trudgill et al., 1972). For a particle to be carried upward, the 

rate of water flow must exceed the terminal settling velocity of the particle. Particles 

with settling rates greater than the water flow remain at the bottom of the column, 

occupying part of the cross-sectional area and so increasing the rate of water flow. 

Particles reach equilibrium when their cross-sectional distribution is such that the 

increased rate of water flow equals their terminal settling velocity. The water flowrate 

and cross-sectional area can be altered to give the desired separation characteristics 

and the top part of the column can be tapered to reduce turbulence. The overflow 

contains the least dense particles. ). The same method could be employed to harvest 

nematodes from culture, can be scaled up effectively and is relatively inexpensive, 

although throughput for fluidised beds tends to be low. Indeed the process could well 

be made continuous by adding the feed continuously instead of water, thus increasing 

throughput and lending itself to more effective scale-up. Several fluidisation columns 

could also be run in series if required.

2.5.6. Layered solutions

Whitehead and Hemmings (1965) used the layering of a water extract onto a denser 

solution and centrifuging. This method concentrates nematodes at the interface while 

much of the debris collects in the bottom layer. Nematodes suffer less osmotic stress 

at the interface than they would in the denser solution.
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2.6.7. Processing from In vivo Production Systems

Lindegren et al. (1993) developed an in vivo production system using larvae of the 

greater wax moth, Galleria mesonefla. The nematodes were harvested by producing a 

‘nematode wool’ by applying continuing negative air flow in a vacuum using the 

Leramie Buchner funnel method (Lindegren et al. 1986). The nematode wool can be 

stored up to 6 months at 7^C. Sieving is also employed to maximum effect given the 

size difference between the host insects and the nematodes.

2.6.8. The Bedding Method

The Bedding method (Bedding 1981) was the first major attempt to develop a large 

scale nematode production process. It combined the benefits of using disposal bag 

technology with integrated fermentation and processing. The key to this system is the 

ingenious use of foam supports in the fermentation, which simplify subsequent 

processing a great deal. Nematodes are reared on an animal protein and lipid-based 

medium coated onto a polyether polyurethane sponge matrix to give a large surface 

area for passive aeration. This medium-coated matrix was inoculated with the 

symbiotic bacteria several days prior to the addition of the nematode inoculum. This 

method allowed for an integrated production/recovery strategy as the foam supports 

used grow the nematodes and are subsequently soaked in water to allow Us to 

migrate into the water. This process takes at least several hours, during which there is 

no oxygenation causing anoxic stress which is preferentially avoided. This method is, 

however, suitable for small scale production and can even be semi-automated.
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It is still used around the world including the US and China and Australia, and 

although far ahead of its time in the use of disposable bag technology and process 

integration, it does not lend itself well to scale-up and is labour intensive; it is also 

slow, compromises oxygenation and does not recover all IJs. There is probably also 

some retention of media components including other life stages and dilution 

introduces more process stages.

2.5.7. The Current Processing Scheme

Due to the proprietary nature of the industry, there is little published on the subject of 

process schemes. However, the scheme identified by Young (1998) is used here to 

represent the current approach used by large scale manufacturers.

2.5.8. Description of flow

Fermentation is by batch operation with duration of 18-21 days. The nematodes are 

then passed into holding tanks, where they are washed by repeated settling for up to 7 

days. The suspension is then fed into a solid bowl centrifuge with a continuous solids 

discharge. The resulting nematode concentrate may then be diluted for further 

storage or repeat washing where necessary. Finally, the concentrate is dewatered 

batchwise on a vacuum filter prior to formulation.
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Figure 2.0. The Process Flowsheet.
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2.5.9. Fermentation components

Work to define the physical conditions of nematode fermentations has resulted in a 

position from which they may be applied to engineering solutions for nematode 

separation (Young et al 1997).

Table 2.0. Shows point at which fermentation waste components are separated from 

viable Us.

_  COMPONENT STAGE AT WHIcrfcOMPONENT 

, IS REMOVED :

Spent culture liquid Centrifugation/Decanting

Juvenile life stages Centrifugation

Adult life stages (Intact) Centrifugation (Along with IJ stages)

Bacteria Settling/Centrifugation

Dead nematodes Settling/Centrifugation

Nematode debris (discarded cuticle) Centrifugation

Insoluble spent media Centrifugation

2.5.9.1. Particle Size Distribution

During IJ formation, the contents of the alimentary tract are ejected, resulting in a 

significant contribution to debris in the culture, which already consists of many 

different types of solid waste components (see table 2.0.) The resulting particle size
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distribution is very wide (see appendix for particle size distribution). Particles of the 

same size may have different densities and this further complicates separation by 

sedimentation/centrifugation, but may also have implications for filtration systems 

and their configuration. During the settling/washing cycle many of the adults break 

up yielding any IJs they contain, but also changing the particle distribution profile, 

thus the separation characteristics of the system. Indeed, particles of the same size 

may have different densities and this further complicates separation by sedimentation.
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Figure 2.1. A plate showing nematode suspension is repeatedly settled and aerated in 

storage tanks for seven days. Each species has its own characteristic colour and 

odour.
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2.6. Formulation

2.6.1. Introduction

In order to become an economical alternative to chemical insecticides, suitable 

formulation processes have to be developed. The advantages of entrapped biological 

control agents can be (i) a controlled release of agent (controlled by the environment 

and the properties of the entrapment materials), (ii) easy handling and prolonged shelf 

life and (iii) protection against extreme environmental conditions. Immobilisation by 

entrapment in calcium alginate proved successful with steinemematid and a few 

heterorhabditid nematodes for storage and for a controlled release of IJ (Kaya & 

Nelsen, 1985, Kaya et al, 1987, Poinar et al, 1985), but no satisfactory conservation 

processes for most heterorhabditids have been found, yet (Kaya & Gaugler, 1993).

2.6.2. Metabolic activity Water Activity and shelf life

Workable procedures for storage and transport of the nematodes have been 

developed. Moreover, recent evidence indicates that these nematodes can be stored 

anhydrobiotically (Grewal et al 1999), which will increase their shelf life 

dramatically. The Water Activity of the final formulation has been reduced to 0.97 in 

trials, almost totally reducing the metabolic activity of the nematodes.

2.6.3. Disinfection

Surface disinfection may be used to improve shelf life, and is often required to 

provide monoxenic cultures. Its application to formulation would mean the 

disinfection of billions of nematodes at a time and could prove expensive, as well as
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introducing more chemicals into the environment! Bedding (1981) used 

formaldehyde.

2.6.4. Longevity and stress tolerance of IJs

Grewel et al (2002) have shown that dauer juvenile longevity in populations of 

H. bacteriophora is positively correlated with their ability to tolerate environmental 

stresses such as UV, heat and hypoxia. Survival under low moisture conditions is 

essential for the persistence of entomopathogenic nematodes in the soil. Rapid 

desiccation on the surface and gradual desiccation within the soil characterise the soil 

environment. Simons & Poinar (1973) emphasised the importance of using gradual 

desiccation techniques when testing tolerance of nematodes, thus simulating the type 

of desiccation encountered within the soil environment. S. carpocapsae has been 

shown to survive low relative humidities (RH) resulting from gradual desiccation 

(Simons and Poinar, 1973; Womersley, 1990) but the mechanism(s) of survival are 

unclear.

2.6.5. Shelf Life Preservation

Shelf life is often the overriding factor that will determine the commercial success or 

failure of a biocontrol product. Gaugler (1992) called the difference between 

chemicals and biologicals the ‘Efficiency gap.’ Biocontrol agents are in competition 

with agrochemicals. Farmers and horticulturists, and end users of biocontrol agents, 

are used to dealing with chemicals which may last many seasons without loss of 

activity. Manufacturers may be forced to make biocontrol agents with a short shelf 

life at certain times of the year to coincide with the susceptible stage/s of the pest life
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cycle. This may create scheduling difficulties especially if the same company 

produces a range of biocontrol products. Variability between batches can also be a 

problem if small batches are frequently made. Short shelf life products are not 

feasible for export due to long shipping times.

The market is therefore keen for biocontrol agents to have a lifetime on the shelf of 1- 

2 years. This is often beyond the survivability of the biocontrol agent. Industrial 

Research Ltd. considers shelf life the most important limitation to further 

development of new biocontrol systems and has an ongoing research programme 

aimed at addressing this problem. Entomopathogenic nematodes can not normally be 

stored at room temperature for longer than 3-4 months so work has been undertaken 

to extend this.

Heterorhabditis nematodes were treated to both desiccating and freezing conditions 

in a range of experiments to determine their ability to survive these conditions 

(Wharton, 1986). It was concluded that dessication was not as promising as freezing 

as a potential storage method. As soon as the water content of the nematode's 

substrate (e.g. agar) declined marked nematode desiccation and death followed in 

rapid succession. Infective juvenile nematodes showed some ability to survive 

freezing conditions, notably due to the protection of their sheath. This allowed the 

nematodes to under-cool to temperatures down to -20^C, below the freezing point of 

the surrounding medium. On removal of their sheath the nematodes froze close to the 

freezing point of their medium and consequently died.
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With further work on the stabilisation of the IJ, perhaps using adjuvants, during 

freezing it may be possible to hold the nematodes at sub zero temperatures (e.g. - 

20^C) common in commercial freezers. This would enable longer storage times to be 

achieved than is presently possible. The Holy Grail for Ideally for storage at room 

temperature is 1 year, as this is comparable with chemical products. Dessication is 

still used in industry by Ciba and Biosys who introduced water dispersible granule 

formulations of Steinernema carpocapsae. The new formulation is said to be easier to 

reconstitute and give longer shelf life than earlier gels (Young, 1998).

2.6.5.1. Durability of the infective stage for storage

The infective stage is durable. The nematodes can stay viable for months when stored 

at the proper temperature. Usually three months at a room temperature of 60° to 80° F 

and six months when refrigerated at 37° to 50° F. (Bedding, 1987) They can also 

tolerate being mixed with various insecticides, herbicides and fertilisers.
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2.7. Separation strategies

2.7.1. Product specification

Improvement of product specification has involved many approaches; genetic 

engineering (Gaugler et al, 2000), fermentation engineering (Friedman, 1990), 

downstream processing (Young et al, 1998), formulation, and application strategies. 

Genetic engineering, although quite advanced due to the plethora of information 

available on the closely related nematode C. elegans. However, research of this nature 

takes many years, and the release of GMOs into the environment is an emotive issue, 

especially in Europe. Fermentation yield is currently satisfactory, but may well be 

improved with new reactor designs (Ehlers et al, 1996), new growth media and 

careful control of operational conditions (Gil et al, 2002). Downstream processing is 

currently not satisfactory, in terms of efficiency, scalability and final cleanliness. It 

would be pointless using nematodes that have been specially breed or undergone 

genetic engineering for specific traits, such as aggressiveness, longevity and host 

finding ability, if the downstream process is not adequate, and most of them die in the 

process or soon after formulation. Improving product specification in terms of 

cleanliness is thus a direct result of the effectiveness of the downstream process.

Ideally, the final product should be clean and free of any contaminants. Figure 2.2. 

shows the difference between contaminated and unspoiled product. The unspoiled 

product is easily dispersed in water and air spaces allow for good oxygen transfer.
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spoiled product results in rapid IJ mortality due to fungal infection and a reduction in 

oxygen transfer because vital air spaces created by the formulation material are lost 

resulting in a massive reduction in shelf life. There is also unpleasant odour and look, 

and difficult dispersal as the spoiled product has also absorbed water from the 

atmosphere and filled the container forming a solid mass.

There are several stages in the current process where contaminants can gain access to 

the process stream. During settling and washing, there is ample opportunity for 

contaminants to grow in what is effectively a dilute nutrient mixture (see figure 2.2.). 

The process stream is also exposed at the centrifuge, which is not hermetically sealed, 

while transporting between operations and during formulation.
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Figure 2.2, A comparison o f non-spoiled product (above) and spoiled product 

(below). The containers are covered with a membrane, which allows diffusion o f 

oxygen. Contamination will become apparent within a week at ambient temperature 

and in the region to 8 weeks under refrigerated conditions.
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2.8. The importance of rapid downstream processing

2.8.1. Anoxic stress

It is important to reduce the time and frequency that the nematodes are deprived of 

oxygen during the downstream processing. Anoxic stress may result in a reduction of 

nematode efficacy and shelf life. Many workers (Dutky et al 1964, Hara et al 1981) 

have emphasised the need for oxygenation and large surface area to volume ratio for 

oxygen exchange when storing nematodes. Bedding (1985) recommends storage 

concentrations not exceeding 150,000/ml even with refrigeration, aeration and an air 

space. Survival at this crucial stage is dependent on the generation and excretion of 

toxic metabolic waste products. If the nematodes remain too concentrated for too 

long, temperature can rise due to a lack of water to act as a heat sink and dehydration 

stress will be high due to a high rate of evaporative water loss. The nematodes must 

be transferred to a ‘carrier’ material as soon as possible (Bedding, 2000, personal 

communication).

The quantity and quality of the neutral lipids in freshly-produced nematodes is known 

to vary considerably between batches and between different production systems and 

this may have a marked influence on the effectiveness of commercial products. It is 

vital that this material is processed promptly after fermentation. It is important that 

the product is as clean as possible to reduce the chances of contamination, e.g. fungal 

growth (see Figure 2.2.) and to reduce bulk and batch to batch variation. Various 

studies (Qiu and Bedding 2000) have demonstrated the relationship between the rate 

of consumption of neutral lipids in IJs of Steinemematid and Heterorhabditid species
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and the maintenance and subsequent decline in infectivity and survival. Product 

quality affects subsequent formulation, shipping and storage. It follows that 

processing must be rapid in order to preserve the nematodes’ initial food reserve as 

far as possible. The speed of processing is of paramount importance as the longer the 

process, the more stored energy reserves are used up, resulting in a marked reduction 

of survival time in the wild, and similarly reduced storage time. Qiu and Bedding 

(2000) have shown that the lipid content of Steinernema spp. is significantly 

diminished when stored for several weeks in tap water at 28°C. They also showed 

that anaerobic conditions reduce viability of the species tested, with a maximum 

survival time for IJs of only 7 days in completely anaerobic conditions. Stored food 

reserves were shown to be used up far more rapidly under anaerobic conditions. It is 

therefore important to not only have a rapid process, but to also reduce anaerobic 

conditions to a minimum.

2.8.2. Removal of adult life stages.

Currently, centrifugation can distinguish between non-infective juveniles, and adults 

and infective juveniles together. Ideally, the final process stream will consist of a 

nematode suspension composed entirely of the infective juvenile life stage. Several 

methods are proposed which could be used to selectively remove adults, leaving the 

IJs. However, the young often hatch while the eggs are still in the mother and may 

well fully develop into IJs. They can only escape by breaking through the mother’s 

cuticle. There may be 10-12 individual IJs per adult (Author’s observations), Glaser 

(1940), counted up to 1400 young in ‘giant’ adults and as such these IJs represent a 

significant loss in yield. E.g. if the adults consist of 20% of the population and each 
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have an average of 5 IJs per adult, then this is an equivalent loss of 50% of the 

available IJs. Of course, using present methods gives these IJs plenty of time to 

escape and the phenomena may only become a problem with rapid processing. It 

would be prudent to be able to recover them. It is often the case that infective 

juveniles develop, and become trapped inside the adults, giving rise to the ‘bag of 

worms’ effect (see fig 2.3.). If the juveniles do not escape, then they would be lost if 

the oversize adults are removed, or if they fail to escape representing a loss of 

product. Around half the adults remaining in a mature culture, whether they 

themselves are dead or alive may still contain young. If these nematodes are at first 

separated from the main bulk of the fermentation broth (see sieving), then they could 

be disrupted in a small volume without affecting the main product stream releasing 

intact juveniles which are later added to the product stream.
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Figure 2.3. A ‘hag o f worms \ A large adult nematode (Phasmarhabditis 

hermaphrodita) the denser regions o f these adult nematodes are due to the presence 

o f developing juveniles within them, which would represent a loss in yield if  adults 

are removed completely to the waste stream with Us still inside.
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2.8.3. The unique properties of the juvenile stage juvenile life stage

The juvenile life stage is specialised for survival under hostile conditions as its 

function is to seek out new hosts in often extreme environments. Indeed, it may be 

distinguished from the other life stages by the possession of a double cuticle, which 

affords it enhanced resistance to drying out and mechanical forces. It follows that this 

enhanced constitution could be used to an advantage in the bioprocessing of 

nematodes. Firstly one of the problems still to be resolved is the separation of adults 

from IJs, if  conditions could be met to utilise any difference in mechanical strength, 

whereby the adults could be disrupted, leaving the IJs intact. This is particularly 

applicable to species, which yield a high fraction of adults such as Phasmarhabditis 

species, where up to 40% of the total population might be adults (author’s 

observations).

2.8.4. Exploitation of the size differences between life stages

When observing a nematode culture under the microscope, the most striking 

difference between life stages is size, and to a lesser extent shape. The size difference 

differs across the whole range of stages for different species, being more significant 

in some than in others. Indeed, the size difference between adults and infective 

juveniles is so significant that physical separation methods such as sieving may be 

considered as a real possibility for large scale bioprocessing (see figure 2.4.).
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Figure: 2.4. Photomicrograph o f a mature culture o f Phasmarhabditis

hermaphrodita showing the difference in size o f adults [1] and infective juveniles [2J. 

Scale bar = 1 mm.
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2.8.5. Previous studies.

The use of sieves in the laboratory is discussed elsewhere. Young (1998) used 12inch 

test sieves to evaluate the flow of nematode material through the sieve, but found that 

reasonable throughput was only achieved with rigorous shaking of the sieve. It was 

also suggested that the sieve screen would become blocked rapidly by nematodes, 

which had adopted various orientations by chance, and so it was suggested that a 

‘cross flow’ sieving system along the lines of those used in the filtration industry 

might alleviate this situation. Whitehead and Hooper (1970) and Evans (1979), found 

that direct sieving damaged Longidorus spp. and subsequently poured suspensions on 

to partially submerged sieves, which protected the nematodes from damage. 

Longidorus spp. is a very long, slender species and maybe more susceptible to 

mechanical damage than more stubby nematodes. Bedding (1984) allowed active IJs 

to swim through partially submerged sieves. To provide protection against 

mechanical damage on the sieve surface, the sieve must be either semi-submerged or 

a constant flow of process fluid should be maintained.

2.8.6. Significance of surface cuticle for bioprocessing

The purpose of the infective juvenile life stage is to seek out new hosts in the 

environment and as such has evolved specialised survival strategies under extreme, 

and often hostile conditions. Indeed it may be distinguished from the other life stages 

by the possession of a thick double cuticle which affords the infective juvenile 

enhanced resistance to drying out, chemical attack and mechanical forces. The body 

wall cuticle of C.elegans dauer larva is thick and contains a radially striated inner
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layer, not found in other stages. It also contains a dauer specific collagen. (Cox et al., 

1989). This phenomenon could be utilised in the bioprocessing of nematodes by 

selectively disrupting the less stable non-infective stages, leaving the infective 

juveniles intact. There are several methods, which could be used to selectively 

kill/disrupt adults, and/or other life stages leaving the IJs intact.

2.8.6.1. Selective disruption using detergent based methods

Cassada and Russell (1975) showed that a 1 % SDS solution would selectively kill 

and thus remove C.elegans adults to distinguish the Dauer (IJ) stage. C.elegans is 

closely related to nematodes from the Rhabditida group so SDS may also be used to 

distinguish between infective juveniles and adults, and thus could be used for the 

basis of a separation method. This is particularly applicable to species, which yield a 

high fraction of adults such as Phasmarhabditis hermaphrodita and Heterorhabditis 

megidis. This method would also facilitate the release of any residual IJs trapped 

inside the adults, therefore increasing overall yield. Alkaline lysis has also been used 

in order to obtain contamination free eggs or juveniles from the bodies of gravid 

females (Lunau et al, 1994) and so could also be used as a selective disruption 

method. However, this would produce a highly viscous fluid which may complicate 

further processing.

2.8.7. Other uses of detergents

Detergents have often been used for ‘washing’ or sanitising nematodes and their eggs 

in the laboratory to give a clean culture and for study of the nematode cuticle. Fodor 

et al (1990) used Hiamine as a wash. Similarly, they have been used in large-scale
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production for removing oil residue and particulates from the nematode surface and 

fermentation waste. Friedman (1989) used Palmolive soap to ‘wash’ nematodes. 

Bedding (1984) also used detergent in a final stage wash.

