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Abstract
Production of nematode-based pesticides involves the recovery of a viable nematode 

life stage known as an infective juvenile (IJ) from fermentation broth. The objective of 

this project was to identify large-scale methods for separating viable Us from waste 

components of liquid nematode cultures. These investigations were conducted using 

cultures of three nematode species; Steinernema feltiae, Heterorhabditis megidis and 

Phasmarhabditis hermaphrodita.

Culture composition was determined so that the separation problem could be 

defined. Waste components to be separated from Us included non-U life stages (Jls, 

J2s, J4s, adults), dead nematodes, nematode debris, spent media and the nematodes’ 

associated bacteria. To identify potential methods of separation, physical properties 

(solids content, U ‘shear’ stability, viscosity, component size, component density) of 

cultures were measured. Measurements indicated that a low ‘shear’ recovery process is 

required and that solid waste can be separated using differences in component size, 

density and settling rate as a basis. Predictions of U settling velocity, using property 

measurements, suggested that culture liquid should be separated by centrifugation as 

opposed to gravity settling. Separation characteristics were determined and verified 

using small-scale tests. Culture liquid could be separated by centrifugation but not by 

dead-end filtration. Solid waste was separated by flotation, settling, and sieving.

Large-scale gravity settling, centrifugal settling and centrifugal flotation 

operations were evaluated using P. hermaphrodita. Centrifugal flotation was the most 

efficient operation. When culture solids were passed through a bowl centrifuge, after 

increasing continuous phase density using sucrose solution, solid waste was separated 

by flotation. There was no measurable loss of product. Separation efficiency was 

greater than that of comparable recovery procedures described in the literature.

An integrated recovery process design is suggested, and involves centrifugal 

classification followed by centrifugal flotation. Density-adjusting medium used for 

flotation is recovered by filtration and evaporation and is then recycled.
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1.1 PROJECT SIGNIFICANCE AND GOAL

There has been increasing interest in the use of living organisms to control the spread of 

agricultural pests. Pest numbers can be reduced using predatory animals. For example, 

the parasitic wasp Aphelinus is used to reduce aphid {Aphis gossyppi) numbers. Plants 

can also be protected using pest-pathogenic microorganisms. Microbial pesticides that 

have been particularly successful include baculovirus and the bacterium Bacillus 

thuhngiensis. These biopesticides are desirable because they avoid many of the 

problems associated with chemical pesticides, such as persistence of toxic agents in the 

environment and poor specificity.

Over the last 15 years there has been an increasing interest in the use of 

nematodes to control the spread of horticultural pests (Gaugler and Kaya, 1990). 

Nematodes that can be used as control agents are mutualistically associated with 

bacteria. The nematodes, with their associated bacteria, are mass-produced for use as 

pesticides. Current production technology has been sufficient to support preliminary 

commercial introductions suitable for the gardener and the glass-house and mushroom 

industries. Further production development will be required before the application of 

nematode-based pesticides to field crops becomes economic. As commercial 

production develops it will be essential to understand how to achieve high yields and 

stability of the product. The goal of this project was therefore to identify methods of 

production that sustain high viability throughout the process.

This chapter introduces the biology of those nematode species that can be used 

as pesticides. Methods of producing nematode-based pesticides are then reviewed to 

show how the research topic was identified. Having identified those parts of the 

production process that required improvement, a research strategy was established.



I n t r o d u c t i o n Chapter

1.2 BIOLOGY OF NEMATODES USED AS PESTICIDES

1.2.1 Definition of a nematode

Poinar (1983) has given a general description o f  nem atodes as ‘appendageless, 

nonsegm ented, worm -like invertebrates possessing a body cavity and a com plete 

digestive tract. There is no specialised respiratory or circulatory system; however, 

nem atodes possess a well developed nervous system, an excretory system, and a set o f  

longitudinal m uscles’. They are one o f the most abundant species on the planet and 

have m anaged to exploit a wide variety o f  habitats.

1.2.2 General morphology and structure

The basic shape o f  a nem atode typically consists o f  a flexible cylinder with a pointed 

tail and a rounded head (Figure 1.1). Body size is dependent on the species. Those 

species used as control agents are typically between 0.02 and 4 mm in length, the exact 

size depending on factors such as species, stage o f  life cycle and sex. The body 

contents are enclosed by a transparent, tough collagenous cuticle and a hypoderm is 

beneath the cuticle. Underlying the hypoderm is is a layer o f longitudinal muscles.

MouthBuccal cavity
Amphid

•Sensiiium

Oesophagus 

Nerve ringExcretory pore 

Excretoiy' gland •Sperm
Pseudocoelom

■Testis•OvaryUterus

Vagina - Sperm

Intestine —  Intestine
Eggs

Vas deferens

Pseudocoelom ocyte -t Genital sensiiliuii-------
-SpiculeCloaca

Supporting rayB iusaAnus

PhasmidDilator muscle
Tail

Figure 1.1: General morphology of a male (right) and female (left) nematode - lateral view.
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The three organ systems (reproductive, excretory, alimentary) are tubular in shape and 

lie freely within the pseudocoelom. The alimentary tract consists of a mouth, buccal 

cavity, oesophagus, intestine, rectum (cloaca in the male) and anus. Adult nematodes 

may be either amphimictic (have separate sexes) or hermaphroditic (have both male and 

female reproductive organs). Males are normally smaller than the females and possess 

copulatory aids such as spicules and bursae.

1.2.3 Taxonomy

Of the thousands of nematode species that exist, a small number are pathogenic to 

horticultural pests, and can therefore be used to control pest populations. These 

nematode species with their associated bacteria and target host are listed in Table 1.1.

Table 1.1: Species of nematode and their associated bacteria currently used, or with the potential, for use 

as control agents. The hst includes all recognised species of Steinernema and Heterorhabditis (Kaya and 

Gaugler, 1993) and the nematode-bacterium association that is produced commercially by Microbio Ltd 

for control of slugs. Target pests for the entomopathogenic nematodes are those listed by Georgis (1992).

Nematode Associated bacterium Primary target

Genus Species Genus Species pest

Steinernema affinis Xenorhabdus bovienii -

anomali undescribed -

carpocapsae nematophilus Various species

feltiae bovienii Sciarid fly

glaseri poinarii White grubs

intermedia bovienii -

kushidai undescribed White grubs

rara undescribed -

ritteri undescribed -

scapterisci undescribed Mole crickets

undescribed beddingii -

Heterorhabditis bacteriophora Xenorhabdus luminescens Weevils

megidis luminescens Weevils

zealandica luminescens -

Phasmarhabditis hermaphrodita Moraxella osloensis Slug

There are currently three genera that are becoming widely available as pesticides. 

Certain soil borne insects can be effectively controlled using entomopathogenic
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nematodes of the genera Heterorhabditis and Steinernema (Klein, 1990). Whilst 

Phasmarhabditis nematodes are effective control agents for certain species of slug 

(Glen and Wilson, 1997; Wilson et a l, 1993). Species of these nematodes, and isolates 

of the same species, differ in their pathogenicity and infectivity with respect to a host 

(Bedding et a l, 1983). The most suitable isolate for controlling a particular pest must 

therefore be identified.

The nematodes are associated with bacteria, which are stored in the gut of the 

nematode (Bird and Akhurst, 1983; Endo and Nickle, 1991). Heterorhabditis and 

Steinernema nematodes are associated with bacteria of the genus Xenorhabdus (or 

Photorhabdus). Xenorhabdus species are Gram negative, motile rods that are 

facultatively anaerobic and belong to the family Enterobacteriaceae (Akhurst and 

Boemare, 1990). Each species of Heterorhabditis and Steinernema is symbiotically 

associated with a specific species of Xenorhabdus. The relationship is symbiotic 

because the bacterium cannot enter a suitable host without the nematode and the 

nematode cannot reproduce inside the host without the bacterium. In contrast, 

P. hermaphrodita has been found to be associated with many different species of 

bacteria. When used as a slug control agent, P. hermaphrodita is cultured in the 

presence of just one species of bacteria, Moraxella osloensis. This association was 

chosen because P. hermaphrodita is consistently pathogenic to slugs if cultured in the 

presence of M. osloensis (Wilson et a l, 1995).

1.2.4 Life cycle and reproduction

Insect and slug pathogenic nematodes progress through a series of developmental 

phases during the course of their life cycle. An immature life stage, known as an 

infective juvenile (IJ), lives outside the host organism and occurs naturally in the soil. 

This life stage finds and infects a suitable host. Entomopathogenic nematodes infect 

the host by direct penetration of the insects cuticle (Bedding and Molyneux, 1982) or 

via natural openings such as the mouth and anus (Poinar, 1979), whereas 

Phasmarhabditis nematodes infect slugs under a region known as the mantle (Wilson 

et a l, 1993). Once inside the host the nematodes release a dose of associated bacteria 

from their gut (Poinar and Thomas, 1967; Milstead, 1979). The bacteria reproduce 

inside the host, causing lethal septicaemia, and establish conditions that favour
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nematode growth and reproduction. The bacteria provide nutrients and produce anti

microbial compounds which inhibit the growth of competing microorganisms (Poinar 

and Thomas, 1966; Akhurst, 1982). The nematodes feed on the proliferating bacteria 

and the decomposing remains of the host. As the nematodes grow and reproduce they 

go through a series of developmental phases. The life cycle (Figure 1.2A) consists of 

six stages: the egg, four juvenile stages (Jl, J2, J3, J4) and the adult. The nematode 

embryo inside the egg hatches into a first stage juvenile and then undergoes four moults 

before developing into a sexually mature adult. Moulting of the nematode’s cuticle 

marks the transition from each juvenile life stage to the next life stage. All nematodes 

follow this basic life cycle, but there are major differences in nematode development 

between Steinernema, Heterorhabditis and Phasmarhabditis species.

ADULT

moult

J4

moult

J3

moult

EGG

hatch

Jl

moult

J2

Figure 1.2 A: Life cycle o f nematodes.

Following infection of a host. Us of Steinernema species always develop into 

adult females or males that are amphimictic (reproduce by sexual reproduction). 

Whereas in Heterorhabditis they develop into adults that reproduce hermaphroditically 

(Poinar, 1975). Offspring from the first generation hermaphrodites can then develop 

into amphimictic adult males and females, or hermaphrodites that are automictic 

(reproduce by self fertilisation) (Strauch et a l, 1994). In contrast, adult

Phasmarhabditis hermaphrodita are predominantly automictic hermaphrodites 

(Maupas, 1900) although males can be present in very small numbers.

Adult nematodes may be oviparous (egg laying) and/or ovoviviparous (eggs 

hatch within the maternal body). Amphimictic heterorhabditids are thought to be 

completely ovoviviparous. In comparison, female steinemematids and hermaphroditic
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heterorhabditids deposit some eggs, and many hatch and develop inside the adult 

(Poinar, 1990). Those juveniles that develop inside the adult gradually destroy the adult 

as they develop. In contrast, adult hermaphrodites of P. hermaphrodita deposit a high 

proportion of their eggs so that juveniles hatch outside the body of the adult.

Following infection of a host by the IJ, the nematodes normally progress 

through two generations over a period of about two to three weeks. Increased worm 

numbers and nutrient depletion eventually induce the formation of Us (Popiel et a l, 

1989). The IJ is formed when the cuticle of the second stage juvenile (J2) is not shed 

but is retained as an additional protective sheath loosely overlying the cuticle of the third 

stage juvenile (Figure I.2B). Following their formation, the Us migrate away from the 

remains of the host to locate a new host. The emergence of nematodes from an infected 

host is illustrated in Figure 1.3.

ADULT

moult

J4

moult

IJ

EGG

hatch

Jl

moult

J2

Figure 1.2B: Infective juvenile formation.

Figure 1.3: Black vine weevil (Otiorhynchus sulcatus) larvae infested with Heterorhabditis megidis 

nematodes.
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1.2.5 The infective life stage

The third stage infective juvenile (Figure 1.4) is structurally different to a third stage 

juvenile (Poinar and Leutenegger, 1968). Like spores produced by bacteria, the IJ is a 

robust, non-feeding survival stage. It is morphologically and physiologically adapted to 

a free-living existence and infection of a suitable host. Morphological adaptations, 

which allow survival outside the host, include stored food reserves, the mouth and anus 

are tightly closed and there is a protective double cuticle. The additional cuticle can 

protect the nematode from infection by endoparasitic fungi (Timper and Kaya, 1989) 

and can also improve desiccation tolerance (Campbell and Gaugler, 1991). The 

infective life stage is also capable of enduring other harsh environmental conditions, 

such as subzero temperatures (Brown and Gaugler, 1996) and exposure to chemicals, 

including detergents.

Figure 1.4: Photomicrograph o f the infective juvenile life stage o f Phasmarhabditis hermaphrodita. The 

infective juvenile has a rounded head and a pointed tail and is ensheathed by a protective double cuticle. 

Scale bar = 100 pm.

By applying viable Us to the soil, horticultural pests can be controlled. 

Processes for the production of nematode-based pesticides therefore produce large 

numbers of this life stage.
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1.3 REVIEW OF METHODS FOR THE PRODUCTION OF NEMATODE- 

BASED PESTICIDES

1.3.1 Process overview

Commercialisation of nematodes for use as pesticide is dependent on successful 

production and storage of large numbers of viable infective juveniles in a formulation 

that can conveniently be used to control pests. As previously described, the formulation 

must contain the IJ life stage as opposed to other nematode life stages because only the 

IJ is able to survive outside the host for long periods and infect and kill the target pest. 

The production process should ideally produce a product that is of a high quality; where 

quality is a measure of a number of factors, these include:

• ease of product storage and application

• product shelf life (survival of Us)

• nematode infectivity (ability of Us to infect the host)

• nematode pathogenicity (extent of disease produced by Us) 

Processes for the production of nematode-based pesticides involve 4 stages (Figure 1.5).

Raw
matenals CULTIVATION

RECOVERY Culture
waste

CONCENTRATION Water

o
Formulation

material O FORMULATION

Figure 1.5: Process flow diagram for the production of nematode-based pesticides.