The cationic surfactant Hiamine has been used to kill adults in the lab and at 

manufacturing scale. The manufacturer Biosys, and several workers have used a 0.4% 

solution of the surfactant Hiamine to kill adults, which may have aided the escape of 

residual IJs, but is ineffective for breaking down adults. (Grewel P., Personal 

communication 2000).

2.8.8. Acoustic cavitation (ultrasonication)

This method uses a generator to generate ultrasonic waves. A transducer converts 

these waves into mechanical oscillations via a titanium probe immersed in a tissue or 

cell suspension. This causes the cell membrane or tissue structure to vibrate and 

rupture when it reaches its resonant frequency. Nematodes are routinely extracted 

from plant and animal tissue using sonication, which the nematodes survive. 

C.elegans is routinely homogenised using sonication for genetic and biochemical 

studies and is notoriously difficult to break up. However, this technique may be 

limited to small-scale operation because of difficulties in transmitting sufficient 

power to large volumes of liquid and providing adequate cooling unless a continuous 

method can be developed.
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2.9. Overall Project Objectives

The objectives of this project are to identify and assess novel recovery methods 

applicable to nematodes and study the impact of material properties on these 

methods. Mechanical properties of these nematodes have been identified as the most 

important factor in production of nematodes throughout the entire process, from 

fermentation to application. For this reason the physical strength characteristics of 

nematodes will be determined to allow process schemes to be developed.
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C h a p t e r  3

M a t e r i a l s  a n d  M e t h o d s

3.0. General Methods

3.1. Nematode Counting Method

Culture samples were diluted in a 1 litre measuring cylinder by adding 1ml of culture 

with 999 ml of water. This was then mixed thoroughly by sparging with air. A 

counting chamber with 3 x 1 ml chambers is filled with aliquots of the sparged 

suspensions and the number of nematodes in each grid was counted immediately 

under a microscope. IJs were identified by their characteristic morphology. 

Nematodes smaller than IJs are recorded as J1-J2 life stages, nematodes larger than 

IJs were recorded as J4-adult life stages. Alternatively, nematode suspension was 

diluted 10 or 100 times to give an accurate count with low concentration suspensions.

3.2. Determination of live nematodes

Any movement of the nematode not consistent with Brownian motion or associated 

with movements of the culture fluid was scored as a live nematode. Viability was 

determined by a combination of motility and characteristic morphology. Nematodes 

that were motile or those with morphology typical of a viable nematode were 

recorded as viable. Nematodes that were not motile and showed signs of degradation 

(loss of body contents) were recorded as Nematodes retained inside cadavers were not 

counted. In experiments when determination of death is critical, nematodes were 

either stimulated with acetic acid or gentle heating.
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3.3. Culture and Media

3.3.1. Water

Water was used as the standard control unless otherwise stated. All water used was 

reverse osmosis water from a Nanopure water system providing ultra filtered type I 

water.

3.3.2. Nematode culture

For generation of nematodes for small scale experiments 500ml baffled wide mouth 

Erlenmeyer conical flasks were employed with a final media volume of 150ml. This 

was found to give optimum growth and is in line with the procedures used at 

Microbio Ltd. The nematode species used in this study, Heterorhabditis megiditis, 

Steinernema feltiae and Phasmarhabditis hermaphrodita were originally supplied by 

Microbio Ltd. and subcultured at UCL, or used at the premises of Microbio Ltd.

3.3.3. Sterility testing

Cultures were tested for the presence of anaerobic and aerobic bacteria using API 

diagnostic strips.

3.3.4. Nematode viability

Disturbed nematodes move actively, however sedentary ambusher species (e.g. 

Steinernema carpocapsae and S. scapterisci) in water soon revert to a characteristic 

"J"-shaped resting position.

3.3.5. Obtaining specific life stages

Mature cultures were monitored and harvested at appropriate times to give the largest 

proportion of the life cycle for a particular experiment. Where mainly adults were 

required, the cultures were harvested after 5-7 days, and where mainly infective
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juveniles were required the cultures were harvested from 17- 20 days. Any residual 

adults in the mature cultures were removed by washing through a 75p.m sieve.

3.4. Microscopy

3.4.1. Inactivation

Adult nematodes were inactivated using 0.4% Hiamine for 15 minutes. Infective 

juveniles were inactivated using 3% ammonium sulphate.

3.4.2. Light microscopy

Nematodes were observed and counted using an Olympus lab microscope model BH2 

or a Nikon binocular microscope model SMZ-U.

3.4.3. Photomicrography

An Olympus model OM-2 camera was used for colour photomicrography and colour 

photography.

3.4.4. Scanning Electron Microscopy (SEM)

SEM microscopy was carried out using a JEOL JSM SEM and images obtained 

directly using a Polaroid photosystem or taken from negatives.
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3.5. Material properties

3.5.1. SDS disruption of non-IJ life stages

Nematodes were pooled from 3 parallel cultures and experiments were performed in 

triplicate. The suspensions were then made to concentrations of SDS ranging from 0.1 

-5%  w/v.

3.5.2. Application of shear

A shear device consisting of a Perspex chamber containing a rotating disc was used. 

The battery for the motor is trickle charged before use. The infective juveniles were 

harvested and washed with distilled water by successive settling. Concentrations 

indicative of process feed concentrations (25,000/ml) were used. The chamber of the 

apparatus was completely filled using a syringe and shear was applied at varying 

voltage for varying times. The samples were then immediately inspected under the 

microscope for signs of damage. Samples were taken from mature cultures of 18 -21 

days old.

3.5.3. High pressure homogenisation

A Gaulin Manton Lab 40 homogeniser was used with a 40 ml washed sample of 

nematode culture (14 days old). A 40 ml sample was added to the chamber and the 

homogeniser operated automatically at the set pressure for a single pass through the 

valve.

3.5.4. Nematode loading tests

In order to calculate the tensile strength of an adult nematode, loading tests were 

carried out on individual specimens. A suitable specimen was selected from a watch 

glass using a modified pipette. Most of the buffer surrounding the specimen was then
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blotted so that either end of the specimen was nearly free of buffer. Fine copper wire, 

40 pm in diameter, was obtained from electrical flex and glued to either end of the 

nematode using Cyanoacrylate adhesive (Superglue, Loctite, Winsford, Cheshire). 

The specimen was then checked under the microscope to ensure that the adhesive had 

not spread over the surface of the nematode. At one end of the wire, calibrated 

weights were hung from a loop formed in the wire. When the specimen started to 

stretch, no more weights were added. The weight required to fracture the specimen 

was weighed using an electronic balance accurate to 3 decimal places. The stress was 

then calculated using the cross sectional area of the cuticle, the thickness of which 

was assumed to be 0.07 x the diameter of the nematode. During the preparation and 

loading, the nematode was kept hydrated using saline solution added using a Pasteur 

pipette. This was carried out to prevent drying of the cuticle, which may cause it to 

stiffen, and to ensure 100% humidity.

3.5.5. Decompression

Eppendorf tubes were modified by making 5 holes in the top around the edge of the 

lid using a 0.8mm diameter needle. 2ml of a nematode suspension containing 100,000 

nems/ml from a mature culture were added to each 3ml Eppendorf tube. This was 

repeated several times, and the Eppendorf tubes placed inside a compression chamber. 

The chamber was pressurised over a period of 3hrs up to a pressure of 300 bar. The 

pressure was then released rapidly over about 20 seconds. The nematodes were 

examined and counted. This was carried out over a range of pressures, and a 

frequency curve (or dose-response curve) of survival was plotted. The pressure at 

which half the nematodes of a specific type burst (LD50) is the critical pressure for 

that species and life stage.
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3.5.6. Ultrasonic Processing

A Misonix model XL2020 600 Watt Ultrasonic Liquid Processor operating at 20Hz 

was used to assess the effect of ultrasonic processing as a potential method for 

selective disruption. The ultrasonic horn was placed in a beaker with 500 ml of 

nematode suspension and processed for 30 seconds at five different power settings, 

25%, 50%, 75% and 100%. 100% being equivalent to 600 Watts. Nematodes were 

counted before and after treatment.

3.5.7. Nematode flow observation

A Watson Marlow peristaltic pump was used to pump Nematode suspension through 

a modified cuvette, using a predetermined linear flowrate, with both open ends 

attached to silicon tubing. This allowed the visualisation of the nematodes in flow 

using a microscope to focus on the contents of the cuvette. An Olympus OM-2 

camera was then used to capture images. The aim is to determine what orientation the 

nematodes take, and discover whether their own movements are superimposed (see 

appendix A6 for set-up).

3.6. Sieving

3.6.1. Laboratory scale sieving experiments

In the initial experiments described a standard wet-sieving protocol was developed. A 

set of 38 mm diameter test sieves (Endecotts, London, UK) were used with a specially 

designed wet sieving kit which consisted of a modified collection pan and lid with 

two inlet ports. In each experiment, an individual sieve was placed between the 

collecting pan at the base and the lid, using 0-rings to give a watertight seal between 

them. British Standard, woven wire sieves, with aperture sizes in the range of 25pm to
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180)j,m were tested using two different modes of sieving. In the standard mode the 

sieve was mounted perpendicular to water flowing at a fixed rate for five minutes to 

achieve equilibrium conditions, so that water completely filled the compartment. 5ml 

of washed nematode suspension of known concentration was then introduced through 

the inlet port of the sieve lid using a hand-held syringe. The flow of water was 

maintained for a further five minutes after the injection of the nematode suspension. 

Both the under-cut and over-cut fractions were collected for counting (see appendix 

A7 for set-up).

3.6.3. Manufacturing scale sieving trials

A Russell Finex flat deck vibrating machine was used for this purpose. The sieve 

screen was 1.2 m in diameter, with a wall height of 0.156m, giving a deck volume of 

187.2 litres. Mesh sizes of 100pm and 200pm were evaluated.

3.6.4. Cross flow screening

Experiments were carried out using a small scale cross flow filtration unit, (See 

appendix A7.1.for diagram), which was adapted to accept sieve mesh inserts. A 

suspension of nematodes was pumped through the chamber above the mesh for a 

single pass at a flow rate of 200ml min'^ using a small peristaltic pump (Watson 

Marlow), so that both the inlet and outlet port were completely submerged. This was 

carried out for a range of aperture sizes including 75, 106, 125, 150, and 180pm (see 

appendix A7.1. for set-up).

3.6.5. Self cleaning screening

A self-cleaning screen (The ‘Bcofilter’, Russell Finex Ltd, Middlesex, England) with 

interchangeable, cylindrical screens was used for large-scale experiments. The unit
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consisted of a vertical outer casing and a co-axial inner screen (See appendix PCI2. 

for diagram) Self-cleaning of the mesh was achieved by the action of a central screw 

with a plastic wiper. During screening, the screw rotated at 12 rpm, continuously 

removing the deposited oversize material from the wall of the screen. The feed 

suspension entered the channel between the screw and the screen from above, flowing 

vertically down. The displaced solid material could be drawn from the sludge outlet at 

the base of the unit either intermittently during operation. The vertical flow of 

suspension across the screen in the equipment is analogous to the flow conditions in 

the small-scale cross-flow device, with the exception that the flow field is 

complicated by the rotation of the screw. Suspension flow rate through the channel 

could be varied and a recommended maximum throughput of 85 m^hr'\ although 

blockages of the mesh may significantly reduce this. The screen sizes supplied were; 

a 40pm perforated plate screen mesh, and 25, 50, 75 and 100pm nominal wedge wire 

screens. These are thought to be less prone to blocking than woven wire screens, and 

consisted of a triangular section, with the flat face outwards so that the gaps widened 

in the direction of flow. Commercial batches of 800 litres of Heterorhabditis 

megiditis grown in an airlift fermenter with a final adult concentration of 1 % (i.e 

percentage of total nematode population by number) were used in the tests with this 

equipment. Experiments were carried out at a flow rate of lOL min'^ through the unit 

using a peristaltic pump (Watson Marlow, U.K.). Additional runs were made with the 

75pm wedge shaped screen to investigate the effect of varying flow rates, between 

4.2L min'^ to 26.4 L m in '\ on the performance of the separation equipment. For each 

run, the machine was operated for at least 10 mins with suspension flowing 

continuously at the predetermined rate to allow steady state to be reached. A count 

was then made to determine the concentration of IJs and adults in the permeate. For
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the purpose of calculating the effectiveness factor (see Chapter 5 for definition) it was 

assumed that the number of IJs remaining within the screen was negligible 

considering the volume of material which passed through the unit.

The concentrations of the nematodes in the feed and the collected fractions were 

determined microscopically using an appropriate dilution of the sample and transfer to 

a specially designed counting chamber with graticules and a known volume of 1ml. 

Each sample was counted in triplicate for both adults and IJs. The data were used to 

calculate the effectiveness factor for each sieve.

3.7. Filtration

3.7.1. Vibrating membrane separation

The vibrating membrane filter (YMF) system (PallSep YMF PslO, Pall, UK) 

originally designed for the clarification of yeast and bacterial fermentation broth uses 

a stack of oscillating disc filters. Two discs were used with a total exposed surface 

area of 0.1 m .̂ (See appendix A9.1.) The oscillatory driving force is provided by a 

torsion spring system which creates vibration of the membrane in the horizontal 

plane by causing two equivalent masses linked by a torsion bar to vibrate rotationally 

180° out of phase with each other. The oscillatory flow field on the membrane 

surface is independent of the feed flow rate through the filter and significantly 

improves the performance of membrane separation.

The vibrating membrane module consists of a set of flat circular discs with open flow 

channel spaces between them. The stack of discs is firmly mounted between two 

endplates. Each disc has a PTFE membrane, 400 pm in thickness with a nominal
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pore rating of 0.45pm, on each side so the space between the disc support and the 

membrane defines the downstream side and the space created by the spacers between 

the membrane discs provides the upstream channel. Flow through the membrane 

assembly occurs by pumping the fluid to the feed ports on the bottom endplate. The 

feed is delivered to the first element through a feed distribution channel inside the 

bottom endplate of the membrane assembly. The feed is distributed to the membrane 

surface by the distribution feed openings (12 equally spaced, 8.5mm diameter holes), 

located on the outer diameter (geometric centre at 270mm diameter) of each disc. 

The fluid moves radially inward towards the retentate openings (6 equally spaced, 

8.5mm diameter holes), located near the inner diameter (geometric centre at 26mm 

diameter) of the discs. The fluid then permeates through the membrane and exits 

through the top end plate permeate port. The material rejected by the membrane is 

retained on the upstream side and becomes the retentate. The retentate and feed flow 

are directed up through the various discs of the element assembly. Ultimately, flow is 

directed to the top of the membrane assembly and concentrated material leaves the 

element assembly through two retentate ports on the top endplate.

Initially, experiments were carried out in order to determine whether damage would 

occur to the nematodes in this machine. A suspension of Phasmarhabditis 

hermaphrodita at a concentration of 100,000 nematodes per millilitre was passed 

through the Pallsep system in full recycle mode for 20 passes. The nematodes were 

subsequently counted and microscopically inspected after each pass for any loss of 

viability against a control from the original sample.
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The feed through the vibrating membrane filter was maintained at a constant flow 

rate of 0.2 m^h'^. All experiments were performed at a constant temperature of 25°C 

with nematode samples obtained from commercial fermentation runs. Experiments 

were carried out with clean suspension of nematodes and nematodes in mature liquid 

culture with a total solid concentration of 9% and 11 %(w/v) respectively wet 

weight). The transmembrane pressure (TMP) was calculated as the average of the 

inlet and outlet pressures assuming that the permeate pressure was negligible. 

Permeate flow rate was obtained using a measuring cylinder and stop watch.

Additional filtration experiments were carried out with fresh baker's yeast prepared 

in water at a concentration of 5g mL"  ̂ to provide data for comparison with the 

nematodes.
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C h a p t e r  4

D e t e r m i n a t i o n  o f  M a t e r i a l  P r o p e r t i e s

4.0. Flow Stresses Acting on Suspended Nematodes

Yim and Shamlou (1998) considered the possible physical processes that are 

perceived to be responsible for the deleterious effects of flow and identified the most 

relevant and their flow origins:

1) Particle-particle collisions in which the energy of impact is derived from the 

motion of the surrounding fluid which is often assumed to be turbulent;

2) Impacts between bioparticles and other inserts within the equipment, particle 

motion and its kinetic energy, which are normally based on fluid turbulent motion;

3) Turbulent shear and normal (elongation) stresses arising from the local turbulent 

flow field in the equipment;

4) Laminar shear and elongation stresses arising from local velocity gradients at a 

solid boundary and/or in well defined flow fields;

5) Physical and physico-chemical interactions between the bioparticles and gas 

(bubbles) interfaces in the presence and/or absence of metal ions and contaminants.
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Nematodes are too large to be effected by small eddy currents and therefore 

Kolmorgoroff s microscale of turbulence does not apply. Likewise, it is unlikely that 

the gas liquid interface is significant given the relative size of the nematode compared 

to a single cell. It is interesting to note that nematodes are not damaged in the feed 

stream of a centrifuge (Young et al., 1997); whereas this can be a problem for proteins 

and plasmids which are several magnitudes smaller (Yim and Ayazi Shamlou, 1999). 

It may be then that reductions in yield in centrifuges are not due to shear stress as first 

thought, but due to elongational stress, which manifests itself as a stretching action.

4.1. Mechanical properties of nematodes

By virtue of their way of life, nematodes possess a certain tolerance to environmental 

stress, however the magnitude of this tolerance will depend on the frequency and 

‘type’ of stress. The nematode’s ‘outer wall’ or cuticle consists of short chain 

collagens. It is quite possible that permanent changes of this structure could be 

induced by external stresses such as those developed in process equipment.

4.1.1. Identification of damage phenomenon in Nematode production systems 

Nematodes have been produced in conventional stirred tank reactors (STRs) by 

several researchers (Pace et al 1989). The Rushton turbine, used in stirred tank 

reactors, produces a radial flow that generates shear by the discharge of energy 

through the fluid. The flow circulation returns the fluid to the high shear impeller 

zone, which increases the shear damage of the material. The shear rate of Newtonian 

fluids is proportional to the speed of the impeller and hence the velocity of the fluid. 

The shear rate is calculated from the velocity profiles of the discharge fluid from the 

turbine blade. Similarly, the shear rate in a pipe (y) is proportional to the velocity of 

the fluid in a pipe. Shear stress on an object is a “force per unit area acting
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tangentially to one of (or an element of) its surface” (Thomas & Zang, 1998). The 

shear stress (x) is determined by multiplying the shear rate (y) by the fluid’s viscosity. 

( |x). It has been shown (Freidman et al, 1989) that adult nematodes were damaged in 

stirred tank reactors. In the same study an attempt was made to measure the shear 

sensitivity of nematodes suspended in the 2mm gap between a bob and a concentric 

cup in a viscometer. It was found that shear sensitivity varied throughout the life 

cycle, with adults disrupted at I800rpm and third stage juveniles disrupted between 

2800-3000 rpm. This was used to develop a stirring regime for the stirred tank reactor, 

although this would only be applicable to that system. If adult nematodes can be 

selectively damaged, leaving the IJs untouched, then this could be the basis of a 

separation method.

4.1.3. The Nematode in Engineering terms

The Nematode in Engineering terms is a thin walled cylinder (Wainwright, 1982), 

which is effectively reinforced against explosion and buckling by crossed-helically 

wound fibres. The most nearly cylindrical animal body with the highest internal 

pressure is that of the nematode Ascaris, a parasite found in the guts of man and 

domestic animals (Harris and Crofion, 1957). Nematodes are generally round in 

section and have thick, multilayered cuticles containing fibrillar collagen. There are 

nine layers in the cuticle of Ascaris lumblicoides. Three of these layers are composed 

of collagen fibres. In each layer the fibres are parallel to each other and wrap 

helically around the animal. Successive layers are alternately right and left-handed 

helices (Bird and Bird, 1991).

Internal pressures measured in Ascaris by Harris and Crofion (1957) during rhythmic 

locomotory movements varied from 6.5 to 20 kN m'^. A maximum value of 30 kNm'^
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was attained and held for a few seconds when the worm's front end was tightly coiled 

and the tail strongly contracted. They recorded changes in length of the worms up to 

10-15% of resting length. In discussing the possible means by which this cuticle 

could play a part in the control of body shape in Ascaris, Harris and Crofton 

considered collagen fibres to be 'practically inextensible'. Actual changes in volume 

can only be regional: a contraction in the tail end will cause an increase in the volume 

of the relaxed head end of the worm. Since even resting pressures are high, the worm 

is always circular in section. The collagen fibres in the cuticle put strong limitations 

on direction and magnitude of strain due to increase in internal pressure. Tensile 

patterning in nematodes involves their only set of locomotory muscles, longitudinal 

ones, and a passive elasticity in the cuticle whose direction of action is controlled by 

the fibre angle of the stiff, helically wound collagen fibres.