During the first stage of the process, cultivation, large numbers of viable Us are 

produced. Following cultivation the Us must be processed into a form that is suitable 

for formulation. Waste components of the cultivation procedure are separated using 

suitable recovery operations and then the concentration of nematodes is adjusted to that
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required for formulation. Formulation is necessary to prolong shelf life and also to 

allow easy transportation and application of the product.

The next part of this chapter reviews literature concerned with nematode 

production and storage for use as pesticide. The review is used to identify those parts of 

the production process that will benefit from further research. Conclusions from the 

review are used to define the objective of this research project.

1.3.2 Maintenance of nematode and bacteria isolates

To enable nematode cultivation, nematode isolates must be maintained for use as 

inoculum. One method of maintaining nematode-bacteria isolates is by continuous sub- 

culturing. Such a procedure is not advisable for a number of reasons. Firstly, 

continuous sub-cultivation is costly in terms of labour and space. Nematodes are 

susceptible to accidental loss, changes in genotype resulting from genetic drift and 

adaptive selection in response to laboratory culturing. If maintained in vivo, cultures 

are exposed to contaminants. Nematodes will therefore require disinfection before use 

as inoculum. A disinfection step could be avoided if nematodes were maintained in 

vitro, but the cultures would still be susceptible to contamination.

It can be seen that stock preservation by sub-cultivation can lead to either 

reversible or irreversible loss of product quality. A reversible loss in quality such as 

contamination of a stock culture can be overcome by using a disinfection procedure 

such as that described by Lunau et al. (1993). However, an irreversible loss of product 

quality due to, for example, genetic drift would be disastrous, as product quality would 

be lost forever.

The requirement for long-term preservation has been addressed by developing 

protocols for the cryopreservation of nematodes. Popiel et al. (1988) reported a 

procedure in which Us were exposed to 97 % relative humidity followed by incubation 

in methanol. The nematodes were then immersed in liquid nitrogen. This method of 

preservation, known as the evaporative desiccation procedure, has since been altered by 

Popiel and Vasquez (1991). The new protocol involves exposing Us to glycerol 

solution instead of 97 % relative humidity. This new method allowed reliable 

preservation of IJ S. carpocapsae and H. bacteriophora. Following preservation, 

nematode survival in samples of up to 1 ml was sufficient for establishing in vitro
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culture. The nematodes retained their pathogenicity and, conveniently, the associated 

bacteria also survived the freezing procedure. Curran et al. (1992) reported a successful 

cryopreservation procedure, which is a modification of that described by Popiel and 

Vasquez (1991). Optimal conditions and a standard procedure for preservation was 

established for S. carpocapsae, S. feltiae, S. glaseri and H. bacteriophora. Survival of 

Us following cryopreservation was on average nearly 70 % for isolates of Steinernema 

and Heterorhabditis. The authors also state that, following preservation, there was no 

significant decrease in survival associated with long term storage; survival was 

comparable to that achieved with the evaporative desiccation procedure. Using the 

evaporative desiccation procedure, Curran et al. (1992) go on to say that S. carpocapsae 

had a survival of 63 % after 3 years of storage, compared to 66 % 24 hours after initial 

freezing. Having successfully preserved many isolates, Curran et al. (1992) suggest that 

their procedure is suitable for all species and isolates of entomopathogenic nematode. 

However, Nugent et al. (1996) found that that this was not so for Irish Heterorhabditis 

isolates. A suitable cryopreservation procedure for Irish Heterorhabditis was therefore 

determined.

Cryopreservation appears to be an effective method for preserving all species 

and isolates of entomopathogenic nematode. Established protocols for cryopreservation 

may however require modification for some isolates and their suitability for preserving 

Phasmarhabditis nematodes has not yet been determined.

1.3.3 Nematode cultivation

1.3.3.1 Methods of cultivation

The importance of developing culture methods for mass production of pest-pathogenic 

nematodes was recognised by Glaser (1930). Since this time, considerable effort has 

gone into developing cultivation methods for production of nematodes on a commercial 

scale. Initial attempts at mass-production were carried out using entomopathogenic 

nematodes. The nematodes were first cultivated in vitro on a solid artificial medium by 

Glaser (1931) and at a later date were also produced in vivo (by infecting insects) 

by Dutky et al. (1964). Although infective nematodes can successfully be produced by

10
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infecting an insect host, in vivo methods of production have not been adopted by 

industry because they lack economy with scale (Friedman, 1990).

When Glaser (1940a) produced nematodes in vitro on solid medium he noted 

that contaminating organisms caused much variability in yield. This problem was 

overcome by disinfecting the nematodes prior to inoculation so the nematodes were 

cultured in the absence of any other microorganisms. However, an important 

breakthrough in the development of in vitro culture methods was the recognition that 

the success of a culture is dependent on the presence of bacteria that are associated with 

the nematode (Glaser, 1940b; House et a l,  1965). Entomopathogenic nematodes are 

now known to be symbiotically associated with Xenorhabdus bacteria. Incorporation of 

associated bacteria in the culture is critical because the nematodes do not reproduce 

without the bacteria, as the bacteria themselves play a role in establishing conditions 

suitable for nematode reproduction (Poinar and Thomas, 1966).

Akhurst (1980) noticed that bacteria symbiotically associated with 

Steinernema and Heterorhabditis produced two forms of colony on agar. The first 

form, designated the primary form, occurs naturally in the intestine of the infective 

juvenile. Outside the IJ the primary form is unstable and may revert to the other form, 

designated the secondary form. This phase shift is reliably triggered by low osmolarity 

(Krasomil-Osterfeld, 1997). Both forms are equally pathogenic to the insect host. 

Unlike the secondary form, the primary form produces anti-microbial compounds that 

inhibit the growth of a broad range of microorganisms (Akhurst, 1982; Richardson 

et al., 1988; Paul et al., 1981; Rhodes et a l, 1984). The work of Bhlers et al. (1990) 

showed that species of Steinernema and Heterorhabditis are able to develop and 

reproduce equally as well, in vitro, in the presence of either form of their Xenorhabdus 

symbiont when there are no contaminating organisms present. In contrast, experiments 

performed by Gerritsen and Smits (1997) suggest that certain strains of secondary form 

Xenorhabdus do not promote reproduction of H. megidis. Cultivation in the presence of 

primary form bacteria may therefore be a necessity. As nematode cultures are 

susceptible to contaminating microorganisms that inhibit nematode development, the 

use of antibiotic producing primary bacteria would appear to be preferable. For use as 

inoculum for nematode cultivation, colonies of primary form bacteria on agar can be

11
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distinguished from those of secondary forms using tests described by Boemare and 

Akhurst (1988).

Bedding (1976, 1981) rejected the use of in vivo cultivation and in vitro 

cultivation on a two-dimensional surface as uneconomic. As an alternative production 

method, he developed an artificial culture system, which utilised a three-dimensional 

solid support. The nematodes were cultured on homogenate of pig kidney and fat 

coated onto a crumbled polyether polyurethane sponge to give a large surface area for 

aeration. With knowledge that the primary form of Xenorhabdus support better 

nematode growth than the secondary form (Akhurst, 1980), Bedding pre-inoculated the 

sterile culture medium with primary form bacteria two days before adding the 

nematodes. The procedure was an improvement over existing methods as consistently 

high yields were achieved. To reduce production costs further, the cultivation process 

was scaled up from flasks to 5 litre (working volume) autoclavable bags that were fitted 

with an air sparger (Bedding, 1984). This process has been adopted by commercial 

producers. Economics of the process are limited by high labour costs (Friedman, 1990). 

As a result, this technology is only considered suitable for developmental purposes or 

production in developing countries with low labour costs.

Over 50 years of research into the biology of insect pathogenic nematodes had 

allowed Bedding to develop a successful cultivation process. As a commercial process 

the main drawback of Bedding’s cultivation procedure was that it lacked economy with 

increasing scale. This problem was overcome by exploiting technology for the mass 

production of microorganisms in fermenters. The breakthrough, to a much more 

economic procedure, came when it was discovered that the nematodes could 

successfully be produced by submerged liquid culture in fermenters. This cultivation 

method was suitable for production in industrialised countries with high labour costs. 

Production in a fermenter would also provide additional benefits such as precise control 

of culture conditions, automation and ease of processing a mobile slurry compared to 

cultures containing solid components. This development led to the filing of two patents 

that describe protocols for cultivating nematodes in biochemical reactors (Pace et a l, 

1986; Friedman et a l, 1989).

12
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1.3.3.2 Commercial production

Submerged liquid culture is now recognised as state of the art technology and is 

currently employed by companies producing nematodes on a large scale. Fermentations 

are carried out aerobically by sparging culture liquid with air. Low shear reactors such 

as airlifts are used because high-speed impellers damage the nematodes. Stirred 

reactors can be used but impeller speed must be limited (Pace et a l,  1986). The 

nematodes are cultured on inexpensive complex growth medium. Culture media 

typically consists of yeast extract and meat products, as sources of nitrogen, an 

emulsifying agent such as egg yolk and vegetable oil as a carbon source. The growth 

medium and the fermentation equipment are steam sterilised. Fermentations have two 

distinct phases. Firstly, sterile media is inoculated with the nematodes’ associated 

bacterium. Following bacterial growth, the broth is inoculated with a synchronous 

culture of Us, which then progress through two or three generations. Increased worm 

numbers and nutrient depletion eventually induce the formation of Us (Popiel et a l, 

1989). Once the number of Us reaches a maximum, the culture is ready to harvest.

Liquid culture systems have so far been most successful for the production of 

Steinernema species. Yields of Us have ranged from 100 000 ml'^ at a scale of 15 to 

80 m  ̂ (Georgis, 1990a), up to nearly 350 000 ml'^ at shake flask scale (Han, 1996). In 

comparison to Steinernema, yields of Heterorhabditis nematodes from large-scale 

processes have been considerably lower and more inconsistent (Hominick and Reid, 

1990; Hom, 1994). Gaugler and Georgis (1991) have also demonstrated that 

Heterorhabditis bacteriophora nematodes produced by liquid culture were inferior to 

those produced in vivo and on solid media. These observations show that there is still 

potential for improving cultivation methods for Heterorhabditis nematodes.

Recent research has investigated factors affecting yields of Us and utilisation 

of raw materials in small-scale culture systems (Han et a l, 1993; Han, 1996). This 

work has demonstrated that the critical factors affecting the economics of cultivation 

include nematode inoculum size, temperature and culture time. This information is 

useful because such data can be used to assist optimisation of production systems. 

Further improvements might be possible if the effect of other process variables were 

determined in full. Such investigations could, for example, look at the optimisation of 

mixing, oxygen transfer and raw materials.

13
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1.3.4 Recovery of nematodes from liquid cultures

A mature nematode culture produced by liquid fermentation is a heterogeneous mixture 

of solids suspended in spent liquid media. Solid waste can include components such as 

spent media, non-IJ life stages, dead nematodes and nematode debris. Prior to 

formulation the viable Us must be separated from the waste components. If the waste 

components are not separated then their presence encourages the growth of 

contaminants in the formulated product. This results in unpleasant odours and a 

reduction in product shelf life (Bedding, 1988; Pace et a l, 1986). Previous work has 

shown that shelf life can be improved by including anti-microbial agents, such as 

formaldehyde, in the final formulation (Connick et a l, 1994; Yukawa and Pitt, 1985). 

However, it is preferable that natural pesticide products do not contain toxic additives 

such as formaldehyde, otherwise the pesticide cannot be called natural.

Separation of nematodes from spent liquid media has been accomplished using 

conventional procedures such as gravity settling and centrifugation. Surrey and Davies 

(1996) reported the successful recovery of Heterorhabditis bacteriophora from spent 

liquid using a basket centrifuge. Some loss of IJ viability was observed when a scroll 

centrifuge was used. Bedding (1988) described a method of simultaneously washing 

nematodes and removing waste components by sedimentation of the culture in tanks 

and then decanting off the supernatant. However, such a procedure is unable to 

separate many solid waste components (e.g. adult nematodes) because they settle at a 

similar or faster rate than the IJs. Friedman et a l  (1989) described a similar recovery 

procedure, but the suitability of the procedure was not discussed. Soap was used to aid 

removal of spent media and separation was achieved using a ‘solid bowT centrifuge. 

This method may permit improved washing and a reduction in separation time but will 

not remove solids that settle with the IJs.

Although considerable effort has gone into developing large-scale cultivation 

methods, the literature contains little work concerned with the design of recovery 

procedures for the production of nematode-based pesticides. The recovery process has 

been omitted from recent reviews concerned with the production of entomopathogenic 

nematodes (e.g. Georgis, 1992; Kaya and Gaugler 1993; Friedman, 1990). Although 

some recovery operations have been described they have received little or no critical 

evaluation. This gap in fundamental research is surprising as recovery operations will

14
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have a significant impact on overall process economics. This is especially true for low 

value bulk products such as nematodes.

1.3.5 Nematode storage

Following cultivation, IJs must be maintained under conditions that promote high 

product quality and prevent loss of product viability. Appropriate storage conditions 

must therefore be provided for large batches of nematode suspensions during the 

recovery stage of the process and also for the formulated product.

A major drawback with nematode-based pesticides has been their limited shelf 

life. IJs are non-feeding and their survival is dependent on stored energy reserves. 

Substrates stored by IJs include components such as glycogen and lipids (Selvan et a/., 

1993b). As these energy reserves diminish, IJs eventually give up active host finding 

therefore rendering them less infective (Vanninen, 1990; Westerman, 1992). If a host is 

not infected then the nematode dies. Survival time is dependent on nematode species 

(Selvan et a l,  1993a). Steinernema species typically have a longer shelf life than 

Heterorhabditis and Phasmarhabditis nematodes. The higher survival time for species 

of Steinernema compared to Heterorhabditis has been explained by the presence of 

more saturated fatty acids (Selvan et a l, 1993a). The lower shelf life of 

Phasmarhabditis is probably explained by high motility (authors observations). 

Theoretically, the rate at which stored energy reserves are consumed will be dependent 

on the level of nematode activity.

As IJs have limited energy reserves, the shelf life of a nematode-based 

pesticide will be influenced by the time taken to produce the formulated product from a 

mature nematode culture. Further reduction in shelf life will also occur whilst the 

product is passed onto the consumer. A rapid processing scheme with minimal storage 

time would therefore be advantageous, as this would increase the customer’s product 

shelf life.

To prolong shelf life, IJs must be stored under conditions that limit the rate at 

which stored substrates are consumed. Entomopathogenic nematodes typically show an 

inverse relationship between survival time and temperature, as temperature affects 

nematode motility (Molyneux, 1985). Shelf life can therefore be extended by 

refrigeration. However, there is substantial evidence that, during low temperature

15
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Storage, there is initially a cold-induced decrease in nematode infectivity, followed by 

an overall increase and then a final decrease in nematode infectivity (Fan and 

Hominick, 1991; Griffin, 1996). Hence, timing of product application would appear to 

be critical. The rapid processing strategy previously mentioned could in fact be 

untimely if, for example, the consumer applied the product during a temporary period 

of reduced infectivity.

Nematode survival during storage is also dependent on oxygen requirements. 

Lindgreen et al. (1986) noticed a reduction in IJ viability when S. feltiae was stored at 

very low oxygen concentrations. In contrast to these observations, entomopathogenic 

nematodes have been stored under anaerobic conditions for long periods of time 

without any significant reduction in IJ viability (Burman and Pye, 1980; Yukawa and 

Pitt, 1985). Although IJs appear to be well adapted to surviving anaerobic conditions, 

during commercial production the storage medium is normally well aerated. During the 

post harvest period, prior to formulation, suspensions of IJ are sparged with air. 

Following formulation the product is packaged such that the surface area-to-volume 

ratio is high and the concentration of nematodes is limited. Aeration is provided during 

storage because survival is higher. As nematode respiration rate is high at ambient 

temperatures (Lindgreen et al. 1986), IJs are normally stored at refrigeration 

temperatures to reduce activity.

A potential problem during storage of nematode suspensions is contamination 

with foreign microorganisms. Such a problem has been experienced during production 

(Georgis et a/., 1995). This is not surprising because mixing and aeration of a 

suspension containing organic components from the fermentation broth will provide 

conditions that encourage contaminant growth. Certain microorganisms such as 

nematophagous fungi (Poinar and Jansson, 1986a) and nematode trapping fungi (Poinar 

and Jansson, 1986b) are capable of reducing nematode numbers. Exclusion of foreign 

microorganisms from the process environment is therefore advisable.

16
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1.3.6 Product formulation

After separation of fermentation waste, the IJs must be formulated into a stable product. 

Formulation is necessary to promote long shelf life and allow easy transportation and 

application of the product. Shelf life is normally extended by using a product 

formulation that restricts nematode activity and/or reduces nematode metabolism rate.

Numerous formulations have been developed (Georgis, 1990b), presumably 

because there has been much demand for formulations that prolong shelf life. Most 

formulations are designed to disperse in water so that the nematodes can be sprayed on 

to the soil using, for example, an irrigation or misting system. There maybe certain 

situations where application using a watering system is not practical, for example, if the 

pest has infested a building. Under these circumstances a baited formulation can be 

used. This type of product is prepared by mixing the nematodes with food to attract the 

pest.

Of the formulations developed, several are now major nematode products 

(Table 1.2). Types of formulation that have become commercial products include 

powdered clay (Bedding, 1988) or vermiculite, flowable gels, alginate sheets and 

capsules (Poinar et a l, 1985; Kaya and Nelsen, 1985; Nelsen and Mannion, 1986) and 

granular formulations (Connick et a l,  1993; Connick et a l, 1994).

Table 1.2: Formulations commonly used for major nematode-based biocontrol products, as listed by 

Georgis et a l  (1995).

Formulation Product description

Clay/vermiculite 

Flowable gel 

Water dispersible granule 

Alginate gel

Nematodes dispersed in powdered clay/vermiculite 

Nematodes suspended in gel matrix 

Nematodes formulated in granule material 

Nematodes trapped in thin layer of gel coated on a mesh screen

As detailed in a recent review which compared shelf life of entomopathogenic 

nematode products (Georgis et a l, 1995) at a storage temperature of 4-10 °C, alginate 

gel and granular formulations provide a shelf life of 6 months. In comparison, the shelf
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life of flowable gel and clay formulations at this temperature was just 3 months. At an 

elevated temperature of 20-25 °C the shelf life of alginate gels, clays and flowable gels 

was reduced to about half that at 4-10 °C. However, there is a granular formulation that 

has a shelf life of 6 months over a wider temperature range of 4-25 °C. As measured by 

shelf life, the granular formulation would appear to be the superior formulation. Unlike 

other formulations, which require refrigeration, the granular formulation can be stored 

at an ambient temperature of 20-25 °C without loss of shelf life. The higher nematode 

survival in this type of formulation is apparently explained by the nematodes entering a 

state in which their metabolism is arrested. Formulations with the longest shelf are not 

necessarily the most suitable; ease of application is also important. Although clay and 

vermiculite formulations have a relatively short shelf life, they are easily and rapidly 

dispersed in water. In comparison, alginate gels have to be dissolved in chemicals such 

as sodium citrate.

Despite limitations of storage time, the formulations developed so far have 

allowed the successful introduction of a number of nematode products (Georgis et al., 

1995). The development and use of formulations that allow nematode metabolism to 

become arrested is likely to increase, as these products currently provide the longest 

shelf life.

1.3.7 Conclusions from review and project objective

Advances in cultivation technology during the 1980s have allowed the development of 

methods for the production of nematodes on a commercial scale. The nematodes are 

produced by submerged liquid culture using fermenters. Recent research has focused 

on optimisation of cultivation procedures and also the development of product 

formulations with improved storage stability. Although considerable effort has gone 

into improvement of cultivation and storage technology, there is little published 

research concerned with the design of procedures for separating infective juveniles 

from fermentation waste. Hence, the objective of this research project was to identify 

large-scale methods of recovery for the production of nematode-based pesticides.
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1.4 RESEARCH STRATEGY

1.4.1 Introduction to the design of a recovery process

Having defined the project objective, the next stage of the project was to establish a 

suitable research strategy. One possible approach to identifying recovery methods 

would be to perform recovery studies using potentially suitable items of process 

equipment. However, there is a tremendous and ever increasing number of separation 

devices to choose from. To identify the optimal processing scheme using this approach 

could therefore be very costly, as many separation trials would be required. A logical, 

and more economic, approach to identifying separation methods is to characterise the 

material to be separated in terms of physical and/or chemical properties that will affect 

separation. Knowledge of these properties can then be exploited in the separation 

process. This strategy has successfully been used to help identify procedures for 

separating useful biological materials from complex mixtures. Examples include the 

separation of intracellular products from suspensions of disrupted baker’s yeast 

(Mosqueira et a l, 1981), and the recovery of protein inclusion bodies from 

homogenised suspensions of E. coli (Taylor et a l, 1986).

The design of operations for processing chemicals is now at a level where 

computer programs can use measurements of chemical properties to predict exact 

design specifications for a process. However, such an approach is not possible with 

biological materials as, due to their complex nature, their processing characteristics are 

difficult to predict. For this reason, the identification of a suitable bioprocessing 

scheme usually involves qualitative judgements and experimental studies.

The remainder of this chapter describes how each stage of the research strategy 

for this project was established, and in the concluding section gives a description of the 

project plan that was used to achieve the project objective.

1.4.2 Defining the purpose of the recovery procedure

Before a recovery process can be developed, the separation problem has to be defined in 

terms of the waste components that must be separated from the fermentation broth in 

order to achieve the desired product specification. As organic material can cause 

microbial degeneration of nematode-based pesticides. Us must be separated from
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fermentation waste. The identity and quantity of waste components that need to be 

separated have not been fully defined in the literature. Theoretically they would include 

components such as non-product life stages, nematode debris and spent media 

components. As there are no publications that give a detailed compositional analysis of 

liquid nematode cultures, the first stage of this project was to identify and quantify 

components of mature liquid nematode cultures. Using the results of these 

investigations the separation problem was defined in terms of what waste components 

need to be separated from the viable IJs. As the nematodes and other culture 

components are microscopic in size, the analysis was carried out by microscopic 

examination.

1.4.3 Measurement of culture properties and identification of recovery methods

Having defined a separation problem in terms of the culture components that have to be 

separated, the next logical step in identifying a recovery procedure is to establish how 

separation of the different components can be achieved. The separation characteristics 

of any mixture are governed by the physical and chemical properties of the mixture’s 

components. For a component to be separable from the mixture, that component must 

have different properties to other components of the mixture. For example, a mixture 

of particles can only be separated by sieving if particles differ in size. If properties of a 

mixture are known, differences in component properties can be identified and then 

exploited in a recovery procedure. Hence, as properties of nematode cultures have been 

defined in little or no detail in the literature, the next stage of the project was to 

measure culture properties so that potential methods of separation could be identified.

Having decided that culture properties were to be measured, it was necessary 

to decide on which properties were to be measured and also the methods of 

measurement. The important physical properties of biosuspensions, from a separation 

viewpoint, are solids content, component size and density, culture viscosity and product 

stability. Knowledge of solids content is desirable because this often limits the choice 

of separation device. Component size and density, and culture viscosity affect the 

characteristics of separation by filtration, sieving and settling. By measuring these 

properties, differences in component size and density that could be used as a basis for 

separation can be identified. These properties will also affect separation rate. For
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example, the settling velocity of a particle in a liquid, which has been described using 

Stokes’ Law (Eq. 1.1), is affected by viscosity, particle size and difference in density 

between particle and liquid. So by measuring these properties, settling characteristics

V . .  ( u )

can be predicted. Knowledge of settling characteristics is advantageous because 

differences in component settling velocity could be used as a basis for separation. 

Predictions of settling rate could also be used to assist the choice of separation device.

Product stability will require characterisation, as biological products are often 

sensitive to certain process conditions. The effects of environmental parameters such as 

dissolved oxygen and temperature on aqueous suspensions of viable IJs has previously 

been determined (see Section 1.3.5). Unlike some microorganisms, such as bacteria, 

viable IJs can be stored in aqueous suspensions for several months without any 

significant loss of viability. This is because the IJ is a robust survival stage that is 

adapted to extreme environmental conditions that may be encountered in the soil 

(Section 1.2.5). However, IJs may not be able to survive high ‘shear’ environments that 

are produced by certain types of separation device. Previous research has demonstrated 

that nematodes are very sensitive to ‘shear’ forces generated by agitators in fermenters 

(Pace et al., 1986). Therefore, the ‘shear’ stability of viable IJs needed to be 

determined. These measurements can be used to help identify recovery equipment that 

produces a level of stress below that which affects product viability.

In addition to physical properties, the chemical properties of cultures could be 

measured to identify methods of separation based on chemical characteristics. 

However, with a time limitation, the scope of this research project was limited to 

separation methods based on physical characteristics. The purpose of this stage of the 

project was therefore to measure the following properties of mature liquid nematode 

cultures; solids content, IJ ‘shear’ stability, viscosity, component size and component 

density. These measurements were then used to identify potential separation methods. 

To show how techniques for measuring culture properties were identified, measurement 

procedures are reviewed in the sections that follow.
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1.4.3.1 Solids content

The solids content of a culture is typically quoted as a percentage of the suspension 

volume and can be determined by performing a solid-liquid separation test. The 

measurement involves separation of the solids by settling or filtration. When separation 

is complete, the % volume of solids can be determined by multiplying the volume of 

separated solids by 100 and then dividing this number by the original volume of the 

mixture. If the measurement is performed by centrifugation, then the relative 

centrifugal field (RCF) at which the measurement was performed should be quoted. 

This is because the degree of solid-liquid separation is dependent on the RCF.

The choice of measurement method was dictated by separation characteristics 

of the nematode cultures. When the method of measurement was considered, 

separation characteristics of the nematode cultures had been established. Separation of 

culture solids by filtration or gravity settling was not possible or was slow. Therefore, 

centrifugation was chosen as the method for measuring culture solids content. A 

strobotic bench-top centrifuge (Triton) with a swing out rotor was identified as a 

suitable device for making the measurements. This centrifuge was selected because 

only a small sample is required and the sediment volume can be determined whilst the 

centrifuge is spinning. Measurement of solids content is therefore simple and rapid.

1.4.3.2 Infective juvenile shear stability

During processing, nematodes may be exposed to ‘shear’ forces such as elongation, 

compression, impaction and turbulence as well as laminar shear. For these 

investigations these forces were referred to as shear. IJ shear stability was therefore 

defined as resistance to viability loss caused by stresses that result from liquid 

movements.

Processing equipment and process conditions that do not cause shear damage 

to a bio-product are generally identified by performing processing trials. For example. 

Pace et al. (1986) determined the shear sensitivity of entomopathogenic nematodes 

using stirred vessels. Suspensions of adult nematodes were stirred at various speeds 

using a flat bladed impeller. The results of these investigations showed that an impeller 

tip speed of 1 m s'̂  or greater caused disruption of adult female nematodes. Nematodes 

were therefore cultured in fermenters stirred at a speed of less than 1 m s '\  The main
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drawbacks with this experimental approach are that expensive equipment may be 

required and large quantities of test material are needed.

A more convenient way of identifying suitable processing methods would be to 

measure nematode shear stability using a standardised procedure. This measurement 

could then be used to identify process equipment that produces a known level of stress 

which is below that which affects product viability. For this approach to be possible, a 

suitable method of measuring IJ shear stability had to be devised as there is no standard 

procedure that is widely used to quantify the shear stability of biological particles. 

Friedman et al. (1989) examined the effects of shear on entomopathogenic nematodes 

by placing nematodes between a rotating bob and a hollow cylinder. The bob speed at 

which the nematodes disrupted was determined. Adult nematodes disrupted at a lower 

speed than J2-J3 life stages and J ls  at a higher speed than J2-J3s. This is to be expected 

as shear sensitivity is dependent on particle size. These results demonstrated that 

nematode shear sensitivity is dependent on nematode life stage and size. Friedman et 

al. (1989) did not however attempt to define the level of shear stress that caused the 

nematodes to disrupt. Nematode shear stability cannot be determined from their 

published work because a full description of the experimental set up was not given. 