4.1.4. Stress rate and fatigue

Nematodes are mechanically flexible. One of the advantages to being flexible is that 

while a structural element is bending, the stress rate is less than if the element were 

rigid. This is a mechanism for sustaining impact by absorbing the energy as strain 

energy. In free flow the elongational stress will cause the nematodes to spin, thus 

resisting any force which contrives to stretch the creature. Therefore the nematodes 

will have a certain tolerance to physical environmental conditions. (Alexander 1990, 

Vogel 1994, Vincent 1991).

4.1.5. Mechanical Properties of Collagen Fibres

For many years the only information regarding collagen as a tensile material was that 

of the properties of vertebrate tendon and ligament, and some insect cuticle (Vincent 

1991). These have been characterised in the most part by the use of standard test rigs
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Wainwright (1982) gives the approximate tensile strength of some eommon materials: 

Cotton fibre: 350 MN/m^ Spider silk: 240 MN/m^ Human Tendon: 65 MN/m^.

4.1.6. Structural Support Systems in Animals

The major structural proteins (collagen, keratin) and polysaccharides (cellulose, 

chitin) of living things are straight, long-chain polymers. These are commonly 

organised into bundles of parallel maeromolecules that are recognisable as filaments, 

fibrils or fibres in light and electron optical instruments. For this reason we think of 

most structural biomaterials as fibre-reinforced composite materials.

4.2. Measurement of the Mechanical Properties of Nematodes

Nematodes represent one of the most frugal and economical structures of all 

organisms. The large intestinal nematode. Ascaris, has been characterised in terms of 

cuticle structure and internal pressure by Harris and Crofton (1957), who sought to 

consolidate structure with function. This study investigates the mechanical properties 

of these nematodes in the context of potential damage in fermentation, processing, 

formulation and application. Several pioneering authors (Pace et al 1989) have placed 

great emphasis on understanding survivability in hostile flow environments such as a 

conventional Stirred Tank Fermenter. Physical damage to the IJ product nematode 

could result in reduced life span, reduced viability, i.e. the ability to find and infect a 

host, or even death.

4.2.1. Shear Device

The nematodes were not affected by large values of planar shear in a high shear 

generating rotating disc device which leads to the belief that this type of shear is not 

as important as tensile strain in terms of nematode damage, as it is not thought to be 

generated to significant levels in this device.
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Figure 4.0. Photomicrograph showing the effects o f high g-force on the nematodes. 
They were placed in a Perspex chamber, which had a spinning disk, mounted in it, 
capable o f up to 72,000 revolutions per minute. They have remained intact with 
internal structure visible, despite the extremely high shear field.

The nematodes, shown in Figure 4.0. never recovered, but showed no visible signs o f  

physical damage. All life stages were killed at specific speeds, and thus shear rates. It 

is suggested that catastrophic nerve damage has occurred. Indeed, high g-forces have 

been suggested previously (Young et ah, 1997; and Surrey and Davies 1995) as a 

mechanism for nematode damage and are therefore to be avoided in processing. They 

suggested that high g-forces encountered in centrifuges might be the cause o f  viability 

loss. This is not surprising since nematodes are multicellular organisms and may 

suffer similar physiological phenomena as higher organisms in high g environments.

4.2.1. Determination o f  cuticle strength

The use o f  conventional manipulation techniques routinely used to test the properties 

o f  for example, hair fibres, bones and other natural structures, are not appropriate for 

nematodes. Therefore it was necessary to take new approaches. Several techniques.
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both direct and indirect, have been developed in order to determine the mechanical 

properties o f  such small nematodes.

4.2.2. Nematode deformation under Tensile Strain

Table 4.0. Results for tensile tests. NB. These are adult nematodes, the procedure 
could not be applied to IJs due to their small size.

Trial ' Mass'(g) Weight (N)

1 0.423 4.23 xlO'^
2 ■ " ' 07513 5.13 x10'^
3 0.480 ' 4.80x10'^
Mean “ “  “ ■” 0.472............... .. ... “4.72 xiO'^“''

Under load (Figure 4.1.), the nematode specimens exhibited a classic ‘necking’ at the

geometric centre o f  the body. As can be seen from the electronmicrograph (Figure

4.2.), the cuticle appears to have broken into sections on the uppermost surface,

showing the ‘layered’ structure o f  the cuticle. The mean weight, and hence the force

required for cuticle failure was 4.72 xlO'^ N (see appendix A5.2. for calculation).

The nematode cuticle is a complex structure o f  plates, fibres, and several layers o f  

protein. The cuticle plates can quite clearly be seen in Figure 4.2., where the cuticle 

has been stretched the plates have separated, sliding over one another to become 

exposed.
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Figure 4.1. Schematic o f the nematode body under tension, showing the classic 

mechanical response o f ‘necking
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Figure 4.2. An electronmicrograph showing the point o f mechanical failure for an 

adult nematode after loading. The complex structure o f plates making up the cuticle 

can clearly be seen.

4.3. Measurement of force through an aperture in fluid flow

From the experiments using the self cleaning screening system (see Chapter 5), it was 

found that a flow rate of 22 Lmin’’ was sufficient to cause fragmentation of adults 

during screening. There are at least two local regions in this system where shear levels 

may be high enough to break the cuticle of the adults. These include the combined 

axial and radial flow in the small channel between the rotating scraper and the screen, 

and flow through the screen opening itself. The intensity of shear in both regions 

increases as flow rate increases and according to that data in Chapter 5, Fig 5.7. at a 

flow rate of about 22 Lmin'^ the combined intensity exceeds the tensile mechanical 

strength of the adult cuticle. Considering that the adults have a single, thinner cuticle 

and are physically much larger than the Us, the overall effect is that the adults are 

much more likely to break first.

The average force measured was subsequently used to calculate the velocity gradient 

(shear rate) required causing failure of the nematode cuticle. If it is assumed that a 

nematode is equivalent to a slender cylinder with a large aspect ratio placed in 

uniform velocity gradient, y, then according to a well-established theory (Levinthal 

and Davidson, 1961), the stretching force that acts on nematode depends on its angle 

of inclination to fluid stream-lines, this has a logarithmic dependence on its length and 

is given by:
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F = f log 4 R
y LsinOcosO dL

(1)

where \jl is the fluid viscosity, L is the length and R the radius of the nematode. The 

maximum stretching force, Fmax, is obtained when the angle of inclination, 0 = 45° .

Thus:

=
ZnfÀ 

log 4 R
(2)

Assuming Fmax to have a value of 5x10'^ N measured experimentally using weights 

and substituting into Eqn 2 for L= 2.5xl0'^m, p= 1x10'^ kgm'^s'^ and R= 38xl0'^m, 

this gives a velocity gradient in the region of 2.5 xlO^ s '\  The complex flow field in 

the gap between the scraper and the screen of the self cleaning equipment (Chapter 5) 

made the calculation of the velocity gradient in that region difficult, but considering 

that the gap is narrow velocity gradients of the order of lO'̂ s'̂  are reasonable and 

comparable to values found in cross flow filtration systems (Davies et al, 2000). 

Therefore, damage to adult nematodes is likely to occur at some threshold velocity 

which according to data in Fig 5.7. appears to have been reached at a flow rate of 

about 22 Lmin'^.

4.4. Decompression

A tangential approach has been developed for the measurement of cuticle wall 

strength. This is an approach used previously to measure the strength of plant cell 

walls, used in investigation of high-pressure preservation of food and the disruption of 

microorganisms (Nikura et al, 1994). If the nematodes are submitted to very high- 

pressure CO2 until equilibrium is achieved and then the pressure is suddenly released 

to atmospheric, then the internal over-pressure inside the nematode at global de-
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pressurisation is the same as that at whieh saturation has oeeurred. If the critical 

pressure is reached this will result in catastrophic failure of the cuticle.

The pressure at which the nematodes explode (the critical pressure) can then be used 

to calculate the tension in the collagen and this gives a direct measure of cuticle 

strength and hence, the force required to disrupt the nematode. This principle is 

analogous to the condition known as the ‘bends’, suffered by deep-sea divers. On 

pressure release the gas suddenly comes out of solution resulting in a massive increase 

in pressure.
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4.4.1. Results and Discussion
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Figure 4.3. Graph to show Decompression Pressure against intact nematodes 

remaining. Key: M = ADULTS, ♦  = Us, À ^JUVENILES

The pressure at which 50% of the respective life stage was destroyed (the LD50) was 

defined as the critical burst pressure. From visual observation it was found that 

longitudinal stress clearly dominated breakage. In any pressurised cylinder the hoop 

stress is twice the longitudinal stress, so this is not to be expected. However an
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anisotropic, complex, composite structure such as that of the nematode cuticle could 

be expected to behave in this manner.

The IJs have a double cuticle of which each is of greater thickness than that of the 

adult and they are also smaller, therefore it is to be expected that the adults burst at a 

lower pressure, as the ratio of cuticle thickness over body is much smaller in the case 

adults. In other words, the energy for fracture is stored in the volume of the body wall 

and is thus a function of the cross-section area.

4.4.3. Calculation of longitudinal stress from burst pressure

The longitudinal stress of the nematode body can be calculated from the burst 

pressure obtained from decompression experiments. The burst pressure of the IJ 

{Phasmarhabditis hermaphrodita) is 300 bar, i.e. the pressure at which 50% of the 

total population were disrupted. Hence the force required = 8.13 x 10'  ̂ N (See 

appendix 5.2. for calculation). This compares favourably with the value of 4.72 x 10'  ̂

N obtained for the tensile strength of the cuticle in section 4.2.2.

4.4.4. Mechanical breakage

Biological tissues are viscoelastic; i.e. the mechanical response will vary with the rate 

or duration of loading (Shadwick, 1992). Nematodes have a smooth viscoelastic 

cuticle, consisting mainly of collagen and a muscle layer, which are the major 

structural components and provide most of the mechanical strength of the body. 

Stretching using weight results in the permanent deformation of the cuticle eventually 

ending in the failure of the structure; whereas decompression resulted in instantaneous 

catastrophic failure cuticle with no indication of deformation around the broken 

edges. For decompression a slightly higher force was required, as cuticle failure was
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effectively instantaneous. This phenomenon can also be seen with homogenisation 

where there is a clean breakage point with little deformation indicating that the force 

is acting over a very short duration. In the experiments carried out nematodes were 

observed to break longitudinally in several situations, which they might encounter 

during fermentation or downstream process conditions. It is well known that harsh 

aeration conditions during culture prevent growth. This has always been attributed to 

‘shear’, in the reactor, but the connection between shear and nematode damage has 

never been investigated in great detail, rather it seems that this explanation is assumed 

because shear is a problem when culturing microorganisms. A lack of growth or 

indeed a culture resulting in no nematodes found after finite time has occurred in both 

stirred tank and airlift and bubble column systems.

4.5. Comparison of shear stress with historic data and calculation of corresponding 

shear rate.

Young (1998) investigated the effects of passing nematodes through an APV 

Manton-Gaulin lab 60 homogeniser (The APV Company Ltd., Crawley, Surrey, UK) 

The valve homogeniser was first developed over one hundred years ago, since then, 

it has found many applications, including use as a cell disruption device. This 

operation originates in the food industry, and was not designed specifically for the 

break up of cells and the mechanisms of breakage in the homogeniser are still 

controversial. At a temperature of 25 °C and a back pressure of 10 bar a reduction in 

viability was noted for one pass and subsequent passes, however, how damage 

manifested itself was not described. The observed reduction in viability was 

attributed to elongational stress in the valve giving a value of 2360 Nm'^. The value 

corresponds to a velocity gradient of yel = 8.25 x 10  ̂ s'̂  (See appendix A5 for 

calculation). This value is for IJs and exceeds that found for adults at the point of
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breakage when passing through a sieve aperture, previously calculated at 2.5x10^ s '. 

However, it is not known what contribution was made to the damage by the piston 

pumps in this device, as Young did not consider this. For notional shear in a 

vibratory filtration system. The equivalent calculated notional shear rate is in the 

range 7.8x10^ - 1.7x10'' s ' (see section 6.3.) an order of magnitude lower than that 

required to break adults passing through a sieve aperture, and thus considered well 

within the operational safety margin.

Nematodes were passed through a valve homgeniser (Manton-Gaulin Tab 40’), with 

an identical valve design as that used by Young (1998), in order to visualise the type 

and extent of damage which occurred. The damage observed was consistent with the 

notion that elongational, or tensile strain is the most significant damage causing 

mechanism, as the adult nematodes were fractionated longitudinally. If this 

mechanism could be accurately controlled, then these phenomena could be used as a 

basis for selective disruption of adults.
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Figure 4.4. Photomicrograph o f homogeniser damage, it is consistent with 
elongational force as a mechanism o f damage. Adult debris is especially evident; with 
IJs mostly remaining intact, with some even surviving the procedure.

4.6. Flow alignment properties

It is desirable to determine the trajectory of nematodes in flow in various 

circumstances, which might be encountered during separation processes, providing 

valuable insight. The motion of the nematode in fluid flow may well be complicated 

by its flexibility, even inactive nematodes are not straight, and usually adopt a 

characteristic ‘J’ shape when allowed to rest. The drag on an accelerating object is a 

function of particle Reynolds number, shape, and the number of particle diameters 

travelled by the particle. At present there is no analytical solution to the equation of 

motion that describes the trajectory of an object in a fluid. The nematodes seem to 

adopt a horizontal orientation when allowed to settle in water, regardless of initial 

launch orientation in a large diameter cylinder (Author’s observations).

While measuring the viscosity of nematode culture. Young (1998) observed that the 

presence of nematodes caused no noticeable fluctuation in shear stress readings of the 

viscometer whilst the device was spinning, despite the similarity between nematode 

length and the gap in the measuring device. It is suggested that this observation might 

be explained by the alignment of nematodes parallel to the direction of flow during 

viscosity measurement.

Nematodes have narrow, smooth and flexible, cylindrical unsegmented body, tapered 

at both ends. In a fluid flow environment, the nematodes generally align themselves 

along the flow path, giving a low drag coefficient. Initial observations showed that
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conventional sieving techniques were inappropriate for nematode life stage 

separation. From historical data from Young (1998), it was found that if nematodes 

were allowed to settle onto a sieve mesh, then there would he little passage, even with 

large apertures (>600pm). However if nematode suspension was allowed to flow 

through the sieve mesh using much smaller mesh aperture size, i.e. >25pm the 

nematodes passed through because they were adopting a vertical orientation.

4.6.2. Considerations for nematode movement and shape

In suspension, nematodes display sinusoidal type movement whilst ‘swimming’. The 

IJs are particularly active, but can be made to stop moving on cooling or 

anaesthetising, without loss of viability, making them more ‘fibre’ like in appearance. 

However, it is energetically favourable for their structure to adopt a curled shape due 

to their internal pressure and composite structure relationship (Alexander, 1990). 

Rhabditis nematodes are unable to support themselves in water by their own activity. 

Gray and Lissman (1963) deal with the locomotion of nematodes and their behaviour 

in static fluids in detail, but there is very little information available for the behaviour 

of nematodes in fluid flow environments. This continuous movement and shape 

change further complicates any separation process based on size or shape separation. 

The drag coefficient of the nematode will depend its orientation, and is expected to be 

low, in the order of 0.005 for the nematode when it is straight and parallel to flow. 

(Vogel, 1994).

Experiments carried out to visualise flow in a modified cuvette (see appendix A6 for 

set-up) showed that in linear flow, the nematodes aligned themselves parallel to the 

direction of flow and tended to migrate to the fastest flow fields in the centre of the
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cuvette. It is therefore important to know whether flow conditions are linear of 

turbulent if orientation is critical, as it is in wet screening.

Figure 4.5. Shows Nematodes in a linear flow regime at the centre o f the cuvette in 
laminar flow.
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4.7. SDS resistance of the infective juvenile stage

It was found that the infective juvenile was not noticeably affected by concentrations 

of SDS up to 5% (w/v, the maximum tested) for 48 hours under continuous aeration. 

There was no detectable loss of cuticle integrity, or movement.

Using 0.1, 0.2, 0.5 and 1% (w/v) concentrations of SDS under constant aeration, an 

immature culture (10 days) consisting mainly of adults showed that the adults were 

killed within 30minutes at 0.2% and above. After 6 hours in 0.5% and 1% there was 

significant breakdown of the adults, and after 8 hours there were no adults left. 

Interestingly, the action of the aeration removed the debris, which appeared as a scum 

floating on the top of the suspension. The same experiment was carried out using an 

older culture (20 days), which consisted mostly of infective juveniles. There were no 

appreciable effects when left for 16 hours under continuous aeration, and 

subsequently left for 4 days in bijous (without air) there was no sign of debris or 

deterioration, with most of the Us still active and moving normally.

Table 4.1. Results o f SDS treatments. 

0.5% SDS concentration

30 mins 60 mins 90 mins 120 rains

99% adults inactive 
with some debris

99.9% adults inactive 
with large debris

as before substantial debris 
and breakdown of adults

1 % SDS concentration

30 mins 60 mins 90 mins 120 mins

99% adults inactive 
with some debris

99.9% adults inactive 
with large debris

as before substantial debris and 
breakdown of adults
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Figure 4.6. Photomicrograph o f an adult nematode (P.hermaphrodita) after 
treatment with 1% SDS solution showing the fragmented cuticle. Interestingly, 
pharyngeal pumping (i.e. The movement o f materials through the gut) sometimes 
continues even after the cuticle has been breached (Author’s observations).
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Figure 4,7. Photomicrograph o f an adult nematode (P.hermaphrodita) after 
treatment with lYo SDS solution showing the fragmented cuticle.
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Figure 4.8. Electronmicrograph o f an adult nematode o f the same species after 
incubation in IVo SDS solution shows the formation o f large pores in the cuticle.
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4.7.1, SDS sensitivity of the adult life stages

Adult life stages were observed to begin to die after 10 minutes, and breakdown after 

15 minutes in SDS concentrations of 0.5-1%, with no agitation. However, there was 

no appreciable death or breakdown at concentrations of 0.1% showing that a 

minimum concentration of about 0.5% is required before there is breakdown in the 

absence of any significant agitation.

4.7.2. Action of SDS

From figures 4.7. and 4.8., it appears that the cuticle of non-IJ life stages dissolves 

rapidly, giving a ‘melted’ appearance in the electronmicrograph, and a ‘splintered’ 

appearance in the photomicrograph at lower magnification. SDS could therefore be 

used as a method for selective disruption of adults, and/or other life stages leaving the 

IJs intact.

The pharyngeal pumping of the adult allowed the SDS ready access to its vulnerable 

innards via the open mouth. In some instances, pharyngeal pumping continued to 

function, despite there being noticeable cuticle breakdown. The IJ has no such 

openings, have a second cuticle, and probably do not have pores in the cuticle, as they 

are sealed entities surviving on their internal energy reserves. It has been shown that 

free-living forms of other nematode species are more susceptible to toxic compounds 

if there is access to it’s gut. It is therefore suggested that this resistance of the IJ stage 

to SDS is due, in part, to it’s extra cuticle and enclosed structure. As mentioned 

previously, the cuticle of the infective stage is also different to that of the adult.

The IJ cuticle is a very tough structure, capable of sustaining hostile environments, 

however, even if cuticle integrity is not breached, damage elsewhere could cause a
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reduction in viability or death. When SDS is used to dissolve Adults there is initially a 

localised breakdown in the cuticle structure, which results in loss of body contents. 

This is due to the internal pressure of the nematode and is greatly enhanced by fluid 

flow due to mixing, leaving a half dissolved ‘ghost’ cuticle in the first instance, which 

later dissolves completely or is compacted by the action of flow.

4.8. Ultrasonic processing results

Table 4.2. Results for ultrasonic processing showing the percentage o f the original 

number o f IJs and Adults alive and dead for each intensity (100% = 600W).

INTENSITY (%) %ALIVE %INTACT* %ALIVE %1NTACT

0 100 0 100 0

25 31 62 2.4

50 0 78 0 0

75 0 91 0

100 57 42 2.4 0

* Refers to nematodes killed, but otherwise intact.

Ultrasonic processing shows the adult is significantly structurally weaker than the IJ. 

It was shown that adult nematodes could be selectively disrupted using ultrasonics. 

At an intensity of 100%, 57% of IJs remained alive; compared to just 2.4% of Adults. 

If this method could be accurately controlled then it could be used as an alternative 

method for selective disruption or even in addition to other methods, such as SDS 

disruption, if their combined effects are synergistic.
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C h a p t e r  5

E v a l u a t i o n  a n d  d e v e l o p m e n t  o f

P R O C E S S I N G  S Y S T E M S  B A S E D  O N  S C R E E N I N G

5.0. Introduction

Sieving is one of man’s oldest technologies and screening of material from liquid, or 

other solids is an extensively practised form of mechanical separation in many 

industries including; water, waste-water, minerals, chemicals, and paper. Screening 

has been the subject of much research over many decades and the effects of particle 

size and shape on the effectiveness and efficiency of sieving is well documented, 

(Whitby, 1958, Fowler and Lim S.C 1959, Rendell 1964, Newton and Newton 1932). 

It has however, become a poor relation for research effort compared to other 

separations perceived to be more modem and glamorous, which suggests that it is 

considered a mature technology with little more to be gained in terms of optimisation 

or technology. This is certainly not the case as there are still some considerable 

challenges to understanding of screening phenomena. The requirement for particles 

of uniform size in the Pharmaceutical industry for critical dmg formulations resulted 

in a revived interest in the mechanisms of sieving. However, perhaps the most 

advanced area of screening research is in the Paper and Pulping Industries, where 

many challenging issues have been resolved (Olson et al, 1998), which are strikingly 

similar to those found in nematode processing.
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5.1. Sieves and screens

Sieves and screens are used industrially on a large scale for the separation of particles 

according to their sizes, and on the small scale for the production of closely graded 

materials and for carrying out size analyses. It is a ‘two dimensional’ separation 

because it is reliant on the undersize particle having only two dimensions smaller than 

that of the aperture. Woven wire mesh is generally used for fine sizes and perforated 

plates for large sizes. Mesh can be woven to virtually any size of aperture down to 

about 10pm, but there may be some compromise between throughput, open area, 

separation efficiency, and mesh strength. Screens may be operated wet or dry. With 

coarse solids the screen surface may be continuously washed by means of a water 

stream which tends to keep the particles apart, to remove finer particles from the 

surface of finer particles and to keep the screen free of adhering material. Fine screens 

are normally operated wet with the solids fed continuously as a suspension. This is 

because fine particles form more compact ‘beds’ and thus resist flow. Concentrated 

suspensions also tend to have high effective viscosities and frequently exhibit shear- 

thinning, non-Newtonian characteristics. By maintaining a high cross flow velocity 

over the surface of the screen or by rapid vibration, the apparent viscosity of the 

suspension may be reduced and the screening rate substantially increased. The 

continuous movement or ‘fluidisation’ of both undersize and oversize particles 

ensures that there is the greatest chance of undersize particles passing through the 

mesh apertures and the least chance of oversize, or near size blocking or blinding the 

sieve respectively.
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5.2. Sieving as a nematode separation process

Sieving has been used by entomologists as the principal laboratory technique for 

recovery of nematodes from their environment, since the field began (Buecher et al., 

1974,). It has been the subject of many papers, and can be engineered to separate on 

the basis of species or life stage. So its conceptual capability as part of a separation 

system is already well established (McSorley and Parrado 1981, Moskaluk and Hawn, 

1973). However, large scale separation of nematodes by sieving poses significant 

process challenges, most of which are related to their unique physical characteristics. 

Work by Young (1998) using hand sieving and dead end pressure filtration to 

investigate the use of sieving for dewatering and separation of liquid culture showed 

that sieve screens and fine sieve filter cloths were rapidly blocked and blinded by 

nematode mats and culture components respectively. It was suggested that more 

advanced techniques, such as those involving vibration or cross flow systems should 

be developed.

A B C D

Figure 5.0. The sieving o f nematodes as envisaged by Young et al (1998). Used by permission. A), B) 

Show the nematode falling across the sieve and being retained. C) Shows the nematode passing

. I c n u i l u i n  Ih ' . Xi i i l d i ' i  \i i / . sni i 118



through the sieve aperture. D) Shows blocking o f the sieve surface due to accumulation o f  solids. A 

tangential flow  system would prevent this occurring.

5.2.1. Operational considerations

As previously identified by Young (1997,1998), the probability of passage through 

the sieve mesh is dependent on the nematode orientation relative to the screen surface. 

The probability of an adult nematode passing through a particular aperture is less than 

that of an IJ if the orientation is random. However, this is further complicated by the 

flexibility of the nematode and its propensity to adopt different shapes. In order that it 

passed through, it would have to be persuaded to flow through in a straight 

configuration by manipulating fluid flow conditions.

5.2.2. Function of the sieving process

Sieving has been identified as a potential method use in removal of liquid waste and 

waste components smaller than the IJ and/or those which are larger, such as the adult 

life stages. Here the sieving has been used to evaluate the separation of Adults from 

IJs, a major challenge in the industry.

5.3. Results and Discussion for life stage separation using sieving.

Preliminary experiments indicated that the change in shape, brought on by the 

constant movement by the nematodes themselves, made it difficult to separate the IJs 

from the adults using standard sieving techniques. The small-scale flow-assisted 

batch sieving using 38 mm test sieves (See Appendix) and semi-continuous sieving 

using a modified cross-flow arrangement (See Appendix) gave acceptable separation 

results in terms of performance and reproducibility. The results from these
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experiments were then used to assess the potential of full-scale continuous screening 

of nematodes using a self-cleaning screening unit.

The concentrations of the Us and adults in feed, under-size and the over-size were 

used to determine the effectiveness factor (E) for each sieve, giving a quantitative 

measure of the capability of given aperture size to separate the IJs from the adults. 

The effectiveness of a screen is a measure of the success of a screen in closely 

separating material A and B. If the screen functioned perfectly, all of material A would 

be in overflow and all of material B would be in the underflow. The effectiveness 

factor is defined as product of recovery (Rec) and rejection (Rej) (see Appendix for 

sample calculation) :

Bff= (Rec) X (Rej) (1)

Taking the rejects as adults (over-size) and the product as the IJ (under-size), recovery 

and rejection fractions were defined respectively as:

Number o f IJs in undersize
Rec = ------------    (2)

Number o f IJs in feed

and

Number o f adults in oversize
Re j  = ------------    (3)

Number o f adults in feed
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Figure 5.2 shows the effectiveness factor plotted against sieve size for two different 

water flow rates through the 38mm-diameter test sieve. On such a plot, an 

effectiveness of unity would indicate a complete or ‘perfect’ separation, with all of the 

IJs in the under-size fraction and all of the adults in the over-size. The data in Fig 5.3 

refer to experiments carried out with H. megiditis and demonstrates that for a given 

flow rate the effectiveness factor initially increases to a maximum with increasing 

sieve aperture size; before decreasing with further increase in sieve aperture size. The 

plots indicate that the maximum effectiveness is a function of the water flow rate as 

well aperture size. According to the data shown in Fig 5.2. the best separation 

conditions are achieved by using a screen with an aperture size between 45pm and 

55pm and a flow rate of 0.5 Lmin'\ The plots in Fig. 5.3. show the effectiveness 

factor as a function of sieve size for two different species of nematodes and confirm 

that the optimum screen size is species specific. This is not surprising, since the mean 

body dimensions are different from species to species, with the size differential 

between life stages also differing, although aspect ratios are generally similar. The 

results of additional experiments carried out with the modified cross flow unit are 

shown in Fig. 5.4. The data refers to experiments carried out with P. hermaphrodita, 

and show the improved performance, which may he achieved when sieving, is carried 

out in the cross-flow or ‘tangential’ mode.

Visual observations (Fig 5.1) indicated that the nematodes could form a barrier to 

further sieving if they did not approach the sieve surface in the desired orientation, i.e. 

normal to the sieve surface. The formation of these loose nematode “mats” resulted in 

a temporary barrier to passage through the screen, known as ‘blocking’. However, at 

high nematode concentration, the nematode mats were capable of forming into a
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strong network causing more permanent blocking of the screen. It is advantageous if 

the fluid flow causes mixing or fluidisation of the particles above the sieve allowing 

several trial attempts to pass. This would allow the use of smaller apertures because 

the IJs would adopt an orientation normal to the sieve surface and pass through 

apertures slightly larger than their own width, but adults would not pass if their 

smallest dimension (width) was greater than that of the aperture, and the adults 

remaining would not block the sieve as they would be continually removed form the 

surface. However, the IJs may have to be presented to the sieve surface many times 

until they are in the correct orientation to pass, increasing the duration of the process, 

and thus the chances of oversize particles passing through.
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Figure 5.1. Photomicrograph o f a nematode lying across the sieve surface. The width 

of the nematode is less than that o f the sieve aperture, hut the nematode would have to 

adopt the correct orientation and shape to pass through. A 'Mat’ o f nematodes 

formed on the screen surface could effectively 'block ’ the screen.

J o i i i i l l u i n  ] ' i ’A . H K h ‘r  \'> i l . s o i i  2 - 123



Figure 5.6 shows data obtained with continuous large scale self-cleaning screening 

equipment. The aperture size refers to the gap between wedge wires, with the 

exception of the 40 pm screen, which is made up of perforated plate. The data refers 

to experiments carried out at a suspension flow rate of 10 Lmin'^ with the samples 

collected after 10 minutes of operation. Taking account of the accuracy of 

measurements and the different screen types used, the effectiveness/sieve size profile 

shown in Fig 5.6, is similar to those obtained with the 38mm diameter test sieves, and 

the small scale cross-flow unit shown in Figs 5.2 and 5.3 respectively. The optimum 

size of the screen aperture giving maximum effectiveness appears to remain 

unaffected by the scale of operation, but is also influenced by the mode of operation. 

Compared with the small-scale flow-assisted batch sieving and semi-continuous 

modified cross-flow unit however, the full-scale continuous screening gave the 

highest effectiveness factor achieved. This was thought to be due to, at least partly, 

the action of the central screw, which continuously scraped the wall of the screen, 

exposing a clean screen surface to the nematodes. However, continuous operation 

beyond 10 minutes caused blocking of the small aperture screens as shown in Fig 5.6. 

Examination of the data plotted in Fig 5.6 indicates that aperture sizes below 50pm 

were prone to rapid blocking; while for the species used in these experiments, an 

aperture size of 75 pm resulted in stable, continuous flow throughout the operation. 

The optimum operating conditions for the continuous self-cleaning unit therefore, 

seem to be a compromise between minimising the blockage of the sieve and 

maximising sieve effectiveness. For H. megiditis, the data indicates that the 75pm 

mesh size meets these requirements. Subsequent experiments were carried out using 

this screen.

A vibrating horizontal deck sieve (Russell Finex -  Bcoseparator) was also evaluated 

for adult separation using 100 pm aperture size. The proportion of adults in a mature 

commercial culture run was reduced to 5% from 16% for 77. megiditis suspension and 

to 2.1% from 45% for a suspension of P. hermaphrodita giving effectiveness factors 

of 68.75 and 95 respectively, assuming no loss of IJs in the oversize. This sieve has a 

huge capacity and the flow patterns allow different residence time on the sieve.
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for different screen sizes for the Bcoseparator self cleaning ecpdpment. A flow rate o f 

about 10 Lmin' to II  Lmin^ appears to provide the maximum effectiveness. The 

apparent increase in effectiveness for flow rates beyond about 22 Lm in' was caused 

by fragmentation o f adults during screening, resulting in an artificially low count. 

There are at least two local regions in this system where shear levels may be high 

enough to break the cuticle o f the adults. These include the combined axial and radial 

flow in the small channel between the rotating scraper and the screen, and flow  

through the screen opening itself.
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5.4. Conclusions

Sieving (or screening) has been shown to be a practical and scaleable technique for 

the separation of infective juvenile from adult nematodes. Batch and semi-batch 

operations using small quantities of nematode suspension in specially developed 

scale-down sieving devices were used to obtain information on the separation 

properties of two species of nematodes. Initially, laboratory scale sieving trials were 

used to evaluate the possibility of using sieving as a process, and subsequently 

optimise the sieve aperture size for application at the manufacturing scale. Vertical 

vibratory motion allows the nematodes to adopt an orientation normal to the screen 

surface, increasing the chances of passing through; conversely, horizontal movement 

causes the nematodes to adopt an orientation parallel to the sieve surface. When using 

flow assisted sieving the nematodes in suspension are ‘fluidised’ above the sieve, 

allowing constant exposure to the sieve surface and increased probability of passing 

through. The results from these experiments have been confirmed by tests carried out 

in continuous industrial-scale screening equipment. It was shown that for a given 

species, effective screening of the IJ from the adult nematodes was a function of flow 

rate through, screen size and the mode of operation. Optimum operating conditions 

were identified for the species used. The proposed approach is generic and may be 

extended to many other species of nematodes, which are finding uses as biopesticides. 

The removal of other undesirable culture components, such as smaller life stages, 

often present in mature cultures is also an issue, which may well be addressed using 

similar systems. Scale down methods may also find a use in the Nematologist’s 

laboratory for enhanced separation and recovery of nematodes from the environment. 

Finally, the continuous self-cleaning unit used in these experiments was not ideally 

designed for separation of shear sensitive nematodes. For this reason flow through it
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was limited to avoid damage to the nematodes during separation. Higher throughputs 

may be achieved by using more advanced designs. For example, the pressure screens 

used in the paper industry use an aerofoil to create a pressure pulse at the screen 

surface and have been used for the close fractionation of pulp fibres (Olson et al 

1998). These fibres have very similar dimensions to nematodes, although the 

mechanical strength of the two materials may be very different.
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C h a p t e r  6

E v a l u a t i o n  a n d  P r o c e s s  D e v e l o p m e n t  
B A S E D  ON a  F i l t r a t i o n  S y s t e m

6.0. Introduction

The complex nature of nematode fermentation would not appear to lend itself well to 

IJ separation by filtration alone. The oil used in the fermentation medium, the range of 

waste component type, and the broad particle size distribution (See Appendix AlO), 

rule out conventional filtration systems including dead-end filtration (Young et al, 

2000). In the previous chapter improved recovery of IJs in a modified cross-flow 

sieving operation was demonstrated, in which the deposited material on the surface of 

the membrane was continuously removed by the action of a rotating blade. The next 

stage in development would be crossflow filtration or an advanced filtration 

technique, which does not damage the nematode, but crossflow filtration systems are 

also susceptible to fouling from oil and there is generally a significant drop in flux 

over the course of an operation (Davies et al 2000). It would be prudent to utilise a 

system that was resistant to fouling so that flux, and hence throughput could be 

optimised and maintained. This chapter describes the application of a dynamic 

filtration method that utilises a vibrating membrane filter, which has potential for 

large scale recovery of IJs from waste components in the fermentation broth and as a 

tool to develop process models, operations management and process integration. In 

dynamic filtration, the flux through the filter medium is assisted by an independently 

imposed oscillatory motion of the membrane filter, which induces an intense flow 

field on the surface of the membrane. The resulting flow stresses significantly 

improves the performance of filtration by reducing fouling caused, for example, by



concentration polarisation, particle blocking and blinding of the pores of the filter 

material.

6.1. Function of the filtration process

Filtration has been identified as a potential method for use in removal of liquid waste 

and some waste components smaller than the IJ or removal of adult life stages, 

whether as whole entities or broken down.

6.2. Vibrating membrane filtration for the recovery and concentration of Insect 

Killing Nematodes

Separation of the IJs from the solid waste and their concentration in suspension are 

important down stream stages before formulation. Experiments were carried out as 

described in materials and methods (see appendix A9 for set up and diagrams).

6.3. Results and discussion

Initial trials were carried out to establish whether the nematodes could endure 

processing in the Pallsep system. After 20 passes through the rig there was no 

detectable damage with the double cuticle of the IJs remaining intact. Neither was 

there any sign of stress as the nematodes passed through were indistinguishable from 

a control from the original sample.

This was followed by preliminary experiments carried out in order to establish the 

operating transmembrane pressure (TMP). In these experiments the initial permeate 

flux was measured for different TMPs for clean IJs in water suspension, prepared at a 

concentration of 100,000/ml, equivalent to 60gL'^ (9% w/v) and for a fermentation 

broth containing nematodes at all life stages. Comparative data are also shown for 

RO water. The initial permeate flux data plotted in Figure 6.0. representing the
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conditions at the start of the filtration show that in each case permeate flux increases 

as TMP is increased up to a critical value which in the case of fermentation broth and 

nematode in water suspension is about 800 mbar. Unless otherwise stated, all 

subsequent experiments were performed at a TMP of 800 mbar.

The data plotted in Figure 6.1. shows the permeate flux as a function of time for 

clean nematodes in water suspension with and without an imposed oscillation of the 

membrane filter. Comparative permeate flux data are also shown for a suspension of 

fresh bakers’ yeast in water. The results of experiments shown in Figure 6.3 

demonstrate the improved performance of the VMF equipment oscillation and 

comparison between the yeast and nematode flux data illustrates that different 

membrane fouling mechanisms are involved in each case. With respect to the yeast 

suspension, the data obtained from the control experiments (no oscillation) showed a 

low initial permeate flux which rapidly declined with time. In comparison, the results 

of experiments in the presence of oscillatory motion gave an initially high permeate 

flux, which was followed by a gradual decline to a pseudo-steady region. This type 

of profile is typically observed in conventional cross flow membrane filtration 

(Wisniewski et al, 2000) of, for example, proteins and cell biomass suspensions. The 

decline in permeate flux is associated with the formation and growth of deposited 

material on the surface of the filter membrane (blocking), and/or within the pores 

(blinding) during continuous filtration. The difference between conventional cross 

flow membrane and the vibration membrane filter is in the way the thickness of the 

deposited material is reduced to levels that give acceptable permeate flux. In the 

case of the conventional cross flow filtration, high linear fluid velocities of 

suspension and large transmembrane pressures are used to realise sufficiently high
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wall shear rates, typically in the region of 5x10 s' to 1x10 s' , in order to reduce the 

thickness of the deposited layer. A high transmembrane pressure gradient however is 

undesirable because of its potential compacting effect on the deposited material. In 

the VMF equipment, the oscillatory flow field at the surface of the membrane 

provides a means of reducing the thickness of the deposited layer, which is 

independent of feed suspension flow rate. For a given disc size, it is possible to 

calculate a notional oscillatory shear rate on the membrane surface as a function of 

the frequency and amplitude of vibration. In the VMF equipment, the frequency of 

the drive motor is adjusted so that the system vibrates near its natural frequency of 

60Hz, producing peak-to-peak amplitude of around 0.018m with very little 

mechanical energy losses. It is assumed that the energy of vibration is dissipated 

largely in a thin liquid boundary layer on the surface of the membrane. Typical 

energy dissipation rate given by the manufacturer of the VMF equipment is in the 

range 0.03-0.15 kW/m^ of membrane surface area. Assuming this energy is 

dissipated in a layer approximately 500pm thick, the calculated energy dissipation 

rate is in the range 0.06-0.3 kW/kg. The equivalent calculated notional shear rate is 

in the range 7.8x10^ - 1.7x10"̂  s'% which are comparable to values used in 

conventional cross flow tangential membrane filtration. Once more, it has been 

shown that the nematodes survive this process and thus the estimated notional shear 

rates.

In the case of the IJs, the permeate flux data observed for IJs in water suspension 

(Figure 6.3.) demonstrated an initial flux comparable with that of yeast suspension, 

but, unlike yeast, the flux-time profile remained flat for approximately 35 min. 