Therefore, these results cannot be used to identify process equipment that produces a 

level of stress below that which affects product viability.

To determine IJ shear sensitivity, an experiment similar to that described by 

Friedman et al. (1989) could be carried out. The experiment could be performed using 

a cup and bob of a rheometer. Conveniently, the shear characteristics of rheometers are 

well defined, so product shear stability would be easy to determine, provided that the 

device produced a level of shear high enough to disrupt the nematodes. Friedman et al. 

(1989) state that in another experiment, a laminar shear device failed to disrupt 

nematodes. A rheometer might therefore be unsuitable because viscosity-measuring 

devices normally operate under conditions of laminar flow.

An alternative method of quantifying IJ shear stability would be to use an item 

of process equipment as a measuring device. The equipment used for such an 

experiment would need to be capable of producing a range of shear stresses that can be 

quantified. A high-pressure homogeniser might be suitable as stress levels could be 

varied by changing the operational pressure. Another alternative would be to use a
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centrifuge at a range of speeds. The shear stresses produced by these items of 

equipment could be quantified using stress predictions described by Hornby (1995).

Once IJ shear stability has been determined, suitable recovery equipment can 

be identified by comparing IJ shear stability with the level of shear stress produced by 

recovery equipment. Hornby (1995) has estimated shear stresses produced by a range 

of bioprocessing operations.

As measurement of shear stability using a rheometer requires only a small 

sample and is the simplest of the measuring procedures discussed, this method was 

chosen for measurement of IJ shear stability. However, if the level of shear produced 

by the rheometer was insufficient, measurement using a homogeniser or other item of 

process equipment was to be considered.

1.4.3.3 Viscosity

The literature survey did not reveal any publications concerned with the measurement 

of rheological properties of liquid nematode cultures. Therefore, a method suitable for 

determination of culture viscosity had to be established.

There are several types of instrument that are available for the measurement of 

rheological properties. Standard measuring devices include rotational devices (e.g., 

coaxial cylinder, cone and plate) and also capillary viscometers (Charles, 1978). Each 

measuring device is suited to measuring a particular range of viscosities. The viscosity 

range of the chosen device must therefore encompass the range of viscosities to be 

encountered. As no measurement data has been obtained for nematode cultures, 

devices with the correct range had to be identified by trial and error.

The choice of viscometer is also dictated by the range of shear rates to be 

investigated and properties of the culture. As the viscosity of a bio-suspension is often 

dependent on shear rate (Atkinson and Mavituna, 1991), viscosities should ideally be 

determined over the range of shear rates that will be encountered in the recovery 

process. However, the separation operations and hence the range of shear rates to be 

encountered were unknown at this stage of the project. Shear rates during recovery 

could be very low if nematodes were separated by gravity settling. In contrast, shear 

rates could be much higher if cultures were separated using, for example, a high-speed 

centrifuge. As the recovery operations to be considered could cover a wide range of
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shear rates, viscosities needed to be determined over a range of shear rates. Viscosity is 

also temperature dependent, so measurements also had to be performed over the range 

of temperatures that could be encountered during recovery.

Viscosities of fermentation broths are not normally determined using capillary 

viscometers because suspended particles can cause measurement problems, such as 

blockage of the capillary tubes and sedimentation (Charles, 1978). Although standard 

rotational viscometers are commonly used, they are sometimes unsuitable for analysing 

certain types of fermentation broth. Measurement difficulties can arise if particles 

settle or disrupt in the shear field. Hence, the gravity settling rate of nematodes in 

culture liquid had to be determined and, following viscosity measurement, culture 

samples had to be checked for nematode disruption. If suspended particles are large 

they can become wedged in the gap between the cup and bob and cause erratic 

measurements. Infective juvenile nematodes used as pesticides are typically 1 mm in 

length and adult life stages are even longer. The gap for standard rotational viscometers 

is of a similar dimension, typically between 1 and 2 mm. It therefore seems likely that 

measurement errors, caused by nematodes becoming wedged in the gap, could arise. 

This measurement problem could be overcome by using a device with a larger gap such 

as a turbine impeller. The turbine impeller also maintains a more homogeneous 

environment than standard rotating devices (Kemblowski and Kristiansen, 1986). 

Another strategy would be to separate solids from the culture samples. A nematode-free 

sample of culture liquid could be prepared by collection of supernatant from a 

centrifuged sample of culture liquid.

Based on the above discussion, the following experimental strategy was 

decided upon. A suitable measuring device was to be identified by performing 

measurement trials using a turbine impeller and standard rotational devices. Once a 

suitable device had been identified the viscosity of mature nematode cultures and their 

supernatants were to be measured at a range of shear rates and temperatures. The 

assumption that solids were not settling during measurement was also to be checked.

1.4.3.4 Particle size

The analysis of culture component size is a particularly challenging problem because 

nematode cultures will probably contain many components that differ in both size and
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shape. The measurement technique to be used will ideally be capable of measuring the 

size and shape of all solid components. Particle size is likely to range from microscopic 

particles such as the associated bacteria that are just a few microns, up to the 

macroscopic scale of adult nematodes. As nematodes are cylindrical in shape, 

measurement of nematode length and width is required. The measurement procedure 

must also allow identification of the component being measured so that the size range 

of individual components can be determined. Identification of the component being 

measured is important because differences in component size that can be used as a basis 

for separation have to be identified.

There are numerous techniques available for measuring the size of individual 

particles and for determining the size distribution of a system of particles. The most 

common techniques (Scarlett, 1977) used for the evaluation of separation 

characteristics include field scanning techniques (e.g. light/electron microscope), 

stream scanning techniques (e.g. Coulter counter), sieving and sedimentation techniques 

(e.g. photo-sedimentometers). The size of infective juvenile nematodes has been 

determined by microscopic analysis (Nguyen and Smart, 1995; Poinar, 1990). This 

technique is preferable for analysis of nematode culture component size because, two- 

dimensional shape can be assessed, and particle identity can be determined visually. 

Microscopic analysis is however, repetitive and labour intensive, especially for 

characterisation of multicomponent mixtures such as nematode cultures. Repetitive 

analysis can be avoided by extracting information from a microscopic image using a 

computer (e.g. Thomas, 1992), but this technique of image analysis does not provide 

information on component identity. A much simpler and faster approach that allows 

identification of components would be to perform a qualitative analysis using a 

microscope.

As culture component size, shape and identity can only be determined by 

microscopic analysis, this technique was chosen for characterising particle size. With 

insufficient time to perform a complete quantitative analysis, only infective juveniles 

were measured. The size of other culture components was analysed qualitatively.
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1.4.3.5 Component density

Determination of component densities of liquid nematode cultures requires 

measurement of both the continuous phase density and also the density of individual 

solid culture components. The density of a bio-suspension can be measured using 

density bottles (e.g. Mosqueira et a l, 1981). This method allows precise estimation of 

liquid density and was therefore chosen as a means of determining the density of 

nematode culture liquid. Determination of the continuous phase density using this 

method requires separation of culture liquid from solid culture components. This could 

be achieved by either centrifugation or filtration.

The density of biological particles has been measured using a number of 

procedures. Bell et al. (1982) measured the density of protein precipitates using 

solutions of caesium chloride buffered with sodium acetate. Precipitate was centrifuged 

at 12 000 g for 30 minutes in a range of solutions differing in density, and particle 

density was taken as the density of the mixture in which the particles just ceased to 

settle. A similar procedure has also been used by Taylor et al. (1986) to measure the 

density of protein inclusion bodies. Both of these procedures would not be suitable for 

measuring the densities of nematodes because the high osmolarity will probably cause 

the nematodes to swell and therefore change in density. The procedures are also time 

consuming because many solutions differing in density have to be prepared and 

processed.

The density of Steinernema carpocapsae adult nematodes has been determined 

by Neves et al. (1996) by sedimentation of nematodes in solutions of ‘tyrode’ and 

sucrose. The procedure involved measurement of liquid viscosity, liquid density, and 

the sedimentation rate of male and female nematodes. These measurements were then 

used to determine the densities of both male and female nematodes using a derivation 

of Stokes’ Law. Measurement of nematode density using this procedure is dependent 

on being able to see the nematodes as they settle and there being no significant change 

in nematode density in the tyrode/sucrose solution. Sucrose solution is however likely 

to cause a change in nematode density with time. As Neves et al. (1996) observed 

sedimentation rates of greater than 7 cm min"\ sedimentation rates were probably 

measured rapidly so that the nematode-solute contact time was short. If contact time 

was short then any change in nematode density was probably insignificant. The
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procedure would appear to be suitable for determining the density of adult nematodes 

and the density of particles with a similar settling rate. However, this method will be 

unsuitable for measuring the density of the much smaller particles in mature nematode 

cultures. The sedimentation rate of some culture components (e.g. juvenile nematodes) 

would be difficult or impossible to follow due to their microscopic size. Measurement 

of relatively low settling velocities of small culture components could also be 

susceptible to error due to convection currents and nematode swimming. As juvenile 

nematode life stages are likely to settle at a much lower velocity than adult worms, 

measurement of their settling rate will take much longer. These life stages would 

therefore be exposed to solute for a longer period and this might cause a significant 

change in nematode density. Another problem in using this method would be the 

amount of time required. Nematode cultures are likely to contain many components, 

the settling tests would therefore have to be repeated many times.

Another method of density measurement involves the use of density gradients 

made from Percoll (Pharmacia Biotech). Percoll, which is a preparation of coated silica 

particles, has successfully been used to measure the density of single celled organisms 

such as yeast (Baldwin and Kubitschek, 1984) and bacteria (Woldringh et a l, 1981). 

Use of Percoll density gradients would be particularly suitable for determining the 

density of solid components in nematode cultures because this method overcomes 

problems associated with the procedures previously described. Percoll has the 

following desirable properties:

• Spontaneous formation of density gradients during centrifugation so that the 

densities of many particles from a heterogeneous mixture can be determined 

using a single gradient.

• High molecular weight so that Percoll does not pass through cell membranes 

and change particle density.

• Low osmoloarity so that the solution can be adjusted to physiological 

conditions.

• Compatibility with living cells.

• Low viscosity for rapid formation a gradients and density measurement. 

Conveniently, the gradients can also be calibrated using density marker beads 

(Pharmacia Biotech).
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As measurement using Percoll gradients appeared to be the most suitable method for 

determining the density of a mixture of biological particles, this method was chosen for 

determining the density of solid components in mature nematode cultures.

1.4.4 Verification and determination of separation characteristics

Identification of recovery methods using measurements of culture properties has two 

drawbacks. Firstly, the recovery methods identified are only theoretical and will 

therefore need to be verified. The other limitation is that property measurements cannot 

be used to predict all physical separation characteristics. For example, filtration rate 

and the effect of solids concentration on settling rate are difficult to predict. As 

property measurements cannot be used to provide a complete description of separation 

characteristics, the next stage of the project was to determine and verify separation 

characteristics of nematode cultures and suspensions. The results of these tests were 

then used to identify suitable separation methods.

The quickest and most convenient way of determining separation 

characteristics is by conducting small-scale separation experiments. Solid-liquid 

separation characteristics of cultures were determined by performing filtration and 

settling tests. Solid-solid separation characteristics were demonstrated by conducting 

classification settling and sieving tests.

So that a meaningful comparison could be made between separation methods, 

separation efficiencies and rates, and the effect of important process variables (e.g. 

solids concentration, viscosity) were determined. The investigations also looked at 

modification of suspension properties to enhance separation.

1.4.5 Evaluation and integration of large-scale recovery operations

Having demonstrated small-scale methods for separating IJs from fermentation waste, 

the next stage in identifying a suitable recovery process was to scale up separation. 

This involved identifying suitable large-scale separation devices. Each large-scale 

recovery operation required evaluation by performing recovery trials. Finally, once 

suitable large-scale separation methods had been identified, these operations were 

integrated into a complete processing scheme.
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1.4.6 Choice of test nematodes

There are 15 species of insect/slug pathogenic nematode that could be used to carry out 

the proposed investigations (Table 1.1). If there were no significant differences in 

biology between these species, then the characteristics of cultures of these species 

would be similar. This would mean that a recovery process suitable for all nematodes 

could be identified by experimentation using just one species. However, similarity in 

culture characteristics between species cannot be assumed for a number of reasons. 

Firstly, there are major differences in the reproductive and developmental biology 

between Steinernema, Heterorhabditis dinà. Phasmarhabditis nematodes (Section 1.2.4). 

Each nematode species is associated with a different species of bacteria and culture 

media components are not the same for all nematodes. Such differences will cause 

variation in, for example, culture composition and viscosity between species. Hence, to 

ensure that recovery operations suitable for a broad range of species were identified, the 

nematode species chosen for these investigations included species from each of the 3 

genera used as control agents. The nematodes chosen were Steinernema feltiae, 

Heterorhabditis megidis and Phasmarhabditis hermaphrodita. These particular species 

were chosen because they are commonly used as control agents and because of 

availability.

1.4.7 Conclusions and project plan

The objective of this research project was to identify effective methods of recovery for 

the production of nematode-based pesticides (Section 1.3.7). Therefore, a strategy 

aimed at achieving this objective was established. This strategy is summarised in 

Figure 1.6. The investigations involved experimentation using mature liquid cultures of 

three nematode species {S. feltiae, H. megidis, P. hermaphrodita). The initial part of 

the plan involved determining the composition of mature nematode cultures by 

microscopic analysis. The results of these experiments were then used to define the 

separation problem in terms of the culture components that have to be separated. The 

next stage was to measure physical properties (solids content, IJ shear stability, 

viscosity, particle size, component density) of the cultures, using procedures identified 

in Section 1.4.3. Once obtained these measurements were then used to identify 

potential methods for separating viable IJs from fermentation waste. The recovery
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methods identified were only theoretical and therefore required verification. The 

property measurements cannot be used to predict all physical separation characteristics. 