Beyond 35 min of filtration, the permeate flux declined rapidly to a final value much
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lower than that observed for yeast suspension. It is hypothesised that in the constant 

permeate flux regime the nematodes are kept in a dynamic state of motion, which is 

determined by the local fluid flow on the membrane filter surface. We did not carry 

out visual observations of nematode motion in suspension, however, several studies 

on particle suspension in laminar and turbulent flow fields, in, for example, 

mechanically agitated vessels (Ayazi Shamlou, 1993), provide some insight. These 

studies have identified two local fluid induced forces, which act on a particle close to 

a wall boundary. These forces are a hydrodynamic lift force, which acts normal to the 

direction of mean flow, and the drag force acting parallel to flow direction. The 

interaction of the two hydrodynamic forces determines the instantaneous state of the 

particle in suspension. Considering the relatively large size of the nematodes, it may 

be assumed that the same forces are also responsible for the state of suspension of the 

nematodes in the VMF equipment. Based on these observations, and depending on 

the instantaneous magnitude of the local fluid lift and drag forces, each nematode 

may be in one of three possible states of no-motion (momentary rest), rolling and 

sliding on the membrane surface and lift-off/suspension. A nematode which is in a 

state of rest, or is rolling and sliding on the membrane surface, causes a reduction of 

the total area available for permeate flow, and as nematode concentration increases 

more of the membrane surface area will be covered reducing the available area for 

flow. At high nematode concentrations, nematode-nematode interaction also 

becomes important. There is visual evidence (see Chapter 5, Figure 5.1.), for 

example, of significant entanglement of nematodes, which will impact, permeate 

flux. The data plotted in Figure 3 show that after nearly 36 min of filtration, 

nematode concentration increased to about 500,000 ml'  ̂ (320 gV\ 47% w/v), and at 

this point the impact of nematode concentration on permeate flux became rate
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determining, as demonstrated by the severe reduction in permeate flux. It is notable 

however that beyond this period nematode concentration in product stream increased 

by a factor of 5 with respect to the feed stream. Therefore, from a process point of 

view, the feed nematode suspension was concentrated sufficiently in the VMF 

equipment for it to proceed to the next stage of operation.

Experiments were also directed towards establishing a filtration strategy that allowed 

the recovery of the IJs from the waste components in liquid culture. The results of 

experiments for two different species of nematodes are shown in Figure 6.2. 

Comparative data are also shown for experiments in which the concentration of one 

of the nematodes, S. feltae, in the broth was halved. Additionally, in a series of 

experiments, involving P. hermaphrodita was increased the space between the discs 

in the VMF equipment from its normal 1.5 mm to 4.5 mm by fitting two extra 

spacers between the discs. The results from these experiments are also shown in 

Figure 6.2. Compared with the data for the IJs in water suspension (Figure 6.1.) the 

results shown in Figure 6.2. indicate significantly lower permeate flux. The S. feltiae 

data demonstrate that permeate flux was determined by the concentration of solid 

waste components in liquid culture as well as the concentration of nematodes, and 

the data for P. hermaphrodita show the impact of geometrical configuration (these 

nematodes are larger than S.feltiae) on permeate flux. Mass balances (data not 

shown) revealed the presence of some fine debris in the permeate and this was 

confirmed by a change in the colour of the permeate.

The presence of adult nematodes is also an important consideration in the recovery of 

the IJs frorri liquid culture. The number concentration of adult nematodes in the broth
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suspension is relatively low (1000 m L '\ less than 3% (w/v), but they are 

significantly bigger than the IJs. It is therefore reasonable to assume that during 

filtration an adult nematode covers a larger proportion of the surface area of the 

membrane surface compared to an IJ. Since adult nematodes are a waste component 

it is possible to reduce their impact on filtration by treating the broth with sodium 

dodecyl sulphate (SDS) prior to filtration. Previous work has shown that SDS at 4% 

w/v concentration dissolves the cuticle of adult nematodes causing their 

disintegration (Figure 4.7.), but has no effect on IJs. SDS also dissolves some of the 

large debris in the fermentation medium improving their release through the 

membrane filter. A sample of broth containing nematodes, S. feltiae, was pre-treated 

with 4% SDS prior to filtration in the VMF equipment. The results are shown in 

Figure 6.3. where the data are compared with the control experiment (untreated 

nematodes). Initially, both systems had the same permeate flux. However, the 

performance of the VMF equipment was consistently better in the case of the SDS 

treated sample, and, additionally, the permeate obtained from the SDS treated sample 

had a much darker appearance compared to the untreated sample, which was 

associated with the loss of debris from the feed material.

Based on these observations and using the VMF equipment we subjected a sample of 

the nematodes, S. feltiae, in broth suspension to a sequence of filtration followed by 

dilution experiments. Additionally, the suspension was treated with 4% SDS to 

dissolve the adult nematodes. A 10 litre volume of broth containing the SDS treated 

nematodes in broth suspension at an initial concentration of 100,000 mL'’ was 

filtered over a period of nearly 50 min producing 3.12 litres of permeate. The 

nematode concentration in the feed tank gradually increased during this period to
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145,200/ml. At the end of the first period, the membrane unit was cleaned for 30 

minutes using 2% solution of Ultrasil (Henkel) and the cycle was repeated twice 

without dilution of the retentate. Then the volume of the feed tank was adjusted back 

to 10 litres by the addition of clean water and again the membrane was cleaned, this 

was repeated for the last cycle. Results for five cycles are shown in Figure 6.4.. Each 

stage a step increase in the permeate flux indicates the gradual removal of fine debris 

from the suspension reducing blinding. The flux is recovered after washing. The 

steep flux-time profile observed in the third cycle is caused by the high concentration 

of IJs in suspension which is effectively ‘blocking’ the screen making this the most 

important mechanism in flux decline. The flux falls away rapidly, showing that the 

small space available to the nematodes is rapidly filled. Mass balances indicated that 

the concentration of IJs at the end the third cycle was 760,000/ml (equivalent to 438 

g/1, 43.8% w/v). The aim of this experiment was not only to investigate the blocking 

and blinding characteristics of the system, but also to perform a complete process run 

using this equipment producing a very clean suspension.

Currently, the recovery, washing and concentration of the IJs are carried out in 

completely separate operations. The results of experiments described here suggest 

that these may be combined in a one-step operation in the vibrating membrane 

filtration. Permeate flux was enhanced by pre-treatment of the nematodes suspension 

with SDS, and further improvement was achieved by increasing the spacing between 

the discs in the membrane assembly, thus increasing the volumetric capacity at high 

concentrations, and thus flux. Alternatively, the concentration could be maintained at 

dilute levels with continuous diafiltration.
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6.4. Conclusion

The shear stresses produced in the Pallsep are below the damage threshold levels for 

the nematodes used. Once more, the nematodes are able to survive multiple passes, 

even at very high slurry concentrations for many passes through the system. The 

performance of the membrane system was measured using two main parameters, the 

maintenance of material integrity during processing and the maintenance of flux.
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C H A P T E R  7  

O V E R A L L  C O N C L U S I O N S  A N D  
F U T U R E  S T U D I E S

7.0. Material Properties

The mechanical integrity of the nematode has been established using several different 

methods in order to form an overall picture of nematode strength and ability to 

withstand harsh mechanical environments under different conditions. Decisions can 

be made on process design based on these material properties, as to whether certain 

items of process equipment may be used. However, ancillary equipment must also be 

taken into account, i.e. pumps. Also, the additive or synergistic effects of different 

items of equipment must be considered, as well as the exposure time. This allows use 

of equipment up to the operational limit with appropriate safety margins designed into 

the process.

7.1. Screening

Sieving (or screening) has been shown to be a practical and scaleable technique for 

the separation of infective juvenile from adult nematodes. Batch and semi-batch 

operations using small quantities of nematode suspension in specially developed 

scale-down sieving devices were used to obtain information on the separation 

properties of two species of nematodes. The results from these experiments have been 

confirmed by tests carried out in continuous industrial-scale screening equipment. It 

was shown that for a given species, effective screening of the IJ from the adult 

nematodes was a function of flow rate, screen size and the mode of operation. 

Optimum operating conditions were identified for the species used in this study. The
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proposed approach is generic and may be extended to many other species of 

nematodes, which are finding uses as biopesticides. The removal of other undesirable 

culture components, such as smaller life stages, often present in mature cultures is 

also an issue, which may well be addressed using similar systems. Scale down 

methods may also find a use in the Nematologist’s laboratory for enhanced separation 

and recovery of nematodes from the environment. With consideration for the 

engineering environment, effective separation strategies have been developed, which 

are applicable to any species with process limits defined by product quality.

7.2. Filtration

The experimental data presented shows the capacity of a novel scaleable vibrating 

membrane filter to separate infective juvenile nematodes from waste components in 

liquid culture medium. The results of the experiments demonstrated that fouling of the 

vibrating membrane occurred by a combination of pore blinding caused by the 

presence of small debris in the liquid culture and a surface blocking mechanism 

caused by the nematodes, the latter is similar a mechanism usually associated with 

sieving operations. Using the experimental results we established a strategy that 

allowed both recovery and concentration of the infective juveniles to be achieved 

simultaneously.

7.2.1. Slurry Concentration

Concentration of nematodes prior to formulation is also an important consideration. If 

the solids are too highly dewatered, this can lead to resuspension problems later in the 

process. Using a filter the slurry concentration can be specified exactly. This is 

important because if the final concentration is too high damage may occur to 

nematodes exposed on the surface due to drying, or cause them to be exposed to a
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high concentration of respiratory waste products and low oxygen. It is for these 

reasons that the slurry should be formulated as soon as possible. Centrifuges, 

especially the more modem and powerful types may produce very concentrated 

slurries, which is undesirable and leads to difficult material transfer and may not be 

able to be pumped. Intermittent discharge in centrifuges may also be a disadvantage 

when compared to the continuous filtration operation. Diafiltration can be carried out 

using the same equipment, whereas with centrifugation, the slurry must be transferred 

to settling tanks for repeat washing. Filtration is also a relatively gentle process and 

nematodes will not encounter such high g-forces as those in centrifuges and particles 

of a similar density to the nematodes will be retained. VMF microfiltration is a viable 

process option in terms of producing a clean product and maintaining its integrity. 

The VMF equipment can also operate at high solids concentration if required.

7.3. Selective dismption

It has been shown that SDS can be used to selectively disrupt adults as part of the 

downstream process. It has also been demonstrated that ultrasonic processing can also 

be used for selective disruption.

7.3.1. Location of selective dismption in the process

SDS would facilitate the recovery of Us from adults. This could be carried out in one 

of two ways; firstly, the adults could be removed initially and then treated with SDS 

as a side step involving a relatively small process volume compared with the main 

process stream. This would allow minimum use of SDS resulting in less cost and less 

waste. The residual Us could then be cleaned separately or returned to the main 

process stream. Otherwise the adults could he dismpted in the main process stream. If 

this were to be carried out as a first step, then the use of SDS may also result in a
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more favourable particle size distribution by reducing global particle size (see 

appendix for particle size distributions of nematode suspension and broth). However, 

this would increase the particle load on the system by breaking the adults as well as 

increasing viscosity. If, however SDS was employed further downstream, then a 

gentle sieving or filtration technique could be used as a final wash step. In addition, 

mechanical force can be used to greatly speed up the process, but still be well within 

the safety margin to prevent IJ damage (see figure 7.O.).

7.4. Process options

In this thesis two entirely different process options were examined, one based on 

screening and the other on filtration. Both are scaleable and proved successful. In both 

cases operational strategies were developed and assessed. It is recommended that both 

options could be combined for a strong downstream system. Sieving and/or filtration 

could be used to replace operations such as repeated settling which is a major process 

bottleneck, or centrifugation which does not separate adults and IJs as well as other 

waste of the same density, and which could be expensive to scale further. The 

following scheme shows alternative process options integrating screening and 

filtration (see figure 7.0. for suggested combined operation strategies).
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Figure 7.0. Proposed alternative process schemes
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Key:

1. The current processing strategy

2. The current processing strategy integrating a sieving step and low volume 

disruption of oversize adults as a side step.

3. Elimination of centrifugation.

4. Disruption prior to washing dissolves and disperses particulate matter.

5. Chemical disruption after primary concentration requires less SDS.

6. Initial washing allows for cleaner sieving.

7. Multi-sieving system.

Process 6 represents the most elegant process with potentially the minimum number 

of steps (final vacuum filtration may not be required), most economic, and with the 

greatest throughput. It is therefore recommended for commercial production as the 

most in keeping with the ethos of this thesis.
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7.5. Future studies

7.5.1. Filtration

A microfiltration step using a Vibrating Membrane Filter or suitable alternative for 

solids concentration, followed by a diafiltration period to wash clear contaminants 

appears to be the most suitable solution for nematode recovery. This may also allow 

for a reduction in the amount of equipment required for the overall process. SDS 

contact or even an osmotic shock could be carried out-in the retentate holding tank or 

fermenter, and the subsequent product recovery step may then be performed using 

the same filtration system (perhaps with a different membrane size and 

configuration, for optimisation). This would considerably reduce the number of 

transfer steps in a batchwise process. Development of a truly continuous, rapid 

process is therefore possible.

The VMF equipment used in the filtration experiments was a standard unit with a 

0.45 pm membrane filter. It is hypothesised that a larger mean pore size diameter 

membrane would enhance the permeate flux. Flux maintenance is also dependent on 

the relationship between particle size distribution and pore size of the membrane. For 

particles of a similar size to the pores, then they may either block the pore, or 

become entrained within it. It is therefore these particles, in a narrow band of the 

distribution, which are the most critical to initial flux decline. If  these particles are 

removed from the process feed onto the membrane, and the membrane is 

subsequently cleaned, then we would expect to see an increase in flux. In effect, the 

particle size distribution has changed in favour of better flux rates. Likewise, pre- 

seiving or pre-filtration could be used to remove the particle size range, which are 

most likely to block or blind the filter. Indeed there is much scope for redesign in this
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system. Increasing pore size and volumetric capacity would certainly bring 

significant improvements.

7.5.1.1. Scale up

The Palisep PS 10 used in this study has a membrane area of 0.1 - Im^. The PS 400 

with a membrane area of 4 - 40m^ is already used in the industrial recovery of 

antibiotics from fermentation broths and other applications in the food industry and 

another model is under development, the larger PS 1000 with a membrane area up to 

100ml

7.5.2. Advanced Screening Systems

Rotary pulp screens which use a hydrofoil to create dynamic shear on the surface of a 

perforated plate screen are used in the pulp and paper industry (such as those supplied 

by Thermo Black Clawson Ltd) to fractionate closely sized pulp fibres (Olson et al, 

1997). Pulp fibres have strikingly similar dimensions to nematodes and may possess 

similar flow properties. If this system was proved not too harsh and can be applied to 

nematodes then it could be used for separation of IJs from general waste and other life 

stages, and could also be used for dewatering. Other dynamic screens are also 

available, of note is the The DYNO filter (Langeloh and Bott, 1998), a modified 

dynamic cross-flow filter used for sieving tasks by retrofitting it with sieve mesh in 

place of filter medium. This combines the benefits of cross flow filtration shear with 

screening. It is composed of disc-shaped modules, which rotate in the process 

suspension. The filtrate flows through the sieve mesh is collected inside the modules 

and discharged via filtrate tubes; whereas the retentate is discharged at intervals. 

Such a system has the potential for the removal of sub-IJ size particles as well as 

dewatering, with the advantages of a small unit footprint and high throughput.
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Langeloh and Bott achieved a throughput of 8,000 Ih'' using viscous clay with a sieve 

cut of 50 |Lim . Perhaps also Glaser’s mechanical washing machine (Glaser et al 1940), 

based around a rotating sieve screen could be developed for the large scale.

7.5.3. Selective disruption

It is proposed that adults could be selectively broken using mechanical methods to 

facilitate separation from IJs, possibly in conjunction with chemical agents such as 

SDS or other surfactants. Large scale disruption by high shear liquid mixing in a 

stirred tank, high velocity flow, modified homogenisers or pumping. Preliminary 

experiments using a Constant Systems high pressure jet flow device showed that 

P.hermaphrodita IJs had a 22.5% survival rate when passed through at a pressure of 

82.7 bar; whereas Adults were completely destroyed. Perhaps then, a mechanical 

selective disruption device could be developed based on the high-pressure jet 

principle. This could also be used in conjunction with chemical disruption. Ultrasonic 

processor could also be further investigated in order to develop methods of selective 

disruption in order to remove adults, whereby the stress is of sufficient magnitude to 

break adults, leaving IJs intact.

7.5.3.1. Alternative Selective disruption methods

7.5.3.1.1. Hydrodynamic cavitation

Fluid flow induced cavitation produces a pressure wave when the cavity collapses. 

The major mechanisms acting on microbial cells in a homogeniser are thought to be 

shear and cavitation, although cavitation itself produces shear and impact effects. 

Kozyuk (1999) suggested that modem Hydrodynamic Cavitation could be finely 

tuned to suit many different applications. The dismption mechanism is similar to that
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of ultrasonics and thus may be suitable for selective disruption and waste particle 

homogenisation.

7.5.4. Osmotic disruption

Vigliercbio et a l (1969) showed that nematodes could be separated in the laboratory 

on the basis of their different resistance to osmotic shock.

7.5.5. Particle size analysis and counting

It would be of benefit to be able to count nematodes 'on-line’ during fermentation and 

processing as currently this must be done manually, which is time consuming and 

laborious. However, even the latest particle size analysers cannot be used to count or 

directly measure the length nematodes due to their deviation form the ideal spherical 

shape. The answer to this may be found in the pulp and paper industry which uses 

fibre size analysers to count and measure pulp fibres, such as those supplied by 

OpTest Equipment Inc. The key concept of this system is the use of a cytometric flow 

cell where three layers of water are brought together to form a smooth laminar flow, 

with fibres directed to the middle layer. The cytometric cell orientates the fibres so 

that their shape is not affected shape. If this could be applied to nematodes then it 

would allow on-line monitoring of fermentation progress and process performance 

and may be suitable for small scale life stage sorting.

7.5.6. Alternative applications

Techniques developed in this thesis could be used for other nematode applications, 

such as the use of nematodes producers of recombinant biopharmaceuticals as they 

are Eukaryotic, ecologically safe, cheap and would give an easy separation if the 

product was secreted into media.
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7.5.7. Other processing issues - The effects of ancillary equipment on nematode 

processing

Certain pumps and valves, especially throttle valves can produce high shear flow and 

even cavitation. Jaouen et al (1998) investigated the effect of different pumps on the 

viability of microalgae (dimensions of single cell 9 x 7 x 5  pm). They plotted the 

number of passes through the pump against viability and found that centrifugal pumps 

caused the most damage, which they attributed to the shear effect in the pump, but 

also suggested that there may have been a g-force effect in this type of pump. They 

also considered the effect of throttling valves in cross flow filtration rigs and 

suggested that damage may occur due to shear effects. They concluded that the pump 

in any system will always have some effect, even if it is just stress, and that there is no 

ideal pump. A similar study using nematodes would be invaluable and may even lead 

to other process options.

7.6. Viability testing

The ultimate test of a process is whether the nematodes produced can still perform in 

the field. Ultimately, field tests should be made, but were beyond the scope of this 

thesis.
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A p p e n d i x

APPENDIX 1 : Glossary

Abdomen: The last of the three major hody divisions of an insect.

Arthropod: Any of the invertebrate animals (such as insects, spiders, or crustaceans) 
having an exoskeleton, a segmented body and jointed limbs.

Augmentation: Biological control practices intended to increase the number or 
effectiveness of existing natural enemies.

Axenic culture: culture on nutrient media with essential nutrient factors.

Biological control: The use of living organisms, such as predators, parasitoids, and 
pathogens, to control pest insects, weeds, or diseases. Typically involves some human 
activity.

Bt: The bacterium. Bacillus thuringiensis.

Chemical control: Pest management practices, which rely upon the application of 
synthetic or naturally derived pesticides.

Classical biological control: The importation of foreign natural enemies to control 
previously introduced, or native, pests.

Collagen: An insoluble fibrous protein found extensively in the connective tissue of 
skin, tendons and bone. The polypeptide chains of collagen (containing the amino 
acids proline and glycine predominantly) form triple stranded helical coils that are 
bound together to form fibrils which have great strength and limited elasticity.

Conservation: Any biological control practice designed to protect and maintain 
populations of existing natural enemies.

Ecology: The study of an organism’s interrelationship with its environment. 

Entomopathogenic: Insect-attacking organism.
Generalist: A pest or natural enemy that can utilise a wide range of species as host or 
prey.



Generation: Period from any given stage in the life cycle to the same life stage in the 
offspring. Typically from egg to egg.

Genetic engineering: The manipulation of the genetic material of an organism in 
order to achieve desirable characteristics.

Hermaphroditic: Having both male and female sex organs in one individual.

Host: The organism in or on which a parasitoid lives; a plant on which an insect 
feeds.

Instar: The stage of an insect's life between successive molts, for example the first 
instar is between hatching from the egg and the first molt.

Integrated pest management (IPM): An approach to the management of pests in 
which all available control options, including physical, chemical, and biological 
controls, are evaluated and integrated into a unified program.

Introduction (classical biological control): The importation of a natural enemy from 
a foreign country or continent, usually to control a pest also of foreign origin.

Larva, Larvae (pl.): The immature stage between the egg and pupa of insects having 
complete metamorphosis where the immature differs radically from the adult (e.g., 
caterpillars, grubs).

Life Cycle: The sequence of events that occurs during the lifetime of an individual 
organism.

Mass-reared: Produced in large numbers, as in natural enemies produced for release 
programs.

Mesh number: The number of wires/lines/inch, no longer used in BS (B.S.410/I976), 
but still widely used in industry.

Monoxenic culture: Simple bacteria medium culture. See also axenic culture. 

Morphology: Insect form or structure.

Native (insect or plant): Of local origin, not intentionally or accidentally introduced.

Natural control: The suppression of pest populations by naturally occurring 
biological and environmental agents.

Natural enemies: Living organisms found in nature that kill insects, weaken them, or 
reduce their reproductive potential.
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Nematode: An elongated, cylindrical worm parasitic in animals, insects, or plants, or 
free-living in soil or water.

Parasite: An organism that lives in or on another organism (the host) during some 
portion of its life cycle.

Pest: An organism that interferes with human activities, property, or health, or is 
objectionable.

Pesticide: A substance that is used to kill, debilitate, or repel a pest.

Resurgence (pest): The development of large populations of pests that had 
previously been suppressed.

Screen aperture: For any given mesh number, the screen aperture depends on the 
thickness of the wire

Specialist: A pest or natural enemy that utilises a narrow range of species for its host 
or prey.

Species: A group of individuals similar in structure and capable of interbreeding and 
producing fertile offspring. They are different in structure from other such groups 
and do not interbreed with them.

Spiracles: The external openings of the insect breathing (tracheal) system, found 
along the abdomen.

Stage (life stage): A distinct period in the development of an organism (e.g., for 
some insects, egg, larval, pupal, and adult stages).

Stress (normal): Stress is the ratio of applied load to the cross sectional area of an 
element in tension.

Symbiosis: A mutually beneficial relationship between two distinct species.

Tensile strength (Ultimate strength): The maximum stress a material withstands when 
subjected to an applied load. Dividing the load at failure by the original cross 
sectional area determines the value.

Thorax: The insect body region behind the head which bears the legs and wings.
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APPENDIX 2: Nomenclature

Abbreviations

J1 Juvenile stage 1
J2 Juvenile stage 2
J3 Juvenile stage 3
J4 Juvenile stage 4
IJ Infective juvenile
A Adult stage
GMO Genetically Modified Organism
EPN Entomopathogenic nematode
IPM Integrated pest management
IPN Insect parasitic nematode
Eq Equation
Wt Weight (N)
rpm Revolutions per minute
P Pressure [bar/Nm'^]
PiNLET inlet pressure [bar]
Pqutlet outlet pressure [bar]
PpILTRATE filtrate pressure [bar]
Vl Initial velocity [ms'^]
V2 Final velocity [ms"’]
d Gap width [m]

Greek symbols
X Shear stress [Nm'^]
Y Shear rate [s'']
p Kinematic viscosity, [kgm"'s"']

P Density [Kgm'^]
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APPENDIX 3: Equipment, Chemical and Livestock Suppliers 

Endecotts, Lombard Road, London SW19 3TZ, UK.

Russell Finex Ltd., Middlesex, UK.

Sigma-Aldrich Company LTD. Poole, Dorset, UK.

MicroBio Limited, Unit 1, Harwood Industrial Estate, Harwood Road, Littlehampton, 

West Sussex BN17 7 AU UK.

G. Bopp and Co. Ltd. Grange Close, Clover Nook Industrial Park, Somercotes, 

Derbyshire DE55 4QT UK.

Pall Europe Ltd., Europa House, Hant Street, Portsmouth POl 3PN, UK.

Misonix Incorporated, 1938 New Highway Farmingdale, NY 11735 USA.

Malvern Instruments Ltd., Enigma Business Park, Grovewood Road, Malvern 

Worcestershire, WR14 IXZ UK.

API System. LA Balmeles Grolles-38390 France.
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APPENDIX 4: Nematode fermentation value example

Nematodes are available in the US at $1-11 per million (Gaugler et al, 2000).

BEST CASE

Yield: 100,000 nems/ml,

.'.1000,000 = $11 = 10ml.

1000ml = IL = $1100

1 X FERMENTATION @ 5,000L = $5.500.000
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APPENDIX 5: Shear calculation for the high pressure homogeniser (after Young 

1998)

[Bq.l] y=Yij^ 2  

d

where:

d = 31 X

Vl = 0 ms"'

V2 = 26 ms"'

Y = 8.25x10^ s''
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APPENDIX 5.1. Calculation of tensile stress for tensile loading

The thickness of the cuticle is assumed to be 0.07 times the total diameter.

The cross sectional area (A) of the nematode is given by:

A (mm^) = 7r/4(d]^- dô ) = 200 x 10'  ̂mm^

F = 4.7x 10‘̂ N

TENSILE STRENGTH = F/A

TENSILE STRENGTH = 2MN/m^

Jonathan Alexander Wilson 2003. 192



APPENDIX 5.2. Calculation o f force required to rupture for decompression

The cross sectional area is calculated as before for tensile loading

Longitudinal stress (N/m ) = F/A =P7td / 4 / Trdt = Pd/4t
L

P = Pressure (N/m ) 

t = Cuticle thickness (m)

L = Length (m)

d = Diameter (excluding cuticle, m)

Pressure, hence shear stress = 300bar = 30MN/m^

The critical wall strength i.e. the elongational stress is then found using the equation: 

P=F/A

.'.Force = 8.13 x 10'  ̂N
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APPENDIX 6. Flow Chamber

Figure A6.0. Diagram o f viewing chamber used in Chapter 4 to investigate flow  
behaviour.

VIEWING 
AREA (TO 
MICROSCOPE). TUBING

CUVETTE

TO PUMP

PTFE TAPE

Calculation of Reynolds number in cuvette flow

Re = pud 
P

Equivalent diameter (d) = 0.001m

Flowrate = 0.51min-1 Velocity (u) = 0.083ms-1

Density p = 1000 Kgm'^

Re = 83 = Laminar flow (<2000).

Jonathan Alexander Wilson 2003. 194



APPENDIX 7: Screening Figures

Figure A 7.0. 38 mm Test Sieve apparatus used for wet sieving. Sealed with 0-rings 
and clamped together with a C-clamp.

38 mm WATER INLET 
ATTACHMENT

38 mm TEST SIEVE

38 mm COLLECTION 
VESSEL WITH OUTLET

BRITISH STANDARDS

BS 1796:1976 
Method for test sieving.

BS 7372-1:1991 ( ISO 4783-1:1989)
Guide to the choice of aperture size and wire diameter combinations for industrial wire screens and 
woven wire cloth.

BS 7410:1991 ( ISO 9045:1990)
Glossary of terms used in industrial screening

BS 7694:1993 ( ISO 2395:1990)
Glossary of terms for test sieves and test sieving

BS 7579:1992 ( ISO 2194:1991)
Specification for designation and nominal sizes of openings for woven wire cloth, 
perforated plate and electroformed sheet for industrial screens
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Figure A 7,1. Scale Down Cross Flow Filtration Rig.
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Figure A 7.2. The Self-Cleaning Filter (Ecofilter, Russell Finex Ltd.).
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APPENDIX 8: Effectiveness Factor Sample Calculation

Effectiveness Factor Sample Calculation for separation of adults from IJs 

Effectiveness Factor = Recovery X Rejection 

Eff = (Rec) X (Rej)

Where:

Recovery = Number of IJs in undersize 
Number of IJs in feed

Rejection = Number of Adults in oversize 
Number of Adults in feed

IJ feed (fines) =29200/ml

Adult feed (coarse) =2000/ml

For 106 pm aperture sieve (From Figure 5.1.)

i Recovery = 1400 = 70%
I 2000

Rejection = 14300 = 49% 
29200

.'. Effectiveness = 34.3%
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APPENDIX 9. Filtration diagrams

Figure A9.0. Schematic o f the Pallsep PSIO pilot scale rig (in concentration mode). 
The Inlet, Outlet and Permeate pressure gauges are denoted by Pj, P2 and P3 

respectively.

Flowmeter

PALLSEP
PSIO

Pefmeaie
flux r u

i
I

I

Flowmeter
Holding tank
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Figure A9.1. Pallsep membrane disk

Boit hole O

Collection port

O ■ O Outlet port

i

Inlet port

Flow direction

Mounting plate
Outer diameter of 
active membrane

Time

Figure A9.2. One complete cycle o f oscillation. The magnitude o f the shear over time 
forms a sine wave. The maximum shear attained = 107,000s'^ Frequency = 60 Hz. 1 
cycle = 1/60 s.
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APPENDIX 10: Particle size distributions from laser diffraction particle size analyser 

(Malvern MasterSizer 2000).

Figure A10.0. Particle size distributions for nematodes in clean nematode suspension.

&

o>

100 1000 30000.1
Partide 5iz& (pm)

E
0
E3
O
>

7.2766

6.2766

5.2766

4.2766

3.2766

2.2766

1 2766

0.27659
1000 3000100

Particle S i z e  (pm)

Figure AlO.l. Particle size distribution for mature nematode culture.

Table AlO. Bacteria size analysis using particle size analyser (Malvern Zetasizer).

TRIAL CELL DIAMETER (urn)
1. 1.7380
2. 2.1037
3. 1.9045
4. 1.8253
5. 1.7593
Average size of symbiotic Xenorhabdus bacteria -  1.87um +/- Q. 14 
J o n a t h a n  A l e x a n d e r  W i l s o n  2 0 0 3 . 2 0 1
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Abstract: This s tud y  a sse s se s  the  suitability of sieving as 
a scaleable  techn ique  for th e  separation  of adult ne m a
to d e s  from infective juveniles, the latter is an effective 
bioinsecticide w h e rea s  the  form er is w aste  material re
sulting from th e  fe rm enta tion  process. Batch and sem i
batch experim en ts  using conventional flow-assisted wet 
sieving and a novel cross-flow sieving technique were 
used  to  s tudy  the  separa tion  of juveniles from adult 
nem atod es .  The experim ents  w ere carried out using 
small-scale devices and  th e  da ta  were analyzed in terms 
of th e  screen effectiveness factor. The results w ere used 
to identify th e  sieve size and  operating conditions for 
op t im um  juvenile recovery. It w as  found that, for a given 
species  of nem atod e ,  op t im um  recovery w as  achieved 
w hen  sieving w as  carried out in the cross-flow mode, the 
m ax im um  recovery being a function of the  size of the 
screen. Industrial-scale self-cleaning equipm ent capable 
of large-scale con tinuous  screening w as  used to confirm 
the capacity of the  small-scale operation for scale-up. 
Experimental results  with this  unit show ed that in con
t inuous  opera t ion  sieving t im e is an additional param e
ter tha t  influences separa tion  performance. © 2001 John 
Wiley & Sons, Inc. Biotechnol Bioeng 75: 733-740, 2001. 
Keywords: sieving; screening; biopesticide; effective
ness  factor; en to m o p a th o g en ic  nem atodes

INTRODUCTION

Insect parasitic and entomopathogenic nematodes, as 
natural enemies of many soil-dwelling pests, have been 
shown to be effective against a wide variety of insects 
and other agricultural pests such as slugs and snails 
(Wilson et al., 1993; Young et al., 1998). Nematodes 
represent an effective alternative to chemical pesticides 
(Gaugler, 1997; Georgis and Hague, 1991). Their ability 
to parasitize and destroy insects and their potential for 
use as biocontrol agents has long been recognized 
(Glaser, 1931). The nematode life-cycle consists of five 
stages, not including the egg stage, with four moults, 
whereby the cuticle is exsheathed. Under certain growth 
conditions, the stage 2 larvae of nematodes fails to

Correspondence to: P. Ayazi Shamlou 
Contract grant sponsors: BBSRC; Microbio Ltd.

moult and maintains a double cuticle. This specially 
adapted stage, equivalent to stage 3, is known as the 
“infective juvenile” (IJ). This stage has the capacity to 
seek out and penetrate insect larvae/adult hosts, mainly 
in soil habitats. Once inside the host, they release their 
symbiotic bacteria, which multiply rapidly causing the 
death of the insect within 24 to 72 h. The Us “recover” 
inside the host and eventually develop into adult nem
atodes; further cycles of growth ensue until conditions 
cause a switch to IJ formation. The Us are subsequently 
released into the environment, and the cycle continues.

Much progress has been made in the development of 
large-scale fermentation of entomopathogenic nema
todes (Friedman, 1990; Friedman et al., 1991), allowing 
large-scale production to become commercially viable. 
Harvesting of the nematodes and separation of Us, 
particularly from bacteria, other nematode life stages, 
and spent media components, have emerged as impor
tant process issues that need to be resolved before 
nematodes are a truly acceptable, economical alternative 
to chemical pesticides. Shelf life is often the overriding 
factor that will determine the commercial success or 
failure of a biocontrol product (Kennedy et al., 1995). 
The presence of these materials, particularly the adult 
nematodes, due to their size and rapid death, signifi
cantly reduces the quality of the final formulation and 
detrimentally affects the storage life of the Us. This is 
mainly due to the growth nematode trapping fungi, 
which does not allow dispersal of the formulated ma
terial, and other nonspecific contaminants that can kill 
or reduce the effectiveness of Us in the field. Depending 
on the species, adult concentration may reach as much 
as 20% of the mature culture (Godliman, personal 
communication). A recent study (Gaugler et al., 2000) 
has given some indication of the variable quality of 
nematodes supplied by different producers, although 
only manufacturers using in vivo low-volume produc
tion were assessed. Current techniques based on settling 
and/or centrifugation for the removal of large adults are 
not very successful mainly because the adult nematodes, 
although larger than the Us, are of a similar density such 
that they cannot be fractionated efficiently by these

© 2001 John Wiley & Sons, Inc. 
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methods. Gravity settling is also inherently slow, and as 
such represents a major bottleneck to the process. The 
speed of processing is also important—that is, the longer 
the process, the more stored energy reserves are used up 
by the Us, resulting in a marked reduction of survival 
time in the wild. Qiu and Bedding (2000) have shown 
that the lipid content of S t e i n e r n e m a  spp. is significantly 
diminished when stored for several weeks in tap water at 
28°C. They also showed that anaerobic conditions re
duce the viability of the species tested, with a maximum 
survival time for Us of only 7 days in completely an
aerobic conditions. Stored food reserves were shown to 
be used up far more rapidly under anaerobic conditions. 
It is therefore important to not only have a rapid pro
cess, but to also reduce anaerobic conditions to a min
imum. Continuous phase density centrifugation has 
been used in the laboratory and at the pilot scale 
(Gbewonyo et al., 1994, 1997); however, from an eco
nomic standpoint, is not viable for large-scale separation 
of such a relatively low-value product and, in addition, 
nematode viability may suffer from osmotic stress. 
Basket-and-scroll centrifuges have been used (Surrey 
and Davies, 1996) for IJ concentration, but the condi
tions during centrifugation were shown to cause some 
loss of viability. Batch sieving has been used in the 
laboratory for the general recovery of nematodes from 
soil for entomological studies (Moskaluk and Hawn, 
1973); however, there have been reports on the use of 
sieving as a scaleable process for the separation of the 
individual life stages of nematodes. This provided the 
motivation for the present study, which reports data on 
the separation of Us from the much larger adults using 
sieving as the unit operation.

Sieving of particulate materials in the process industry 
has been the subject of much research over many de
cades, and the effects of particle size and shape on the 
effectiveness and efficiency of sieving have been well 
documented (Fowler and Lim, 1959; Newton and 
Newton, 1932; Rendell, 1964; Whitley, 1958). Nema
todes have a relatively flexible cuticle, and can take on a 
variety of shapes ranging from approximately cylindri
cal when fully stretched to a half-moon shape, as shown 
in Figure la. In suspension, the natural locomotion of 
nematodes pose further complications to sieving. Us are 
particularly active and adopt a curled shape due to their 
internal pressure and composite structure (Alexander, 
1990; Gray and Lissman, 1963).

The adult nematode can grow to a length of about
2.5 mm, depending on the species, with an outer diam
eter of about 75 pm and the cuticle being approximately 
5 pm thick. Us are significantly smaller, as shown in 
Figure la, being approximately 800 pm to 1 mm in 
length and 30 pm in diameter, depending on growth 
conditions and species. Preliminary experiments (data 
not reported) have shown that the change in shape, 
caused by the constant locomotion of the nematodes, 
makes it difficult to separate the Us from the adults by

26000
25500
25000
24500
24000
23500
23000
22500
22000
21500
21000

3 4 5 6 7
SAMPLE NUMBER

(b)
Figure 1. (a) A large adult nematode (Phasmarhabditis hermaph- 
rodita). Juvenile nematodes can clearly be seen developing inside the 
adult and are also present in proximity to the adult, (b) Sample-to- 
sample variation o f the IJ counts. [Color figure can be viewed in the 
online issue, which is available at www.interscience.wiley.com.|

Standard sieving techniques. In the present study small- 
scale, flow-assisted batch sieving and semicontinuous 
sieving using a modified cross-flow arrangement gave 
acceptable separation results in terms of process per
formance. These results were used to assess the potential 
of full-scale continuous screening of nematodes using a 
self-cleaning screening unit.

MATERIALS AND METHODS

Nematodes of the species P h a s m a r h a b d i t i s  h e r m a p h r o d -  
i t a  and H e t e r o r h a b d i t a  m e g i d i t i s  were originally supplied 
by Microbio, Ltd.

A set of 38-mm-diameter test sieves (Endecotts, 
London, UK) were used with a specially designed wet 
sieving kit that consisted of a modified collection pan 
and lid with two inlet ports. In each experiment, an in
dividual sieve was placed between the collecting pan at 
the base and the lid, using O-rings to give a water-tight 
seal between them. British Standard woven-wire sieves.
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with aperture sizes ranging from 25 to 180 pm were 
tested using two different modes of sieving. In the 
standard mode the sieve was held under running water 
running through the sieve at a fixed rate for 5 min to 
achieve equilibrium conditions so that water completely 
filled the compartment. Five millilitres of washed nem
atode suspension of known concentration was then in
troduced through the inlet port of the sieve lid using a 
hand-held syringe. The flow of water was maintained for 
a further 5 min after the injection of the nematode 
suspension. Both undercut and the overcut fractions 
were collected for counting.

Experiments were also carried out using a small-scale 
cross-flow filtration unit (Fig. 2) that was adapted to 
accept sieve mesh inserts. A suspension of nematodes was 
pumped through the chamber above the mesh for a single 
pass at a flow rate of 200 mL min"' using a small peri
staltic pump, so that both the inlet and outlet port were 
completely submerged. This was carried out for a range 
of aperture sizes, including 75, 106, 125,150, and 180 pm.

A self-cleaning screen (Ecofilter, Russell Finex, Ltd., 
Middlesex, UK) with interchangeable cylindrical screens 
was used for large-scale experiments. The unit consisted 
of a vertical outer casing and a coaxial inner screen as 
shown in Figure 3. Self-cleaning of the mesh was 
achieved by the action of a central screw with a plastic 
wiper. During screening, the screw rotated at 12 rpm, 
continuously removing the deposited oversize material 
from the wall of the screen. The feed suspension entered 
the channel between the screw and the screen from 
above, flowing vertically down. The displaced solid 
material could be drawn from the sludge outlet at the
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Figure 3. The self-cleaning filter (Ecofilter, Russell Finex, Ltd.).
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Figure 2. Scaledown cross-flow filtration rig.

base of the unit intermittently during operation. The 
vertical flow of suspension across the screen in the 
equipment is analogous to the flow conditions in the 
small-scale cross-flow device, with the exception that the 
flow field is complicated by the rotation of the screw. 
Suspension flow rate through the channel could be 
varied up to a recommended maximum throughput of 
85 m̂  h“‘, although blockages of the mesh significantly 
reduced this during operation. The screen sizes supplied 
included a 40-pm perforated plate screen mesh and 25-, 
50-, 75-, and 100-pm nominal wedge wire screens. These 
are thought to be less prone to blocking than woven- 
wire screens, and consisted of a triangular section, with 
the flat face outward so that the gaps between the wires 
widened in the direction of flow. Batches of 800 L of 
H e t e r o r h a b d i t i s  m e g i d i t i s  grown in an airlift fermentor 
with a final adult concentration of 1% were used in the 
tests with this equipment. Experiments were carried out 
at a flow rate of 10 L min"' through the unit using a 
peristaltic pump (Watson Marlow, UK). Additional 
runs were made with the 75-pm wedge-shaped screen to 
investigate the effect of varying flow rates (between 4.2 
and 26.4 L min"') on the performance of the separation 
process. For each run, the machine was operated for at
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least 10 min with suspension flowing continuously at the 
predetermined rate to allow steady state to be reached. 
A count was then made to determine the concentration 
of Us and adults in the permeate. For the purpose of 
calculating the effectiveness factor it was assumed that 
the number of Us remaining within the screen was 
negligible considering the volume of material that pas
sed through the unit.