Therefore, the next stage of the project was to verify and determine the separation 

characteristics of nematode cultures using small-scale separation tests. The results of 

these tests were then used to identify large-scale recovery procedures. These 

procedures were then evaluated on a large scale. Finally, having identified suitable 

recovery methods, operations were integrated into an economic separation sequence 

that separates viable IJs from fermentation waste. The research carried out using the 

above plan is described in the chapters that follow.

DEFINE separation problem 

CHARACTERISE fermentation broth

IDENTIFY potential recovery procedures 

VERIFY & DETERMINE separation characteristics 

EVALUATE large scale recovery operations

o
INTEGRATE recovery operations

Figure 1.6: Summary of the project plan used for identifying methods of recovery for the production of 

nematode-based pesticides.
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: ; Materials and methods
- ' r .   ̂  ̂ ^  ^  '/

Addresses of chemical and equipment suppliers are listed in Appendix A.

2.1 NEMATODE CULTIVATION

Using procedures established by Microbio Ltd Steinernema feltiae {Xenorhabdus 

bovienii), Heterorhabditis megidis {Photorhabdus luminescens) and Phasmarhabditis 

hermaphrodita {Moraxella osloensis) were cultured in the presence of their associated 

bacteria (shown in brackets). Microbio Ltd provided nematode and bacteria stocks. 

Fermentations were performed in either shake flasks or airlift reactors using liquid 

growth medium. When the concentration of viable IJs reached a maximum, cultures 

were removed from vessels for further processing or experimentation. Commercial 

methods of producing nematodes by liquid culture are described in patents (Friedman 

et at. 1989, Pace era/. 1986).

Nematode fermentations were performed, either by the author at The 

Advanced Centre for Biochemical Engineering at University College London or, by 

Microbio Ltd at their nematode production facility in Littlehampton. Whenever 

practical, experimentation was performed at Littlehampton using culture liquid 

originating from airlift reactors in the production facility. This approach was preferred 

so that culture characteristics would be typical of that encountered in industry and to 

maximise the number of batches available for experimentation. When experimentation 

at the production facility was not practicable, fermentations were performed at The 

Advanced Centre using either shake flasks or an airlift fermenter. For convenience, 

nematodes were cultured in shake flasks when only small volumes of culture liquid 

were required.

2.2 NEMATODE ASSAY

The equipment used for determining nematode concentration is shown in Figure 2.1. 

Culture samples were diluted in a 1 litre measuring cylinder by mixing 1 ml of culture
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with 999 ml of water. This suspension was then mixed thoroughly by sparging with air. 

A counting chamber with 3 x 1 ml grids (Appendix B) was filled with aliquots of the 

sparged suspension and the number of nematodes in each grid was counted immediately 

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

morphology of P. hermaphrodita is illustrated in Figure 1.4. Nematodes smaller than 

IJs were recorded as J1-J2 life stages. Nematodes larger than IJs were recorded as J4- 

adult life stages. Viability was determined by a combination of motility and 

characteristic morphology. Nematodes that were motile, or with morphology typical of 

a viable nematode, were recorded as viable. Nematodes that were not motile and 

showed signs of degradation (e.g. loss of body contents) were recorded as dead.

\
Counting
chamber

Figure 2.1: Equipment used for nematode assays. Diluted samples were mixed in a measuring cylinder 

using an air pump to pump air through a stainless steel tube, which was used as a sparger. A counting 

chamber was then filled with aliquots of the sparged suspension and the number of nematodes in each 

counting chamber grid was counted under a microscope.

2.3 DETERMINATION OF CULTURE COMPOSITION

Solid components in mature cultures were identified by examining culture samples 

under a microscope. For each nematode species the distribution of life stages in 6 

mature shake flask cultures (18 days old) was determined using the assay procedure 

described in Section 2.2.
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2.4 DETERMINATION OF CULTURE PROPERTIES

2.4.1 Solids content

The % volume of sedimentable solids in mature nematode cultures was determined 

using a strobotic centrifuge with a swing-out rotor (Triton - W.R.C., frozen image 

centrifuge, model 161. Triton Electronics Ltd). Samples of mature nematode culture 

were added to 9 cm graduated tubes. Tubes were then centrifuged at 1200 rpm (RCF = 

250). During centrifugation the sediment-supernatant interface height versus time was 

recorded. The nematode culture was assayed for IJs and other nematode life stages so 

that the % volume solids could be correlated with nematode concentration.

2.4.2 Infective juvenile shear stability

2.4.2.1 Measured using a viscometer

Following measurement of culture viscosity using the procedure described in Section

2.4.3 samples of culture used for viscosity measurement were examined under the 

microscope to determine if there had been any loss of U viability during viscosity 

measurement.

2.4.2.2 Measured using a homogeniser

A mature culture of nematodes from a shake flask was diluted with water to a 

concentration of 400-700 viable IJs m l'\ This suspension was then passed through an 

APV Manton-Gaulin Lab 60 homogeniser (The APV Company Ltd.) at a temperature of 

5 °C and a back-pressure of 10 barg. The feed and homogenate hoppers were 

continuously stirred during this procedure so that nematodes remained in suspension. 

Eight discrete passes through the homogeniser were performed and after each pass a 

sample of homogenate was taken. Feed and homogenate samples were assayed for 

viable IJs using the counting procedure described in Section 2.2. The level of shear 

stress (t) produced by the homogeniser under the chosen operating conditions was 

predicted (Appendix D) using the following equation:
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and the distance (h) between the valve and valve seat of the homogeniser (for Re > 500) 

was determined (Appendix D) using an equation given by Phipps (1975):
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Hornby (1995) established this method of predicting shear stress in a homogeniser.

2.4.3 Viscosity

Viscosity measurements were made at a sample temperature of 20 °C, using a 

Contraves Rheomat 115 (Contraves Industrial Products Ltd.), with a coaxial cylinder 

system (type MS-0) at shear rates of 24-3680 s'V Measurements were made by 

gradually stepping up and then stepping down the shear rate of the measuring device. 

The time interval between each step was between 10 and 20 seconds. Rheological 

properties were then determined by plotting logio (viscosity) versus logio (shear rate). 

Mature culture samples were taken from airlift reactors. Samples of culture supernatant 

were prepared by separating nematodes using an imperforate basket centrifuge (DEC 

Chemical Centrifuge. International Equipment Co.) fed at 100 ml of culture min'^ with 

a basket speed of 3800 rpm (RCF = 1025).

Preliminary measurements were performed using a turbine impeller system 

(Appendix C) instead of the concentric cylinder. However, torque measurements 

obtained using this device were too small to give reliable results.

2.4.4 Particle size

Culture samples taken from 6 shake flask cultures (19 days old) were mounted on slides 

covered with a glass slip. The nematodes were immobilised and their bodies 

straightened by gently warming the slides on a hot plate. Using a microscope, IJs were 

identified by their characteristic morphology and then their length (±10 pm) and
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maximum width (±1 |L im ) was determined using the calibrated eyepiece graticule. A 

total of 60 Us (10 per flask) were measured at random for each nematode species.

2.4.5 Component density

2.4.5.1 Culture and culture supernatant density

The densities of 5 mature nematode cultures and their supernatants were determined for 

each nematode species at 20 °C using 50 ml density bottles. Sample densities were 

calculated using the following formula:

Mass o f  bottle filled with culture or supernatant - Mass o f  empty bottle 4^
Volume o f  bottle

Bottle volumes were determined by calibration with water and hence were calculated 

using the following equation:

Mass o f  bottle filled with water - Mass o f  empty bottle
Bottle volume = ------------ —— :-----  :-------------------------------  (2 .5 )

Density o f  water at sample temperature

Sample temperature was measured by inserting a thermometer into the bottle. The 

density of water at the sample temperature was taken from water density tables. 

Culture samples were taken from airlift reactors. Samples of culture supernatant were 

prepared using the procedure described in Section 2.4.3. Densities of the samples at the 

measured sample temperature were adjusted to densities at 20 °C. Variation in 

culture/supernatant density with temperature was taken as that for water. Hence, the 

culture/supernatant density at 20 °C was calculated using the following equation:

P SAMPLE @ T2 ~ P SAMPLE @ T1 ” (P WATER @ T2 “ P WATER @ T l)  (2-6)

Where Tl = 20 ®C, T2 = temperature of culture/supernatant at time of density 

measurement (°C), p w a t e r  = density of water at temperature T1/T2, given by a 

polynomial equation, which describes the variation in water density with temperature 

(Appendix E).
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2.4.5.2 Solid culture components

The densities of individual solid culture components were determined using density 

gradients calibrated with density marker beads (Pharmacia Biotech). Gradients were 

made from Percoll (Pharmacia Biotech) which is a preparation of coated silica particles. 

Centrifuge tubes (8 x 10 ml) were filled with 0.9 ml of 1.5 M NaCl plus 8.1 ml of 

Percoll solution. Final concentrations of Percoll varied from 20 to 90 % v/v (steps of 

10 %). A mature shake flask culture of nematodes was harvested by filtration through 

filter cloth (PX547-03, supplied by P & S Filtration Ltd.) and the nematode cake was re

suspended in de-ionised water (50 % v/v). 90 pi of this suspension plus 90 pi of the 

density marker beads were added to each tube. The contents of each tube were then 

mixed by inversion. Tubes were then centrifuged (Beckman J2-M1 with JA 20.1 rotor. 

Beckman RUG Ltd.) at 15 000 rpm (RCF = 29 000) for 15 min. Centrifugation 

temperatures were 20 °C for S. feltiae and H. megidis, and 15 °C for P. hermaphrodita. 

Gradient tubes were carefully removed from the centrifuge and the position of 

component bands and density marker bead bands were marked on the tubes. The 

composition of component bands was determined by microscopic observation of 

samples withdrawn from each tube. Calibrations provided by the density marker beads 

(Appendix F) were then used to determine the density range of individual solid 

components.

2.4.6 Infective juvenile settling velocity

The settling velocity of an IJ (Vu) was predicted for each nematode species using 

Stokes’ Law:

y  ^ 8 d / ( f t , -A )  (2.7)
“ 18n

For the purpose of this calculation it was assumed that du is equal to the diameter of a 

sphere of volume equivalent to an U (dg). Therefore the volume of an IJ (vu) is given 

by:

K d,
v„ = (2 .8)

6

The volume of an IJ was taken as the volume of a cylinder that has a width equal to the 

maximum width (Wmax) of an IJ and a length three-quarters the length (L) of an IJ:
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(2.9)

Substituting Eq. 2.9 into Eq. 2.8 and rearranging for du gives:

du = (2.10)

Hence, du was predicted by substituting values of Wmax and L (Table 4.3) into Eq. 2.10. 

Values of pu were taken from Figure 4.8. For predicting settling velocities in water pi 

was taken as 998 kg m'^ and p was taken as 1 x 10'  ̂N s m'^. For predicting settling 

velocities in cultures pi was taken as the average density of the culture supernatant 

(Table 4.4) and using power law constants (K, n) for the culture supernatant (Table 4.2) 

p was calculated using the power law equation (Eq. 4.2). The shear rate in the power 

law equation was taken as the lowest shear rate at which viscosity was measured 

(24.3 s'^). This value was used because the shear rate during gravity settling is very 

low. For predicting settling velocities in sugar solution pi was taken as the maximum 

density of adult nematodes (1040 kg m'^ for P. hermaphrodita and S. feltiae, and 1035 

kg m'^ for H. megidis). These densities were chosen because theoretically they give a 

high efficiency for separating Us from solid waste by flotation (Section 4.6.3). 

Measurements of sugar solution viscosity (Appendix G), using the procedure described 

in Section 2.4.3, showed that sugar solution viscosity should be taken as 1.2 x 10'  ̂N s 

m'^. Average values of Vu were predicted using average values of W m a x ,  L, P i ,  K, n and 

median values of pu- Maximum values of Vu were predicted using maximum values of 

W m a x ,  L ,  P u ,  K and minimum values of pi, n. Minimum values of Vu were predicted 

using minimum values of W m a x ,  L ,  P u .  K  and maximum values of pi, n. Sample 

calculations for the prediction of IJ settling velocities are given in Appendix H.
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2.5 DETERMINATION OF SEPARATION CHARACTERISTICS

2.5.1 Solid-liquid separation tests

2.5.1.1 Dead-end filtration

Dead-end filtration tests were performed at ambient temperature using a Schenk Lab 

Filter "60" (Figure 2.2), supplied by Schenk Filtersystems Ltd. The filter housing was 

fitted with a 6 cm diameter filter disc made from one of the materials in Table 2.1. The 

apparatus was then charged with 400 ml of mature nematode culture or an IJ-water 

suspension. The suspension was filtered by applying 1 barg pressure to the feed side of 

the filter. Using a measuring cylinder, permeate volume versus filtration time was 

recorded. Feed and permeate samples were assayed for Us.

Filtrate
discharge

nozzle

Figure 2.2: Schenk Lab Filter "60" dead-end filtration test rig. The apparatus consists of a feed reservoir, 

which can hold up to 400 ml of liquid. Liquid inside the reservoir is pushed through a filter disc clamped 

in the filter housing by supplying compressed air to the feed side of the filter. The filtering area is 20 cm .̂

Nematode-water suspensions were prepared by sedimentation of mature 

nematode cultures. Following sedimentation, supernatant was discarded and the 

nematode sediment was re-suspended in water. This procedure was repeated until a
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clear supernatant was obtained. For cultures of S. feltiae and H. megidis the initial 

separation of spent liquid media was carried out using a disc stack centrifuge (SAOOH 

205. Westfalia Separator Ltd.).

Table 2.1: Filters used for dead-end filtration tests.

Filter type Supplier Filter name

Cloth Heath filtration Polyester 2011G 

Nylon 1103 7oz 

Polyester 201 IS 4oz 

Polypropylene 3776 

Polypropylene 3300F 

Nylon 1013 4oz

P & S Filtration PX 547-03 

PX 413-45 

PX 345-07 

PX 201-07 

Propex 144K

Stainless steel micromesh G. Bopp Duplex 20 

Beta 60

Paper Whatman 113V

2.5.1.2 Gravity settling

The settling characteristics of nematode suspensions were determined by settling 

suspensions in a 1 litre measuring cylinder. Samples of mature cultures or IJ-water 

suspensions were poured into the measuring cylinder, mixed using the sparger used for 

assays (Section 2.2), and were then allowed to settle. The settling characteristics were 

examined with time.

Batch settling curves (Figure 5.6A, 5.6B, 5.6C) for U-water suspensions were 

determined by performing a number of settling tests in parallel at different initial 

nematode concentrations. Each suspension of known concentration was prepared from 

a single stock suspension of nematodes so that the only variable was concentration. 

After mixing, each suspension was allowed to settle and the nematode-supernatant 

interface height versus time was recorded. Using the plots of nematode-supernatant 

interface height versus time (Figure 5.6A, 5.6B, 5.6C), infective juvenile settling 

velocities were determined for each initial concentration by measuring the gradient of
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the batch settling curves during the period of constant settling rate. Each settling 

velocity was then plotted against the corresponding nematode concentration 

(Figure 5.7). Settling fluxes (nematode numbers per second per square metre of settling 

area) were then calculated by multiplying nematode settling velocity (m s'^) by the 

corresponding nematode concentration (nematode numbers m'^). Each settling flux was 

then plotted against initial concentration of the suspension (Figure 5.8).

Nematode-water suspensions used for settling tests were prepared by 

sedimentation of mature nematode cultures. Following sedimentation, supernatant was 

discarded and the nematode sediment was re-suspended in water. This procedure was 

repeated until a clear supernatant was obtained. For cultures of S. feltiae and

H. megidis the initial separation of spent liquid media was carried out using a disc stack 

centrifuge (SAOOH 205. Westfalia Separator Ltd). Cultures used for settling tests and 

preparation of the IJ-water suspensions were taken from airlift reactors.

2.5.2 Solid-solid separation tests

2.5.2.1 Sieving

Sieving tests were carried out using laboratory test sieves (Endecotts Ltd.) 18 cm in 

diameter with square woven stainless steel meshes. P. hermaphrodita-v^atQT 

suspensions were poured onto the surface of the sieves. If the mesh became blocked the 

sieve was gently shaken from side to side to help unblock the sieve surface and, if 

necessary, water was added to the surface of the sieve to wash solids through. 

Separation characteristics were determined by analysing the composition of solids that 

passed through and were retained by the surface of the sieve.

Nematode-water suspensions used for sieving tests were prepared by 

sedimentation of mature nematode cultures. Following sedimentation, supernatant was 

discarded and the nematode sediment was re-suspended in water. This procedure was 

repeated until a clear supernatant was obtained.

2.5.2.2 Settling

Mature nematode cultures were harvested using an imperforate basket centrifuge (lEC 

Chemical Centrifuge) fed at a flowrate of 100 ml culture min'^ with a basket speed of
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3800 rpm (RCF = 1025). Culture liquid was separated using this method because the 

gravity settling rate of nematodes in culture liquid is low. Samples of overflow from 

the centrifuge were examined under the microscope to determine their solids 

composition. Solids collected in the bowl were resuspended in water. The solid-solid 

separation characteristics of these suspensions during gravity settling were then 

determined. Suspensions of the culture solids were poured into 1 litre measuring 

cylinders, mixed using the sparger used for assays (Section 2.2), and were then allowed 

to settle. During settling, suspension samples were taken from different heights in the 

measuring cylinders using a pipette. The relative settling velocities of culture 

components were then determined by examining samples under the microscope.

The effect of solids concentration on classification of particles was determined 

during measurement of nematode settling velocities. The procedure for these settling 

tests is described in Section 2.5.1.2.

2.5.2.S Flotation by adjustment of continuous phase density

A stock solution of sucrose with a density of 1080 kg m'^ was prepared by dissolving 

food grade sugar in water. To determine the quantity of sugar required, the relationship 

between sugar solution density and sugar wt % (Appendix I) was determined by 

measuring the density of a solution of sugar of known wt %. This relationship could 

not be determined using standard density tables because the water content of the sugar 

was unknown. Solution density was determined using a density bottle. The procedure 

for using density bottles is described in Section 2.4.5.1. For a solution density of 1080 

kg m'^ the quantity of sugar required was 20.5 wt % (Appendix I). Once the stock 

solution had been prepared its density was confirmed by measurement using a density 

bottle.

For gravity flotation tests a 100 ml measuring cylinder was filled with 50 ml of 

a H. megidis-\^2iiQX suspension. The density of this suspension was adjusted to 1040 

kg m'^ by addition of 50 ml of stock sucrose solution. The concentration of sugar in this 

diluted suspension was therefore 10 wt %. The contents of the measuring cylinder were 

mixed by sparging with air and were then allowed to settle. Suspension settling 

characteristics were observed.
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For preliminary centrifugal flotation tests, 20 ml centrifuge tubes were filled 

with 10 ml of a Æ meg/V/w-water suspension. The density of these suspensions was 

adjusted to 1040 kg m'^ by addition of 10 ml of stock sucrose solution. The 

concentration of sugar in these diluted suspensions was therefore 10 wt %. The 

contents of each tube were mixed by inversion and centrifuged immediately. Tubes 

were centrifuged at 2825 rpm (RCF=1000) for 5 minutes using an MSE Mistral 1000 

(Serial no. SG91/09/672). Tubes were carefully removed from the centrifuge and 

examined. Solids at the bottom of the tube and floating at the liquid surface were 

sampled and examined under the microscope to determine separation characteristics.

All the flotation tests were performed using suspensions of culture solids 

suspended in water. These suspensions were used so that settling characteristics could 

be observed with the naked eye. Culture samples were not used because the separation 

of solids in culture liquid is obscured by an abundance of small particles (Section

5.2.2.1). Suspensions of culture solids used for flotation tests were prepared by 

separating culture liquid and small particles from mature nematode cultures using a 

strobotic centrifuge with a swing out rotor (Triton - W.R.C., frozen image centrifuge, 

model 161). Samples of nematode culture from airlift reactors were added to 9 cm 

centrifuge tubes. Tubes were then centrifuged at 1200 rpm (RCF = 250) until the height 

of sediment became constant. Supernatant was discarded and the sediment was re

suspended in water. The centrifugation procedure was repeated until a clear 

supernatant was obtained.

The effect of density-adjusting solute on IJ viability was determined by exposing 

suspensions of H. megidis to sucrose. Densities of the nematode suspensions were 

adjusted using the procedure previously described. These suspensions were then stored 

in universals at 4 °C. A control suspension of nematodes without density adjustment 

was also stored with these samples. After 2 hours of storage, each suspension was 

assayed for dead and viable Us. These tests were repeated using magnesium sulphate 

and glycerol instead of sucrose.

The effect of solids concentration on flotation efficiency was determined by performing 

flotation at different nematode concentrations. Centrifuge tubes ( 8 x 1 4  ml) were filled
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with 7 ml of H. megzi/w-water suspension followed by 7 ml of stock sucrose solution, to 

give a final density of 1040 kg m'^. Additions of sucrose solution to centrifuge tubes 

were performed simultaneously to eliminate variation in flotation efficiency due to 

differences in nematode-solute contact time. Final concentrations (total numbers x 10̂  

ml'^) of nematodes varied from 25 to 200 (steps of 25). The contents of all tubes were 

mixed by inversion and centrifuged immediately at 2825 rpm (RCF=1000) for 5 

minutes using an MSE Mistral 1000. Tubes were carefully removed from the centrifuge 

and supernatants containing floating solids were separated from the pellet. This 

separation was carried out immediately after centrifugation, using a pipette. 

Supernatant samples were then assayed for viable IJs and non-IJ life stages. Separation 

efficiencies were then determined using assay results for feed and supernatant samples.

The effect of solute-nematode contact time on flotation efficiency was determined as 

follows. Culture solids were exposed to sucrose solution for different periods of time 

before separation of waste by centrifugation. 20 ml centrifuge tubes were filled with 

10 ml of a //. megidis-^dXQX suspension with a nematode concentration (all life stages, 

dead and viable) of 200 000 mV\ Suspension density was adjusted to 1040 kg m'^ by 

addition of 10 ml of stock sucrose solution, giving a final concentration of 100 000 

nematodes m l'\ The contents of each tube were mixed by inversion. One tube was 

centrifuged immediately and the others at different times after addition of the sucrose 

solution. Suspensions were centrifuged at 2825 rpm (RCF=1000) for 5 minutes using 

an MSE Mistral 1000. Tubes were carefully removed from the centrifuge and 

supernatants containing floating solids were separated from the pellet. This separation 

was carried out immediately after centrifugation, using a pipette. Supernatant samples 

were then assayed for viable IJs and non-IJ life stages. Separation efficiency was then 

determined using assay results for feed and supernatant samples.

Nematode-water suspensions used for this flotation procedure were prepared 

using a different procedure to that previously described. Culture liquid was separated 

using a disc stack centrifuge (SAMR 3036. Westfalia Separator Ltd) operated at a bowl 

speed of 5250 rpm. Sediment was re-suspended in water and more waste was separated 

by gravity settling. The gravity settling procedure was repeated until a clear supernatant 

was obtained.
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2.6 EVALUATION OF LARGE-SCALE RECOVERY OPERATIONS

2.6.1 Gravity settling

The equipment used for large-scale gravity settling trials is illustrated in Figure 2.3. The 

settling tanks consisted of cylindrical polythene containers with a screw-top lid. The 

tanks were 98 cm in height by 57 cm in diameter, with a working volume of up to 180 

litres. Before use, the containers were sanitised and then rinsed using tap water.

Rotameter ] 
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Figure 2.3: Flow diagram (top) and photograph (bottom) of vessels used for large-scale gravity settling 

trials.
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Chemicals used for sanitation and wash water were removed from the vessel using a 

monopump. After sanitation, the tank was filled with 50 litres of mature 

P. hermaphrodita culture plus 100 litres of water. This suspension was then mixed and 

aerated by sparging with air. Suspension samples were taken for assay using a pipette. 

Just before samples were taken, aeration was turned off. This was to prevent errors in 

measured volumes of suspension caused by entrainment of air in the liquid. Aeration 

was then continued at an air flowrate of 20 litres m in '\ This aeration rate was used at 

all times, unless a suspension sample was about to be taken for assay. Several minutes 

before samples were taken for assay, aeration was increased to 35 litres min'^ to ensure 

that the suspension was fully mixed.

During suspension aeration, off-gas from the vessel exited through a pipe in the 

lid of the vessel and was filtered through glass wool before being discharged to 

atmosphere. The suspension was cooled to and held at a temperature of 4 °C. This 

temperature was used to minimise nematode activity and discourage growth of 

contaminants. The suspension was cooled via a stainless steel coil through which 

chilled water was passed. Coolant flowrate and hence suspension temperature were 

controlled using a feedback control loop. To prevent heating of the suspension by the 

surroundings, the vessel was lagged.

Separation of fermentation waste from viable IJs was carried out as follows. 

Aeration was turned off and the suspension was allowed to settle for 4 to 5 hours. The 

time at which the aeration was turned off was controlled by a timer so that settling 

could be carried out overnight whilst the experiment was unmanned. After settling, the 

maximum height position of viable IJs in the vessel was determined by microscopic 

examination of samples taken from different heights in the vessel. Liquid and waste 

solids above the IJs were then pumped out of the vessel to drain. The volume of this 

waste was recorded. The suspension was then aerated and the vessel was topped up 

with water to a total volume of 150 litres. Using the method previously described, 

suspension samples were taken for assay. The above separation procedure was repeated 

1-2 times per day over a period of 15 days.
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2.6.2 Centrifugal settling

2.6.2.1 Disc stack centrifuge

A mature culture of P. hermaphrodita from an airlift fermenter was separated from 

culture liquid using a fixed speed intermittent discharge disc stack centrifuge (SAOOH 

205. Westfalia Separator Ltd). The centrifuge operated at a speed of 9500 rpm. Using 

a peristaltic pump, culture was pumped through the device at 4 litres min'^ and solids 

were discharged once every minute. Just before the centrifuge was due to discharge for 

the fourth time the feed pump and the centrifuge were turned off. The centrifuge was 

then dismantled and the undischaraged culture solids were collected. Feed, supernatant, 

solids discharged and bowl solids were assayed for viable IJs and their volumes were 

measured. Using these measurements loss of product was quantified.

2.6.2.2 CARR bowl centrifuge

50 litres of mature P. hermaphrodita culture from an airlift fermenter were harvested 

using a variable speed bowl centrifuge (CARR Powerfuge^ ?6. CARR Separations, 

Inc.). Using a peristaltic pump, culture was pumped through the centrifuge at 1 litre 

m in '\ The first 15 litres of culture were harvested at a bowl speed of 10 913 rpm (RCF 

= 10 000). Cake discharged from the centrifuge was resupended in water, using a 

paddle type blender to disperse culture solids. This suspension and a feed sample were 

assayed for viable Us so that any loss of product could be quantified. Using the 

remaining 35 litres of culture liquid the experiment was repeated, this time at a 

centrifuge speed of 15 325 rpm (RCF = 20 000).

2.6.2.3 MSE bowl centrifuge

The equipment used for large-scale centrifugal settling trials is illustrated in Figure 2.4. 