The concentrations of the nematodes in the feed and 
the collected fractions were determined microscopically 
using an appropriate dilution of the sample and transfer 
to a specially designed counting chamber with graticules 
and a known volume of 1 mL. Figure lb shows sample- 
to-sample variation of the IJ counts. Each sample was 
counted in triplicate for both adults and Us. The data 
were used to calculate the effectiveness factor for each 
sieve with an accuracy of ±5% for diluted counts and 
less for direct counts.

The tensile strength of adult nematodes was measured 
by using individual specimens as follows. A suitable 
specimen was selected from a watch glass using a 
modified pipette. Most of the buffer surrounding the 
specimen was then blotted so that either end of the 
specimen was nearly free of buffer. Fine copper wire, 
40 pm in diameter, was obtained from electrical flex and 
glued to either end of the nematode using Cyanoacrylate 
adhesive (Superglue, Loctite, Winsford, UK). The 
specimen was then checked under the microscope to 
ensure that the adhesive had not spread over the surface 
of the nematode. At one end of the wire, calibrated 
weights were hung from a loop formed in the wire. 
When the specimen started to stretch, no more weights 
were added. The weight required to snap the specimen 
was recorded using an electronic balance accurate to 
three decimal places. The stress was then calculated 
using the cross-sectional area of the cuticle, the thickness 
of which was assumed to be 0.07x the diameter of the 
nematode. During preparation and loading, the nema
tode was kept hydrated using saline solution added via a 
Pasteur pipette to prevent drying of the cuticle and to 
ensure 100% humidity.

RESULTS A ND DISCUSSIO N

Separation of nematodes by sieving poses significant 
process challenges, most of which are related to their 
unique physical characteristics. Biological tissues are 
viscoelastic (Shadwick, 1992) and nematodes have a 
smooth viscoelastic cuticle, consisting mainly of collagen 
and a muscle layer, which are the major structural 
components providing most of the mechanical strength 
of the body. Us have a double cuticle that gives much 
greater protection against mechanical damage compared 
to adults. The outer cuticle is also totally sealed, so there 
is no break in the surface. This stage will only develop a 
mouth and anus if a suitable host is found and devel-

Figure 4. Photomicrograph o f nematodes lying across the sieve sur
face. A “mat” o f nematodes fonned on the screen surface could 
“ block” the screen. [Color figure can be viewed in the online issue, 
which is available at www.interscience.wiley.com.]

opment continues. As can be seen from Figure la, the 
nematodes have a narrow, smooth, flexible, cylindrical 
unsegmented body that is tapered at both ends. In a 
fluid flow environment, the nematodes generally align 
themselves along the flow path, resulting in a low drag 
coefficient. Visual observation (Fig. 4) indicates that, 
under standard sieving conditions, the nematodes form 
a barrier to sieving if they do not approach the sieve 
surface in the desired orientation, namely normal to the 
sieve surface. At low nematode concentration, this 
would lead to the formation of loose nematode “mats,” 
resulting in a temporary barrier to passage through the 
screen. At high nematode concentration, the nematode 
mats would be capable of forming a strong a network 
causing more permanent blocking of the screen.

The experimental number concentrations of Us and 
adults in the feed, undersize and oversize, were used to 
determine the effectiveness factor (£ ) for each sieve, 
providing a quantitative measure of the capacity of a 
given sieve size to separate the Us from the adults. The 
effectiveness factor is defined as product of recovery 
(Rec) and rejection (Rej);
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Figure 5. The effect o f  flow rate on effectiveness factor.

E =  (Rec) (Rej) (1)
Taking the rejects as adults (oversize) and the product 

as the IJs (undersize), recovery and rejection fractions 
were defined respectively as:

Rec =
Number of IJs in undersize 

Number of IJs in feed
and:

Rej =
Number of adults in oversize 

Number of adults in feed

(2)

(3)

Figure 5 shows the effectiveness factor plotted against 
sieve size for two different water flow rates through the 
38-mm-diameter test sieve. On such a plot, an effec
tiveness of unity would indicate complete separation, 
with all of the IJs in the undersize fraction and all of the 
adults in the oversize fraction. The data in Figure 5 refer 
to experiments carried out with H. megiditis and dem
onstrate that, for a given flow rate, the effectiveness 
factor initially increases to a maximum with increasing 
sieve aperture size before decreasing with further in
crease in sieve aperture size. The plots indicate that 
maximum effectiveness is a function of the water flow 
rate as well aperture size and, according to Figure 5, the 
best separation conditions are achieved using a screen 
with an aperture size of between 45 and 55 pm and a 
flow rate of 0.5 L min“*. The plots in Figure 6 show the
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Figure 6. A  comparison o f  effectiveness factors for adult fractiona
tion o f  two different species.
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Figure 7. A  comparison o f  flow under a current o f  water and a cross- 
flow system.

effectiveness factor as a function of sieve size for two 
different species of nematodes and confirm that the 
optimum screen size is species-specific. This is not sur
prising because mean body dimensions vary from spe
cies to species, with the size differential between life 
stages also variable, although aspect ratios are generally 
similar. The results of additional experiments carried 
out with the modified cross-flow unit are shown in 
Figure 7. The data refer to experiments carried out with 
P. fiermaphrodita, and show the improved performance 
that may be achieved when sieving is carried out in the 
cross-flow, “tangential,” mode.

Figure 8 shows data obtained with continuous large- 
scale self-cleaning screening equipment. The aperture 
size refers to the gap between wedge wires, with the 
exception of the 40-pm screen, which is made up of 
perforated plate. The data refer to experiments carried 
out at a suspension flow rate of 10 L m in '' with the 
samples collected after 10 min of operation. Considering 
the accuracy of measurements and the different screen 
types used, the effectiveness-sieve-size profiles shown in 
Figure 8 are similar to those obtained with the 38-mm- 
diameter test sieve and the small-scale cross-flow unit 
shown in Figures 6 and 7, respectively. The optimum
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Figure 8. A comparison o f  cross-flow and current o f  water systems 
for P. hermaphrodita.
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Figure 9. Ecoseparator flux for different screen sizes.

size of the screen aperture giving maximum effectiveness 
appeared to remain unaffected by the scale of operation, 
but was influenced by the mode of operation. Compared 
with the small-scale flow-assisted batch sieving and 
semicontinuous modified cross-flow unit, however, the 
full-scale continuous screening gave the highest effec
tiveness factor achieved. This was thought to be due, at 
least partly, to the action of the central screw, which 
continuously scraped the wall of the screen, exposing a 
clean screen surface to the nematodes. However, con
tinuous operation beyond 10 min caused blocking of the 
small aperture screens as shown in Figure 9. Examina
tion of the data plotted in Figure 9 indicates that ap
erture sizes <50 |im were prone to rapid blocking. For 
the species used in these experiments, an aperture size of 
75 pm resulted in stable, continuous flow throughout 
the operation. The optimum operating conditions for 
the continuous self-cleaning unit therefore seem to rep
resent a compromise between minimizing the blockage 
of the sieve and maximizing sieve effectiveness. For H. 
mergiditis, the data indicate that the 75-pm mesh size 
met these requirements. Subsequent experiments were 
carried out using this screen. Figure 10 shows the effect 
of increasing suspension flow rate through the unit on 
the effectiveness factor. A flow rate of between 12 and 
16 L min“ ' appeared to provide the maximum effec
tiveness. The apparent increase in effectiveness for flow
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Figure 10. Effect o f  flow rate on the effectiveness factor o f the Eco
filter.

rates beyond about 22 L min“ ' was thought to be due 
to fragmentation of adults during screening, resulting in 
an artificially low count. There were at least two local 
regions in the system where shear levels may have been 
high enough to break the cuticle of the adults. These 
included the combined axial and radial flow in the small 
channel between the rotating scraper and the screen, and 
flow through the screen opening. The intensity of shear 
in both regions increased as flow rate increases and, as 
seen in Figure 10, at a flow rate of about 22 L m in"\ the 
combined intensity reached exceeded the mechanical 
strength of the adult cuticle. Considering that the adults 
have a single cuticle and are physically much larger than 
the IJs, the overall effect is that the adults are more 
likely to break first.

Under mechanical load, the nematode specimens ex
hibited a classic “necking” at the geometric center of the 
body (Fig. 11). As can be seen from the electron mi
crograph (Fig. 11), the cuticle appears to have broken 
into sections on the uppermost surface.

An average force of approximately 5.0 x 10“  ̂N was 
measured using the experimental technique described in 
Materials and Methods. If it is assumed that a nematode 
is equivalent to a slender cylinder with a large aspect 
ratio placed in a uniform velocity gradient, y, then ac
cording to a well-established theory (Levinthal and 
Davidson, 1961) the stretching force that acts on the 
nematode depends on its angle of inclination to fluid 
streamlines; this has a logarithmic dependence on its 
length and is given by:

fill 37tp
log LjR yL sin 0 cos ML (4)

where p is the fluid viscosity, L is the length, and the R is 
the radius of the nematode. The maximum stretching 
force, Fmax, is obtained when the angle of inclination (0) 
= 45°. Thus:

^23tcp
logL /7?J^ U 6 (5)

Assuming Fmax to have a value of 5 x 10“  ̂N mea
sured experimentally, and substituting into Eq. (5) for 
L = 2.5 X 10“  ̂ m, p  = 1 X 10“  ̂ kg m"'sec~' and 
R = 38 X 10“  ̂m, this gives a velocity gradient of about
2.5 X 10“̂ sec"'. The complex flow field in the gap be
tween the scraper and the screen makes the calculation 
of the velocity gradient in that region very difficult, but 
considering that the gap is very narrow gap velocity 
gradients of the order of 10  ̂sec"' are reasonable and 
comparable to values found in cross-flow filtration sys
tems (Davies et al., 2000). Therefore, damage to adult 
nematodes is likely to occur at some threshold velocity, 
which, according to data in Figure 10, appears to have 
been reached at a flow rate of about 22 L m in"'.

The continuous self-cleaning unit used in these exper
iments was not designed specifically for separation of
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Figure II. An electronmicrograph showing the point o f mechanical 
failure for an adult nematode after mechanical testing.

Finally, a complete description of the impact of pro
cessing on the biological activity of the IJs should include 
experimental results from pathogenicity and storage 
survival tests. For example, our storage survival tests 
(data not shown), carried out in the laboratory of our 
industrial partner, showed that even small amounts of 
adults in the final product may be detrimental to the 
long-term activity of the IJs. The sieving process used in 
the present study is a relatively gentle process and is not 
expected to harm the IJs, which, according to our mea
surements, are mechanically strong and robust. Standard 
pathogenicity and storage survival tests are performed 
routinely in the laboratory of our industrial partner.

CONCLUSIONS

Screening has been shown to be a practical and scaleable 
technique for the separation of infective juvenile from 
adult nematodes. Batch and semibatch operations using 
small quantities of nematode suspension in specially 
developed scaledown sieving devices were used to obtain 
information on the separation properties of two species 
of nematodes. The results from these experiments have 
been confirmed by tests carried out in continuous in
dustrial-scale screening equipment. It was shown that, 
for a given species, effective screening of the IJ from the 
adult nematodes was a function of flow rate through the 
screen, its size, and the mode of operation. Optimum 
operating conditions were identified for the species used 
in this study. The proposed approach is generic and may 
be extended to other species of nematodes that are 
finding use as biopesticides. The removal of other un
desirable culture components, such as reduced life 
stages, often present in mature cultures is also an issue 
that may well be addressed using similar systems, 
Scaledown methods may also find a use in the nema- 
tologist’s laboratory for enhanced separation and re
covery of nematodes from the environment.

The authors are grateful to Simon Tremlett and Ray Singh o f
Russell Finex, Ltd., for the provision o f the self-cleaning
screening equipment.

shear-sensitive nematodes. For this reason flow through 
the unit was limited (Fig. 10) to avoid damage to the 
nematodes during separation. Higher throughputs 
may be achieved using more advanced designs. For ex
ample, pressure screens used in the paper industry use an 
aerofoil to create a pressure pulse at the screen surface 
and have been used for the close fractionation of pulp 
fibers (Olson et al., 1998). These fibers have dimensions 
very similar to those of nematodes, although the 
mechanical strength of the two materials may be very 
diflerent.

R eferen ces

Alexander RM. 1990. Animals. Cambridge: Cambridge University 
Press, p 139-146.

Bedding RA. 1976. New methods increase the feasibility o f  using 
Neoaplectana spp. (Nem atoda) for the control o f insect pests. Proc 
Int Colloq Invertebr Pathol M icrob Cont 1:50-254.

Davies JL, Baganz F, Ison AP, Lye GJ. 2000. Studies on the interac
tion of fermentation and microfiltration operations: Erythromycin 
recovery from Saccharopolyspora erythraea ferm entation broths. 
Biotechnol Bioeng 69:429^ 39.

Fowler RT, Lim SC. 1959. The influence o f various factors upon the 
effectiveness o f separation o f  a finely divided solid by a vibrating 
screen. Chem Eng Sci 10:163-170.

WILSON ET AL: SCALEABLE SEPARATION OF NEMATODES USED AS BIOPESTICIDES 739



Friedman MJ. 1990. Commercial production and development. In: 
Gaugler R, Kaya H K , editors. Entom opathogenic nematodes in 
biological control. Boca Raton, CRC Press, p 153-172.

Friedman MJ, Langston SB, Pollitt S. 1991. M ass production in liquid 
culture o f  insect killing nematodes. U S  Patent N o. 50:23- 
183.

Gaugler R. 1997. Alternative paradigms for biopesticides. Phytopar- 
asitica 25:179-182.

Gaugler R, Grewal P, Kaya H K , Sm ith-Fiola D . 2000. Quality as
sessment o f  commercially produced entom opathogenic nematodes. 
Biol Control 17:100-109.

G bewonyo K, Rohrer SP, Lister L, Burgess B, Cully D , Buckland B.
1994. Large scale cultivation o f  the free living nematode Caenor- 
habditis elegans. BioTechnology 12:51-54.

Gbewonyo K, Rohrer SP, Buckland B. 1997. Bioreactor cultivation o f  
the nematode Caenorhabditis elegans: Large scale production o f  
biologically drug receptors for pharmaceutical research. Biotech
nol Gen Eng Rev 14:37-49.

Georgis R, H ague N G M . 1991. Nem atodes as biological pesticides.
Pesticides O utlook 2:29-32.

Glaser RW. 1931. The cultivation o f  a nematode parasite o f  an insect.
Science 73:614-615.

Gray J, Lissman HW. 1963. The locom otion o f  nematodes. J Exp Biol 
41:140-148.

Jansen M L, Glastonbury JR. 1967. The size separation o f particles by 
screening powder. Technology 1:334-343.

Kennedy MJ, Davies RJ, Surrey M R, Reader SL, Hoefakker PC.
1995. Process development for biological control agent production 
in N ew  Zealand. Austral Biotechnol 5:349-354.

Levinthal C, D avidson PF. 1961. Degradation o f  deoxyribonucleic 
acid under hydrodynamic shearing forces. J M ed Biol 3:674-683.

Moskaluk ER, Hawn EH. 1973. M echanical sieving apparatus for 
nematode extraction. J N em atol 5:72.

N ewton HW , N ew ton W H . 1932. A  study o f  classification calcula
tions. Rock Prod 35:26-30.

Olson J, Roberts N , A llison B, G ooding R . 1998. Fibre length frac
tionation caused by pulp screening. J Pulp Paper Sci 24:393-397.

Qiu L, Bedding RA. 2000. The relationship between the survival and 
the energy m etabolism  o f  the infective juveniles o f  Steinernema  
carpocapsae under both aerobic and anaerobic conditions. In: 
Abstracts o f  the Society for Invertebrate Pathology Conference, 
33rd Annual M eeting o f  SIP, M exico, 2000.

Rendell M. 1964. Separation o f  particles by sieving and screening. PhD  
thesis. University o f  London, London, U K .

Shadwick RE. 1992. Soft com posites. In: Vincent JFV, ed. Biome
chanics— materials, a practical approach. Oxford: IRL Press, 
p 133-163.

Surrey M , Davies RJ. 1996. Pilot-scale liquid culture and harvesting o f  
an entom opathogenic nem atode, Heterorhabditis bacteriophora. 
J Invertebr Pathol 67:92-99.

Wilson MJ, Glen D M , George SK. 1993. The rhabditid nematode 
Phasmarhabditis herm aphrodita  as a potential biological control 
agent for slugs. Biocontrol Sci Technol 3:513-521.

Whitby KT. 1958. Particle size measurements. ASTM  Spec Publ 
234:3-25.

Young JM, Dunnill P, Pearce JD. 1998. Physical properties o f  liquid 
nematode cultures and the design o f  recovery operations. Bioproc 
Eng 19:121-127.

740 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 75, NO. 6, DECEMBER 20, 2001



Vibrating Membrane Filtration for 
Recovery and Concentration of Insect 
Killing Nematodes

J. A. W ilso n / J. P o s t le th w a ite / J. D. P e a r c e / G. L ea ch / G. J. L y e /  
P. A yazi Sham lou^

^Advanced Centre for Biochemical Engineering, Department o f 
Biochemical Engineering, University College London, Torrington Place, 
London WC1E 7JE, United Kingdom; telephone: 44-020-7679-3841; fax: 
44-020-7209-0703; e-mail: p.shamlou@ucl.ac.uk 
^Microbio, Ltd., Cambridge, United Kingdom
^PALL Life Sciences, PALL Europe, Ltd., Portsmouth, United Kingdom 

Received 29 January 2002; accepted 9 January 2003 

DOI: 10.1002/bit.10665

Abstract: New experimental data are reported that dem
onstrate the use of a novel vibrating membrane filter 
(VMF) for the combined recovery and concentration of 
two species of nematodes, S. feltiae and P. hermaphro
dita, from mature liquid fermentation cultures. The disk 
mem brane module had a working surface area of 0.2 m^ 
and was operated at a constant flow rate of 0.2 m^ h " \  
The recovery of the viable nematodes from the spent 
media and nonviable nematodes was assisted by an in
dependently imposed oscillatory motion of the disk as
sembly, which produced an intense shear field at the 
membrane surface with calculated mean values on the 
order of 10"* s " \  Adult (nonviable) nematodes in the fer
mentation culture were preferentially dissolved in a de
tergent (sodium dodecylsulfate) and successfully sepa
rated from the juveniles using the VMF equipment. Per
m eate fluxes on the order of 15 to 30 L/m^'h were 
achieved for an operating transmembrane pressure of 
800 mbar. Industrial-scale liquid fermentation for the 
manufacture of nematodes as biopesticides produces 
the viable nematode life stages in low-concentration sus
pension containing large quantities of spent media and 
other waste material. The VMF equipment provided a 
flexible operation for separation, cleaning, and concen
tration of viable nem atodes from the ferm entation  
broths. ® 2003 Wiley Periodicals, Inc. Biotechnol Bioeng 83: 
235-240, 2003.
Keywords: cross-flow filtration; nematodes; vibrating 
membrane filtration (VMF)

INTRODUCTION

Entomopathogenic nematodes are an effective alternative to 
chemical pesticides (Gaugler, 1997; Georgis and Hague, 
1991). Their ability to parasitize and destroy insects and 
their potential for use as biocontrol agents has long been 
recognized (Glaser, 1931). The nematode life cycle consists 
of five stages, with four moults. Under certain growth con
ditions, the stage 2 larvae of a nematode fail to moult.

Correspondence to: P. Shamlou
Contract grant sponsors: Microbio, Ltd.; EPSRC; PALL Filtration; Bio- 

pharma Applications Group; BBSRC

resulting in a double cuticle. This specially adapted stage is 
known as the “infective juvenile” (IJ), which has the capac
ity to seek out and penetrate insect larvae/adult hosts, 
mainly in soil habitats. Once inside the host, the IJs release 
their symbiotic bacteria, which multiply and result in rapid 
death of the insect within 24 to 72 h. The infective juveniles 
“recover” inside the host and eventually develop into adult 
nematodes. Further cycles of growth ensue until conditions 
cause a switch to IJ formation. The IJs are subsequently 
released into the environment, and the cycle continues.