Suspensions of P. hermaphrodita were separated using a bowl centrifuge (MSB large 

chemical centrifuge - 3 litre capacity. Cat. no. 5700, Serial no. 570343 A). During 

recovery, the suspension was stored in a vessel identical to that described in Section 

2.6.1. The suspension was stored at a temperature of 4 °C and sparged with air at a rate 

of 20 litres m in'\ Before use, the storage vessel and centrifuge were sanitised and then 

rinsed with water. After sanitation, the storage vessel was filled with 50 litres of mature
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P. hermaphrodita culture. To allow direct comparison with other separation methods, 

culture liquid was taken from the same batch as that used for gravity settling (Section

2.6.1) and centrifugal flotation (Section 2.6.3). Using the procedure described in 

Section 2.6.1, culture samples were taken for assay. Culture liquid was then separated 

from culture solids using the centrifuge. Centrifuge bowl speed was 3500 rpm (RCF = 

1568) and culture was pumped into the centrifuge at a rate of 1 litre m in'\ As soon as

Nematode
suspension

Peristaltic pump O

MSE bowl 
centrifuge

2_ — A

Viable Us 
(sediment)

Waste solids 
(overflow)

Figure 2.4: Flow diagram (top) and photograph (bottom) o f equipment used for large-scale centrifugal 

settling trials.

the bowl was full the feed pump and centrifuge were turned off. The time at which this 

occurred was identified by a sudden increase in centrifuge vibration and the presence of 

nematodes in the overflow. The overflow volume was recorded. Culture solids were 

removed from the centrifuge bowl and then centrifugation was resumed. When all the 

nematode suspension had been passed through the centrifuge, solids collected in the
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bowl were resuspended in water in the storage vessel to a volume of 150 litres. This 

suspension was assayed and then passed through the centrifuge again at a flowrate of

1.5 litres m in'\ Centrifuge speed was gradually lowered until a small number (<5 ml'^) 

of viable IJs appeared in the overflow. Centrifugation was continued at 1000 rpm (RCF 

= 128) as this speed allowed solids with a lower settling velocity than IJs to be 

separated without any significant loss of IJs in the overflow. After centrifugation, solids 

from the bowl were again resuspended in water to a volume of 150 litres. The 

separation was repeated 4 more times at a bowl speed of 1000 rpm and a feed flowrate 

of 1.5 litres m i n e a c h  time the bowl solids were resuspended in water to a volume of 

150 litres.

2.6.3 Centrifugal flotation

Using measurements of culture properties, separation of fermentation waste by flotation 

was identified as a potential recovery method (Section 4.6.3). Small-scale separation 

tests verified that fermentation waste can be separated from viable Us by flotation if 

suspension density is increased (Section 5.3.4.1). Using the results of these small-scale 

flotation tests, a large-scale flotation process was designed (Section 5.3.4.6). This 

process was then constructed so that the large-scale flotation procedure could be 

evaluated. The equipment used for the evaluation of a large-scale flotation procedure is 

illustrated in Figure 2.5. The equipment consisted of a bowl centrifuge (MSE large 

chemical centrifuge - 3 litre capacity) and two storage tanks, one containing culture 

solids suspended in water and the other sugar solution. Sugar solution was used for 

density adjustment because it is cheap and has properties that are suited to this 

separation (Section 4.6.3). A bowl centrifuge was chosen because this type of 

centrifuge can be used to separate viable IJs without any loss of viability (Section 

6.3.2). Sugar solution was prepared by dissolving food grade sugar in water, and stored 

in an open-top vessel at ambient temperature. The suspension of culture solids was 

prepared by separating culture liquid from a mature culture of P. hermaphrodita by 

repeated gravity settling. The gravity settling procedure used was identical to that 

described in Section 2.6.1 except that the separation was repeated just 4 times. To 

allow direct comparison with other separation methods, culture liquid was taken from 

the same batch as that used for gravity settling (Section 2.6.1) and centrifugal settling
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(Section 2.6.2.3). Following gravity settling, the suspension of culture solids was 

assayed and then split into two 50 litre batches so that two separation trials could be 

performed. Suspensions were stored in vessels identical to that used for large-scale 

gravity settling (Section 2.6.1). Each suspension was stored at a temperature of 4 °C 

and mixed and aerated by sparging with air at a flowrate of 20 litres min’’. To prevent 

deviations in suspension flowrate to the centrifuge, the sparger was positioned on the 

opposite side of the tank to the centrifuge feed pipe. This prevented air bubbles from 

becoming entrained in the feed to the centrifuge.

Culture
& lids
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Figure 2.5: Flow diagram (top) and photograph (bottom) o f equipment used for large-scale centrifugal 

flotation trials.

Separation of fermentation waste solids from viable IJs was carried out as 

follows. 50 litres of liquid were continuously pumped from the sugar solution storage 

vessel and from one of the nematode suspension storage vessels at a flowrate of 350
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ml min \  These streams were mixed via a Y-j unction to give a combined flowrate of 

700 ml min'^ and a total input of 100 litres. To aid mixing, the density-adjusted 

suspension was then fed through a thin length of pipe to increase the Reynolds number. 

Calculation of the Reynolds number is described in Appendix J. The mixing section 

pipe was 5.2 m in length, with an internal diameter of 5 mm. This method of mixing 

was used because an in-line mixer was not available at the time of the experiment. To 

separate waste solids from viable IJs by flotation, the density adjusted suspension was 

then fed into the centrifuge. The centrifuge speed was 4500 rpm (RCF = 2593). After 

all of the suspension had been pumped through the centrifuge, the sugar solution pump 

was turned off and the empty suspension vessel was filled with 10 litres of water. This 

water was then pumped through the centrifuge at a rate of 1.5 litres min'^ to displace 

sugar solution in the centrifuge bowl. After flushing the rotating centrifuge bowl with 

water, the feed pump and centrifuge were stopped. Solids from inside the bowl were 

resuspended in water in the aerated storage vessel. Using the procedure described in 

Section 2.6.1, suspension samples were then taken for assay.

The centrifugal flotation experiment was performed twice. The experimental 

procedure was the same for each run other than the concentration of sugar used for 

density adjustment. For one run the sugar concentration was 24.18 wt %. The density 

of this solution, measured using a density bottle, was 1100.2 kg m'^. Using this solution 

the density of the nematode suspension was increased to 1050 kg m'^ (see Appendix K 

for density balance). For the second experiment the sugar concentration was 19.40 

wt %. The density of this solution was 1079.4 kg m'^. Using this solution the density of 

the nematode suspension was increased to 1040 kg m'^.
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CHAPTER 3

Purpose of the recovery procedure

3.1 INTRODUCTION

This chapter describes how the purpose of the recovery procedure was defined. Before 

a recovery process could be developed, the separation problem needed to be specified in 

terms of what fermentation waste components had to be separated from the IJs. This 

chapter defines the composition of mature cultures of the 3 nematode test species. 

Using these descriptions the separation requirements were determined for cultures of 

each nematode species.

3.2 CULTURE COMPONENTS TO BE SEPARATED

Components suspended in the nematode cultures are illustrated in Figures 3.1 A, 3.IB 

and 3.1C. Solid waste components suspended in cultures included juvenile life stages 

(Jls, J2s, J4s), adult life stages, the nematodes’ associated bacteria, dead nematodes and 

nematode debris. The debris consisted of membrane fragments, cuticles discarded 

during nematode moulting, and nematode body contents dispersed in the continuous 

phase. S. feltiae was grown on a fully soluble medium. In contrast, cultures of 

H. megidis and P. hermaphrodita contained insoluble spent media. For example, 

cultures of P. hermaphrodita were found to contain fragments of bone and globules of a 

greasy substance thought to be animal fat. The presence of these components is 

explained by the use of animal products as media constituents.

Identification of the waste components showed that infective juveniles needed 

to be separated from crude fermentation broths containing a wide variety of solid waste 

components.

52



Purpose of the recovery procedure Chapter 3

' " S .

o -

» .

57.

R - -  

^ ‘1  ,■.•’•■ •-

Figure 3.1A: Light micrographs of autoclaved culture media for cultivation o f P. hermaphrodita (top) 

and an almost mature culture o f P. hermaphrodita (bottom). Comparison o f the micrographs shows that 

the insoluble component of the culture media was not broken down fully. Abbreviations: infective 

juvenile (IJ); second stage juvenile (J2); forth stage juvenile (J4); insoluble media (IM). Scale bar = 

1mm.
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I

Figure 3.1 B; Light micrographs of autoclaved culture media for cultivation o f S. feltiae (top) and a 

mature culture of S. feltiae  (bottom). Unlike cultures o f the other test species, cultures o f S. feltiae did not 

contain insoluble spent media as the culture media for this species was fully soluble. Abbreviations: 

infective juvenile (IJ); adult (A); discarded cuticle (DC). Scale bar = 1mm.
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Figure 3.1C: Light micrographs of autoclaved culture media for cultivation of H. megidis (top) and a 

mature culture o f H. megidis (bottom). Comparison of the micrographs shows that the insoluble 

component o f the culture media was broken down to a dispersion of small particles. Abbreviations: 

infective juvenile (IJ); discarded cuticle (DC); forth stage juvenile (J4). Scale bar -  1mm.
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3.3 CULTURE COMPOSITION AND THE IMPORTANCE OF COMPONENT 

SEPARATION

Table 3.1 shows the distribution of life stages in the mature shake flask cultures. 

Cultures of S. feltiae produced the highest percentage of product life stages, whereas 

cultures of P. hermaphrodita produced the least. The lower percentage of product life 

stages in cultures of P. hermaphrodita was accompanied by a high proportion of J1-J2 

life stages, whereas cultures of H. megidis contained a relatively high proportion of J4- 

adult life stages. It would be advantageous if the production of these non-product life 

stages could be prevented. This would simplify the separation requirements and may 

also increase the conversion of raw materials to product. Analysis of culture 

composition shows that solid waste compositions, and hence the separation 

requirements, were different for each nematode species. Cultures of H. megidis and 

P. hermaphrodita require the separation of spent solid media components. For cultures 

of H. megidis, separation of J4-adult life stages is important whereas cultures of 

P. hermaphrodita require the separation of J1-J2 life stages. In contrast, solid waste in 

cultures of S. feltiae was present in a much lower quantity and therefore the separation 

of these components may be considered unimportant. The observation that cultures of 

S. feltiae contained few waste components may partly explain why the storage stability 

of this species is good in comparison with the other two species (Personal 

communication from Microbio Ltd.).

Table 3.1: Average nematode life stage distribution (% numbers) and nematode yield in mature shake 

flask cultures (standard deviation shown in brackets). Sample sizes (numbers o f  nematodes) were 4078 

{S. feltiae), 2253 {H. megidis) and 3110 (P. hermaphrodita).

Life stage P. hermaphrodita S. feltiae H. megidis

J1-J2

U

J4-adult 

Gravid adult 

Dead

35.4 (±6.4) 

59.3 (±6.3) 

1.4 (±1.0) 

0.0 (±0.1) 

3.9 (±0.8)

0.3 (±0.3) 

97.9 (±1.5) 

0.5 (±0.2) 

0.0 (±0.0) 

1.4 (±1.7)

0.3 (±0.6) 

91.5 (±1.8)

5.4 (±1.3) 

0.3 (±0.3)

2.4 (±1.6)

Total (%)

(Nos. X 10̂  ml'*)

100.0 

86 (±11)

100.0

227 (±8)

100.0

125 (±10)
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A limitation of quantifying the waste components using nematode counts is 

that the counts are not proportional to the mass of the waste components. This is 

because waste components differ in size. For example, although J4-adult life stages 

represent only a small proportion of the total nematode numbers their mass fraction will 

be relatively high. This is because J4-adult life stages are much larger than other waste 

components. This would suggest that separation of J4-adult life stages is important 

even though they represent only a small proportion of the total nematode numbers. The 

relatively small size of J1-J2 life stages would indicate that separation of these waste 

components is not important if they are present in low percentage numbers. In cultures 

of S. feltiae and H. megidis this was the case.

The composition of shake flask cultures presented in Table 3.1 may differ from 

that of large-scale cultures. Composition data for large-scale fermentations was 

collected during later experiments (e.g. Appendix N). On a large-scale, variability in 

nematode yield and composition was greater than that of shake flask cultures. 

Separation requirements may therefore differ form batch to batch.

3.4 CONCLUSIONS

Analysis of culture samples showed that mature cultures of the nematode test species 

contain many fermentation waste components which need to be separated from the 

viable IJs. These components included spent culture liquid, juvenile life stages (Jls, 

J2s, J4s), adult life stages, the nematodes associated bacteria, dead nematodes and 

nematode debris. Cultures of P. hermaphrodita and H. megidis also contained 

insoluble spent media. The waste component composition was found to be different for 

each nematode species. The exact separation requirements are therefore dependent on 

the species cultured.

Having established the purpose of the recovery process, the next stage of the 

project was to identify methods of separating viable IJs from the fermentation waste 

components. This problem is dealt with in the next chapter, where measurements of 

culture properties are used to identify potential recovery methods.
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4.1 INTRODUCTION

The next stage of the project was to use measurements of culture component physical 

properties to identify possible separation methods. As the properties of nematode 

cultures have not been fully defined in the literature, properties had to be measured. 

This chapter describes measurements of culture properties that affect the physical 

separation of IJs from fermentation waste. The culture properties measured and defined 

here include solids content, IJ shear stability, viscosity, particle size and component 

density. Once obtained, these measurements were then used to identify potential 

recovery procedures.

4.2 SOLIDS CONTENT

The solids content of mature nematode cultures was determined because this property 

will affect the choice of separation equipment. The % volume of sediment in the 

nematode cultures is illustrated in Figure 4.1. These results show that the % volumes of 

settleable solids in the centrifuged cultures were 11 {P. hermaphrodita), 10 (//. megidis) 

and 8 {S. feltiae) at an RCF of 250. The culture of P. hermaphrodita that was used for 

measurement yielded a low number of nematodes. This would suggest that cultures of 

P. hermaphrodita will typically have a solids content greater than that measured. 

Deviations from the measured solids content between batches will probably be directly 

proportional to the yield of nematodes. The yield of nematodes in cultures of the other 

nematode species was considered to be typical.

The measurements show that the quantity of solids in the cultures is not low, 

although centrifugation at a higher RCF would reduce the volume of solids further. If 

culture liquid were to be separated from the nematodes using a centrifuge, then a 

centrifuge with an automated discharge cycle would be preferable. A machine with
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manual discharge would not be economical, as much of the cycle time would involve 

emptying the bowl.
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Figure 4.1: % volume of sediment in mature cultures of P. hermaphrodita (■), S. feltiae  (A ) and 

H. megidis ( • ) .  Measurements were made by centrifugation of cultures at an RCF of 250. 

Concentrations (numbers x 10  ̂ ml'*) o f IJs and non-IJ life stages (shown in brackets) in cultures were 50 

(25) for P. hermaphrodita, 220 (12) for S. feltiae  and 130 (6) fo r//, megidis.