Commercial production of nematodes based on sub
merged liquid fermentation has been well documented 
(Friedman et al., 1990; Georgis, 1990). Fermentation gen
erates large quantities of media suspension containing vi
able IJs as well as dead and non-IJ nematodes, spent media, 
particulate debris, and the nematode-associated bacteria 
(Young et al., 1998, 2001). Separation of the IJs from solid 
waste and their concentration in suspension are important 
downstream operations before formulation. The presence of 
non-IJ life stages in the formulation, for example, encour
ages the growth of contaminants, resulting in unpleasant 
odors and a decrease in the shelf-life of the IJs (Bedding, 
1988). Antimicrobial agents may be included in the formu
lation to improve shelf-life (Connick et al., 1994; Yukawa 
and Pitt, 1985), but this is considered undesirable in terms 
of cost and if the biopesticide is to be marketed as a natural 
product.

In terms of downstream operations, centrifugation (Fried
man et al., 1989; Surrey and Davies, 1996) and gravity 
settling on its own (Bedding et al., 1988) and in combina
tion with flotation (Young et al., 2001) have been described 
to separate the IJ stage from media components and other 
life stages, but much remains to be elucidated. The complex 
nature of nematode fermentation does not normally lend 
itself to separation by filtration. The oil used in the fermen
tation medium, range of waste components, and broad par
ticle size distribution rule out conventional filtration sys
tems, including dead-end filtration (Young et al., 2001).
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We recently reported improved recovery of IJs in a modi
fied cross-flow sieving operation in which the deposited 
material on the surface of the filtering sieves was continu
ously removed by the action of a rotating helical blade 
(Wilson et al., 2001). In the present study we describe the 
operation of a new dynamic filtration method that utilizes a 
vibrating membrane filter. In dynamic filtration, the flux 
through the filter medium is assisted by an independently 
imposed oscillatory motion of the membrane filter, which 
induces an intense flow field on the surface of the mem
brane. The resulting flow stresses significantly improve the 
performance of filtration by reducing fouling caused by, for 
example, concentration polarization, particle blocking, and 
blinding of the pores of the filter material. We provide 
experimental data that show the capacity of the new ap
proach for large-scale recovery of IJs from waste compo
nents in the fermentation broth. In addition, the current pro
cess flowsheet used by our industrial partner (Microbio, 
Ltd.), for example, produces large volumes of IJs in water at 
low concentration. Data are also provided demonstrating the 
capacity of the vibrating membrane filter to concentrate 
nematode suspensions in an early stage in the downstream 
processing sequence.

MATERIALS AND METHODS

Microbio, Ltd., supplied the nematodes of the species used 
in this study { P h a s m a r h a b d i t i s  h e r m a p h r o d i t a  and S t e i n 
e r n e m a  f e l t i a e ) .

The vibrating membrane filter (VMF) system (PallSep 
VMF PSIO, Pall, East Hills, NY) uses a stack of oscillating 
disk filters. In the present study we used two disks with a 
total membrane surface area of 0.2 m̂  (Fig. 1 ). The oscil
latory driving force is provided by a torsion spring system 
that creates vibration of the membrane in the horizontal 
plane by causing two equivalent masses linked by a torsion 
bar to vibrate rotationally 180° out of phase with each other. 
The oscillatory flow field on the membrane surface is in
dependent of the feed flow rate through the filter and sig
nificantly improves the performance of membrane separa
tion. For example, in the case of ultrafiltration and pervapo
ration (Vane et al., 1998), the imposed oscillatory flow 
reduces the formation of concentration polarization and, in 
microfiltration, it reduces fouling and cake formation on the 
surface of the membrane.

The vibrating membrane module consists of a set of flat 
circular disks with open flow channel spaces between them. 
The stack of disks is firmly mounted between two endplates. 
Each disk has a proprietary membrane made of PTFE (400 
)xm in thickness), with a nominal pore size of 0.45 p.m, on 
each side. The space between the disk support and the mem
brane thus defines the downstream side of the module and 
the space created by the spacers between the membrane 
disks provides the upstream (retentate) channel. Flow 
through the membrane assembly occurs by pumping the 
fluid to the feed ports on the bottom endplate. The feed is 
delivered to the first element through a feed distribution

rv
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Figure 1. (a) Schematic of the experimental set-up and (b) detail of a
PallSep memhiane disk. Layout of the PallSep PSIO pilot-scale rig for 
operation in concentration mode. The inlet, outlet, and permeate pressure 
gauges are denoted by P,, P^, and P,, respectively.

channel inside the bottom endplate of the membrane assem
bly. The feed is then distributed to the membrane surface by 
the distribution feed openings (12 equally spaced, 8.5-mm- 
diameter holes), located on the outer diameter (270 mm) of 
each disk (Fig. 1). The fluid moves radially inward toward 
the retentate openings (6 equally spaced, 8.5-mm-diameter 
holes), located near the inner diameter (26 mm) of the disks. 
The fluid then permeates through the membrane and exits 
through the top endplate permeate port. The material re
jected by the membrane is retained on the upstream side and 
becomes the retentate. The retentate and feed flow are di
rected up through the various disks of the element assembly. 
Ultimately, flow is directed to the top of the membrane 
assembly and concentrated material leaves through two re
tentate ports on the top endplate.

In the present experiments, the feed through the vibrating 
membrane filter was maintained at a constant volumetric 
flow rate of 0.2 m̂  h~‘. All experiments were performed at 
a constant temperature of 25°C with nematode samples ob
tained from commercial fermentation runs. Experiments 
were carried out with a clean suspension of nematodes and 
nematodes in mature liquid culture with a total solid con
centration of 9 %  and 11% (w/v), respectively. The trans-
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membrane pressure (AP-tm) was calculated as the average of 
the inlet and outlet pressures, assuming that the permeate 
pressure was negligible. Permeate flow rate was obtained 
using a measuring cylinder and stopwatch (Fig. 1).

RESULTS AND DISCUSSION

Preliminary experiments were carried out with the aim of 
establishing the operating transmembrane pressure (APy )̂. 
In these experiments, the initial permeate flux was measured 
for a range of AP^  ̂ These experiments were carried out 
with an industrial fermentation broth containing nematodes 
at all life stages, a suspension of clean IJs prepared in water 
at a concentration of 98,400 IJs/mL, equivalent to 60 g 
( 9 %  [w/v]), and RO water. The permeate flux data plotted in 
Figure 2 represent the conditions at the start of the filtration 
and show that, in each case, permeate flux increases as 
APy  ̂is increased up to a critical value, which in the case 
of fermentation broth and nematode in water suspension is 
about 0.8 bar. Unless stated otherwise, all subsequent ex
periments were performed at a AP̂ m of 0.8 bar.

The data plotted in Figure 3 show the permeate flux as a 
function of time for clean nematodes in water with and 
without oscillation of the filter module. The results demon
strate improved separation performance under the action of 
an imposed oscillatory flow. In conventional cross-flow fil
tration (Culkin et al., 1998; Femander and Jonsson, 1996; 
Su et al., 2000; Wisniewski et al., 2000), high linear fluid 
velocities of suspension and large transmembrane pressures 
are used to realize sufficiently high wall shear rates, typi
cally in the range of 5 x 10̂  s“' to 1 x 10'* s“', to reduce the 
thickness of the deposited layer of cake that forms on the 
filter media. A high transmembrane pressure gradient is 
undesirable, however, because of its possible compacting 
effect on the deposited material. In the VMF equipment, the 
oscillatory flow field at the surface of the membrane pro
vides a means of reducing the thickness of the deposited 
layer, which is independent of feed suspension flow rate.

For a given disk size, it is possible to estimate a notional
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Figure 2. Flux-transmembrane pressure profiles for different feedstream 
compositions depending on the concentration and physical properties of the 
nematodes and particulate debris in culture. Diamonds: nematode suspen
sion; squares: nematode mature culture; triangles: reverse osmosis water.
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Figure 3. The impact of membrane vibration on permeate flux for nem
atode (S. feltiae) suspensions (circles); triangles: obtained under condition 
of no vibration.

oscillatory shear rate on the membrane surface as a function 
of the frequency and amplitude of vibration. With the VMF 
equipment, the frequency of the drive motor is adjusted so 
that the system vibrates near its natural frequency of 60 Hz, 
producing peak-to-peak amplitude of around 0.018 m with 
very little mechanical energy loss. Typical power input 
given by the manufacturer of the VMF equipment is in the 
range 0.03 to 0.15 kW m“̂  of membrane surface area. The 
power is assumed to be dissipated in a thin fluid layer at the 
surface of the vibrating disk. Its value depends on the in
stantaneous force, which is in turn determined by the in
stantaneous velocity of the disk in the direction of motion as 
well as the shape of the imposed velocity profile (Lo et al., 
1998). The power input varies from zero to a maximum as 
the instantaneous velocity of the disk changes from zero 
(when the disk reaches its momentaiy position of rest) to its 
maximum given by l i t A f ,  where A  is the amplitude and/is 
the frequency of oscillation. An average (notional) power 
input, P ,  may be calculated from the integration the of in
stantaneous power input over a full cycle of motion (Lo et 
al., 1998). The average (notional) energy dissipation rate, e, 
is defined as P/pV where p is the fluid density and V  is the 
volume of the fluid layer. Using this energy dissipation rate, 
and the viscosity of the fluid, p., it is possible to calculate an 
average (notional) shear rate, defined as [(e/(p/p.)*^]. The 
calculation of the volume of the fluid layer over the vibrat
ing membrane surface, V , requires the thickness of the fluid 
layer, which has been predicted using a recent model of the 
complex oscillatory flow field at the vibrating surface 
(Postlethwaite et al., 2002). Assuming the fluid is newto- 
nian and of relatively low viscosity, at least during the initial 
stages of the process when total solids concentration is low, 
the prevailing boundary layer thickness will be small, typi
cally a few hundred micrometers in thickness (Levich, 
1962; Postlethwaite et al., 2002; Schlichting, 1997). For the 
purpose of the present discussion, if it is assumed that the 
boundary layer thickness has an upper limit of 500 jxm, the 
calculated fluid energy dissipation rate, e, will be in the 
range of 0.06 to 0.3 kW kg~'. The equivalent calculated 
notional shear is in the range of 7.8 x 10̂  to 1.7 x 10“* s"\
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The energy dissipation rate, and hence the notional shear 
rate, will increase with a decrease in the liquid boundary 
layer thickness. For example, if it is assumed that the layer 
above the membrane is only 200 p.m thick, the notional 
shear rates falls in the range of 1.2 x lO'* to 3 x 10"̂  s“  ̂
These are average shear rates and, given that flow over the 
disks is cyclic, the maximum shear rates are expected to be 
significantly higher.

In the case of the clean IJs in water, the permeate flux 
data (Fig. 3) show an initial flux of nearly 65 L m”̂  h”', 
which remains flat for approximately 35 min, beyond which 
permeate flux declines rapidly to a final value of about 15 L 
m ~ ^  h~* as IJ concentration increases. The data in Figure 4 
show filtration of the IJs from waste components in liquid 
culture. Results are shown for two different species of nem
atodes. Comparative data are also shown for experiments in 
which the initial concentration of one of the nematodes, S. 
feltae, in the broth was halved by dilution in water. In ad
dition, in a series of experiments involving P. hermaphro
dita, the space between the disks in the VMF equipment was 
increased from its normal 1.5 mm to 3.0 mm by fitting one 
extra spacer between the disks. The results from these ex
periments are also shown in Figure 4. Compared with the 
data for IJs in water (Fig. 3) the results shown in Figure 4 
indicate significantly lower permeate flux values, demon
strating that permeate flux is determined by the concentra
tion of solid waste components in the liquid culture as well 
as the concentration of nematodes. The data for P. hermaph
rodita show the impact of the size of nematodes on perme
ate flux. Visual observations and literature data indicate that 
an adult P. hermaphrodita is typically 2000 to 2500 p,m in 
length, with a mean width of 80 |xm, whereas the infective 
juvenile is about 1029 p.m long and 41 p.m wide. In com
parison, an adult S. feltiae is about 934 p,m long and 75 p.m 
wide, whereas the juvenile is about 787 |xm long and 25 p.m 
wide.

The presence of adult nematodes is an important consid
eration in the recovery of IJs from liquid culture. The num
ber concentration of adult nematodes in the broth suspen
sion is relatively low, approximately 1000 mL"\ which is 
<3% (w/v), but they are significantly larger than the IJs and 
may hinder filtration by obstructing the surface of the mem
brane. Because adult nematodes are a waste component, it is 
possible to reduce their impact on the recovery and concen
tration of IJs by treating the culture medium with sodium 
dodecylsulfate (SDS) prior to filtration. Previous work 
(Wilson et al., 2001) has shown that SDS at 4% (w/v) con
centration dissolves the cuticle of adult nematodes, causing 
their disintegration, but has no effect on IJs. SDS also dis
solves some of the large debris in the fermentation medium, 
which improves their release through the membrane filter. A 
sample of broth containing nematodes of S. feltiae was thus 
pretreated with 4% SDS prior to filtration in the VMF 
equipment. The pretreatment was relatively fast and re
quired no more than a few minutes to completely dissolve 
the adult nematodes. The MF results are shown in Figure 5 
where the data are compared with the control experiment 
(untreated nematodes). Initially, both systems exhibited 
similar permeate fluxes. However, the performance of the 
VMF equipment was consistently better in the case of the 
SDS-treated sample. In addition, the permeate obtained 
from the SDS-treated sample had a much darker appearance 
compared with the untreated sample. This color change was 
associated with the loss of fine debris from the feed material.

On the basis of these observations and using the VMF 
equipment we subjected a sample of the S. feltiae nematodes 
in liquid culture to a sequence of steps consisting of nem
atode concentration followed by water dilution. Prior to the 
experiment, the nematode culture was treated with 4% SDS 
(as discussed earlier) to dissolve the adult nematodes. The 
experiment was started with 10 L of culture containing the 
SDS-treated nematodes at an initial concentration of 98,400 
mL~’. The suspension was filtered over a period of nearly
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Figure 4. Plots showing that permeate flux is determined by nematode 
concentration, nematode species (physical dimensions), and gap width be
tween neighboring membrane disks. Open diamonds: P. hermaphrodita; 
filled squares: S. feltiae (initial concentration 98,400 mL“ )̂; open squares: 
S. feltiae at 50% (initial) concentration; filled diamonds: P. hermaphrodita 
with three spacers.
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Figure 5, Demonstration that the addition of 4% SDS dissolves the cu
ticles of adult nematodes and, as a result, permeate flux increases. The data 
refer to experiments carried out with S. feltiae. Squares: with SDS; dia
monds: no SDS added.
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50 min producing 3.2 L of permeate (Fig. 7). At the end of 
this period, the nematode suspension was diverted to a hold
ing vessel while the VMF unit was washed for 30 min using 
a 2% solution of Ultrasil (Henkel) to clean the membrane. 
After the cleaning step, the operation was switched back to 
nematode concentration mode. The nematode suspension in 
the holding tank was pumped through the membrane unit 
for an additional 50 min, and the cycle of washing followed 
by nematode concentration was repeated twice more. At the 
end of stage 3, mass balances indicated that the nematode 
concentration reached 72% (w/v). At this point, the volume 
of the feed tank was adjusted back to 10 L by the addition 
of clean water, the membrane was cleaned as described 
previously, and the cycle of operations was continued. Re
sults for two additional cycles are also shown in Figure 6.

According to the data presented in Figure 6, there is a step 
increase in permeate flux each time the membrane is 
cleaned. This is consistent with the hypothesis involving 
blocking/blinding of the pores of the membrane caused by 
the fine debris in the culture medium. The relatively low 
permeate flux and the flat flux-time profiles for the first two 
stages suggest that the debris blinds the pores of the mem
brane rapidly and is responsible for the observed low per
meate flux. By the end of the second stage, however, a large 
fraction of the fine debris has been cleared from the culture, 
and the steep flux-time profile observed in the third cycle is 
thought to be due to the increase in the number concentra
tion of IJs. Dilution of the nematode suspension at the end 
of stage 3 causes a step increase in the flux, and the increase 
in initial flux is highest for the last dilution step 4. Com
parison with the data in Figures 3 and 4 indicates that the
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Figure 7. Filtration of nematodes (P. hermaphrodita) from fermentation 
broth containing cell debris described by the standard pore plugging model 
[Eq. (1)]. Data refer to experiments with nematodes at an initial concen
tration of 100,000/mL.

permeate-flux profile gradually approaches that of clean 
nematodes in water suspension.

We found the pore-blocking (filtration blocking law) 
model able to describe the flux-time data obtained for nem
atodes suspensions containing broth material and cell de
bris. According to this model (Badmington et al., 1995), the 
experimental data obtained from filtration result in a linear 
relationship between volume of filtrate (V) and time ( t )  
given by:

(1)

Figure 6. Permeate flux profile for S. feltiae for sequential concentration 
and membrane-cleaning steps.

where Vg is the initial flow rate through the filter and k  i s  a  
the filter constant related to maximum filter capacity, V̂ ax- 
which may be considered the volume of liquid containing 
sufficient solid debris to completely fill the void volume in 
the membrane. According to the pore plugging model, Eq. 
(1), a plot of t / V ,  against filtration time, t ,  should give a 
straight line. This is supported by the data plotted in Figure 7.

Downstream processing of nematodes for large-scale use, 
such as biopesticides, is in its infancy and few publications 
are available for comparison. We recently reported experi
mental data on the use of a new dynamic cross-flow screen
ing operation for the separation of the juveniles from adult 
nematodes (Wilson et al., 2002). Previous work in our labo
ratory (Young, 1998) involving separation and product vi
ability measurements in disk stack and solid bowl centri
fuges (Surrey and Davies, 1996) have shown that perfor
mance of separation is critically affected by the operating 
RCF. There is evidence (Wilson, 2(X)2; Young, 1998) that 
high-gravity forces occurring in these centrifuges may be 
harmful to the juvenile nematodes and tests indicate that, at 
RCF values of >10,000, significant product loss may occur. 
Our industrial partner (Microbio, Ltd.) has successfully 
used basket centrifuges (unpublished results) to separate 
nematodes from culture media. Separation is batchwise, but 
the manual removal of nematodes retained on the walls and 
base of the centrifuge at the end of each cycle is slow and 
labor-intensive.
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Currently, recovery, washing, and concentration of the 
IJs are carried out as separate operations in different equip
ment. The results of the experiments described in Figure 6 
suggest that these operations may be combined in a single 
(VMF) apparatus. The results also show that permeate flux 
is increased by the pretreatment of the nematode suspension 
with SDS, and further improvements may be achieved by 
increasing the spacing between the disks in the membrane 
assembly. No comparable data are available for nematodes, 
but the fluxes of between 15 and 30 L m“̂  h“* obtained with 
nematodes in culture in our experiments with the VMF 
equipment are low compared to typical values achievable 
with, for example, cross-flow tangential filtration systems 
using biomass. The difference is partly because the VMF 
unit in our laboratory was a standard unit equipped with a 
0.45-|jLm membrane filter, which was ideal for filtration of 
microbial biomass material but not appropriate for nema
todes. It is suggested that a VMF unit equipped with a larger 
mean pore size diameter membrane may further increase the 
permeate flux without loss of nematodes. In addition, in our 
experiments, we used a twin-disk membrane, and using 
more disks in the module would enhance throughput. Scale- 
up may be achieved by using a larger number of disks in the 
module as well as increasing the size of the disks. Typically, 
a production scale unit consists of 24 disks with a surface 
area of 0.4 m̂  per disk. Machines are available with 100 
disks (40 m̂ ) and 250 disks (100 m̂ ).

CONCLUSIONS

Experimental data have been presented showing the capac
ity of a novel scaleable vibrating membrane filter to sepa
rate infective juvenile nematodes from waste components in 
liquid culture medium. The experiments were carried out in 
a small pilot-scale vibrating membrane filter unit with two 
disks that were separated by a distance of 1.5 mm and had 
a total operating surface area 0.2 m̂ .

Our results demonstrated that fouling of the vibrating 
membrane occurred by a combination of pore blinding 
caused by the presence of small debris in the liquid culture 
and a surface blocking mechanism caused by the nematodes 
(the latter being similar to a mechanism usually associated 
with sieving operations). Using the experimental results we 
established a strategy that allowed both recovery and con
centration of the infective juveniles to be achieved simul
taneously in a flexible one-step operation.
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