4.3 INFECTIVE JUVENILE SHEAR STABILITY

The shear sensitivity of the product life stage was determined to help identify separation 

equipment that produces a level of stress below that which will affect product viability. 

For these investigations shear stability was defined as resistance to viability loss caused 

by stresses that result from liquid movement.

4.3.1 Shear stability in a viscometer

Attempts to measure this property by exposing nematode cultures to a rotating 

concentric cylinder were unsuccessful. This was because, at the maximum shear rate 

produced by the measuring device (3680 s '), there was no loss of IJ viability. However, 

these experiments did show that viable IJs were unaffected by the maximum shear rate 

produced by the rotating concentric cylinder.

4.3.2 Shear stability in a high-pressure homogeniser

A high-pressure homogeniser was chosen as an alternative device for determining the 

shear stability of the product life stage. This equipment was selected for this purpose
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because it produces a higher level of stress than the concentric cylinder and the level of 

stress can be controlled by changing the homogenisation pressure.

Measurements of IJ shear stability carried out by passing suspensions of 

nematodes through a high pressure homogeniser showed that IJs of all three nematode 

species were sensitive to homogenisation at 10 barg (Figure 4.2). Losses of IJ viability 

were accompanied by generation of nematode debris. Those IJs that remained viable 

were very inactive in comparison with those in the feed. Loss of viability could be 

described by a first order equation:

Log|oX„=kN (4.1)

Where the first order rate constant (k) is a measure of IJ shear stability. Figure 4.2 

shows that P. hermaphrodita was the most sensitive of the test species and that 

S. feltiae and H. megidis had a similar stability. Unlike the plots for S. feltiae and 

H. megidis which have an intercept of zero, the plot for P. hermaphrodita has an 

intercept greater than zero. This loss of viability before the first pass at 10 barg was 

caused by re-circulating the suspension through the homogeniser at 0 barg.

100%

Number of passes

Figure 4.2: Homogenisation o f dilute suspensions o f infective juveniles at a temperature o f 5 °C and 

10 barg back-pressure. P. hermaphrodita (■); S. feltiae  (A ); H. megidis (# ).

Past experience has shown that if a suspension of baker’s yeast is passed 

through the homogeniser at 10 barg back-pressure the amount of disruption is
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insignificant (Hetherington et al., 1971). Figure 4.2 shows that IJ viability losses were 

97 % {P. hermaphrodita), 49 % {S. feltiae) and 55 % {H. megidis) after 8 passes. This 

result shows that, in comparison with baker’s yeast, the test nematodes, and especially 

P. hermaphrodita, were very sensitive to stresses produced by the homogeniser. This is 

to be expected from the size and aspect ratio of the nematodes in comparison with 

yeast.

Comparison of IJ shear stabilities (Figure 4.2) with U sizes (Table 4.3) shows 

that P. hermaphrodita is the largest and most shear sensitive of the test species, and that 

S. feltiae and H. megidis are of a similar size and shear stability. This observation 

suggests a correlation of these properties. Prediction of IJ shear stability for other 

nematode species may therefore be possible using measurements of nematode size. The 

dimensions of other nematode species used for pest control (Poinar, 1990) can be 

greater or less than that of the nematodes used for these investigations. The shear 

stability of other species may therefore be greater or less than that of the species used 

for these investigations.

A potential problem in measuring IJ shear stability using the homogeniser is 

that the Us might not fit between the valve and the valve seat of the homogeniser. There 

might therefore be a 100 % loss in nematode viability after one pass as nematodes are 

extruded through the gap. The distance between the valve and the valve seat of the 

homogeniser during homogenisation was predicted to be 31.5 pm (Appendix D). 

Comparison of this dimension with IJ widths (Table 4.3) shows that unlike S. feltiae 

and H. megidis, P. hermaphrodita has a width greater than the predicted gap between 

valve and valve seat of the homogeniser. If this is the case then the Us that remain 

viable during homogenisation must change shape as they pass through the gap. This 

theory suggests that the comparatively high losses of P. hermaphrodita during 

homogenisation might be caused by the nematodes being extruded through the 

homogeniser valve. This could result in some error in the comparison of shear 

stabilities between species.

4.3.3 Selection of process equipment based on product shear stability

Table 4.1 shows predicted shear stress in the homogeniser compared to that in some 

items of separation equipment. The level of shear stress produced by the Lab 60
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homogeniser at 10 barg is a similar order of magnitude to that produced by the disc 

stack (CSAl) and the tubular bowl (IP) centrifuges. This similarity suggests that these 

high-speed centrifuges are likely to cause loss of IJ viability. In comparison, the lower 

speed multichamber centrifuge and microfiltration produce a much lower level of stress 

than the homogeniser at 10 barg. Therefore, a low speed batch centrifuge and 

microfiltration are unlikely to cause any loss of product and may therefore be suitable 

separation devices. As discussed in Chapter 1, recovery trials will be the only reliable 

method of identifying separation methods that do not damage the test nematodes. 

Potentially suitable recovery equipment will therefore need to be tested using 

suspensions of the test nematodes.

Table 4.1. Predicted shear stresses in some items o f separation equipment (Hornby, 1995) compared to 

predicted shear stress in the Lab 60 homogeniser (Appendix D).

Operation Shear stress (N m' )̂

Centrifugation:

CSAl (disc stack) 4000

KDD (multichamber) 9

IP (tubular bowl) 4310

Microfiltration <300

Homogenisation (Lab 60 @ 10 barg) 2360

4.4 VISCOSITY

The viscosities of cultures and their supernatants were measured because this property 

will affect the settling rate of particulate components. Once obtained, these 

measurements were used to predict the effect of viscosity on settling rate (Section

4.7.1).

4.4.1 Identification of a suitable measuring device

Initial attempts to measure culture viscosity showed that the viscosity range of the 

impeller measuring system (Appendix C) was higher than the viscosity range of 

nematode cultures. For this reason, all viscosity measurements were performed using a 

concentric cylinder (Appendix C), which covers a lower viscosity range than the 

impeller system. Unlike the 5 mm gap between the turbine impeller and its cup, the 

1 mm gap between the concentric cylinder and its cup was of a similar dimension to
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nematode length. It was therefore thought that measurement errors could result from 

nematodes becoming wedged between the rotating cylinder and the cup. For this 

reason, nematodes were separated from cultures using a centrifuge and viscosity of the 

centrifuge overflow was determined. Viscosity of the culture was also measured so that 

a comparison could be made. Despite the similarity between nematode length and 

measuring device gap, the nematodes caused no noticeable fluctuation in shear stress 

readings whilst the device was spinning. This observation might be explained by the 

alignment of nematodes parallel to the direction of flow during viscosity measurement. 

Occasionally during culture viscosity measurements culture solids did cause 

fluctuations in shear stress readings as solids became wedged in the gap. Examination 

of culture samples showed that these fluctuations were caused by large lumps of 

insoluble spent media rather than by nematodes. This problem was overcome by 

repeating the measurement using a new sample.

4.4.2 General flow behaviour

Mature nematode cultures and their supernatants exhibited pseudoplastic flow 

behaviour. Plots of logio (viscosity) versus logio (shear rate) produced a linear 

relationship (Appendix L) described by the power law equation:

H = K y“-‘ (4.2)

Flow behaviour of nematode cultures and their supernatants for each nematode species 

is illustrated in Figure 4.3. Power law constants are summarised in Table 4.2. Cultures 

had higher K values and lower n values than their supernatants. This result showed that 

the presence of nematodes in the cultures increased both viscosity and pseudoplasticity. 

The difference in viscosity between culture and supernatant was small for H. megidis in 

comparison with the other two species. Power law constants for S. feltiae cultures and 

their supernatants were similar to those for P. hermaphrodita. Cultures and 

supernatants from cultures of H. megidis were on average much more viscous (highest 

K value) and more pseudoplastic (lowest n value) than those of S. feltiae and 

P. hermaphrodita. The differences show that the higher viscosity of H. megidis cultures 

was caused by a component in the supernatant. This component is probably a 

polysaccharide originating from a capsule synthesised by the nematodes’ symbiotic 

bacterium. This hypothesis is based on two observations. Firstly, unlike the bacteria
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associated with S. feltiae and P. hermaphrodita, the bacterium associated with 

H. megidis formed colonies that had a mucoid consistency when cultured on nutrient 

agar. Secondly, the supernatant samples used for viscosity measurement were found to 

contain the associated bacteria.

(a) (b) (c)
100

'o

3iear rate (s'*)

Figure 4.3: Typical flow behaviour o f mature nematode cultures (■ ) and their supernatants (□). 

P. hermaphrodita (a), S. feltiae  (b), H. megidis (c). For data points without error bars, experimental error 

is less than the symbol height.

Table 4.2. Average power law constants for mature nematode cultures and their supernatants (standard 

deviation and range shown in brackets). Statistical data is based on viscosity measurements (Appendix L) 

for 5 separate cultures for each nematode species.

Species Sample

type

K

(N s" m'  ̂ X 10'^)

n

P. hermaphrodita Culture

Supernatant

29 (31)(6-78) 

9(10) (2-26)

0.82 (0.11) (0.65-0.92) 

0.90 (0.11) (0.72-1.00)

S. feltiae Culture

Supernatant

31 (18) (10-57) 

11 (5)(4-19)

0.77 (0.08) (0.70-0.89) 

0.81 (0.07) (0.76-0.93)

H. megidis Culture

Supernatant

117 (71) (79-243) 

90 (52)(53-180)

0.64 (0.05) (0.56-0.67) 

0.66 (0.04) (0.59-0.68)

Viscosity ranges for the nematode cultures and their supernatants are shown in 

Figure 4.4. These results show that there was variability in culture viscosity. This will 

need to be taken into consideration when considering the effect of viscosity on the rate 

of solid-liquid separation.
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Figure 4.4: Viscosities of the most viscous (squares) and least viscous (triangles) mature nematode 

cultures (solid symbols) and their supernatants (open symbols). P. hermaphrodita (a), S. feltiae  (b), 

H. megidis (c). For data points without error bars, experimental error is less than the symbol height.

4.4.3 Time dependence

The dependence of viscosity on measurement time is shown in Figure 4.5. This result 

shows that there was no significant change in culture or supernatant viscosity during 

viscosity measurement. This result is consistent with the observation that viscosity 

measurement did not cause any damage to the nematodes (Section 4.3.1). On the basis 

of this result, the effect of shear history on viscosity can be neglected when considering 

the effect of viscosity on nematode settling rate.

4.4.4 Effect of temperature on viscosity

The effect of temperature on the viscosity of a culture of H. megidis is given in 

Figure 4.6. These measurements show that there was a significant change in viscosity 

with temperature. For example. Figure 4.6 shows that if the culture is cooled from 25 to 

4 °C the viscosity will increase from 46 to 61 N s x 10'  ̂ at a shear rate of 24.3 s \  

This represents a 33 % increase in viscosity. The significance of this result is that a 

change in culture temperature will affect the settling rate of particulate components. 

During recovery such a situation could arise if a culture was chilled prior to harvesting 

using a centrifuge.
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Figure 4.5: Effect of shear history on the viscosity of nematode cultures (top) and their supernatants 

(bottom). P. hermaphrodita (a), S. feltiae  (b), H. megidis (c). Viscosity measurements were made by 

gradually stepping up (A ) and then stepping down (V) the shear rate o f the measuring device, with a time 

interval o f 10-20 seconds between each step Using this procedure any change in sample viscosity with 

time could be determined by comparing the reading up with the reading down. For data points without 

error bars, experimental error is less than the symbol height.
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10 15 20
Temperature (°C)

Figure 4.6: Effect o f temperature on the viscosity of a mature culture o f H. megidis. Viscosity 

measurements were made at shear rates (s'*) o f 24.3 (■), 49.8 ( • ) ,  102 (A ), 209 (▼), 428 (♦ ), 877 ( ), 

1799 (x), 3680 (^ ) . Experimental errors for viscosity measurements are less than the height o f the data 

symbols.

4.4.5 Phase separation during viscosity measurement

For viscosity data to be representative, the suspension being analysed should remain 

homogeneous during viscosity measurement. To determine whether nematodes or other 

culture components had become separated during viscosity measurement, samples from 

the measuring device were examined. There was no evidence of phase separation. No 

sediment was observed at the bottom of the measuring device, and microscopic analysis 

of samples withdrawn from the measuring device confirmed that the nematodes had 

remained in suspension during viscosity measurement.

4.5 PARTICLE SIZE

Particle size characteristics were determined to identify differences in size between 

product and waste components that could be used as a basis for separation. This 

property was also used to predict settling characteristics (Section 4.7).

4.5.1 Infective juvenile dimensions

Measurements of IJ length and width (Appendix M) are summarised in Table 4.3. The 

measurements for H. megidis and S. feltiae are similar to previously published values 

(Nguyen and Smart, 1995; Poinar, 1990). These measurements show that nematode 

size is dependent on species. On average, P. hermaphrodita was the largest of the test

67



Culture properties and identification of potential recovery methods Chapter 4

species, and H. megidis and S. feltiae were of a similar size. These differences probably 

explain why P. hermaphrodita is the most shear sensitive and why H. megidis and 

S. feltiae have a similar shear stability (Section 4.3.2). The differences in size will also 

cause significant differences in IJ settling rate, as particle settling velocity is 

proportional to size squared (Eq. 2.7).

Table 4.3. Average lengths (L) and maximum widths (W^ax) o f  infective juveniles in microns (standard 

deviation and range shown in brackets). Sample sizes were 60 Us per nematode species.

Species L Wmax

P. hermaphrodita 

S. feltiae 

H. megidis

1029 (68) (893-1225) 

787 (47) (700-914) 

824 (20) (771-863)

4 1 (4 ) (31-54) 

25 (2) (22-30) 

30 (1) (26-32)

4.5.2 Identification of recovery methods based on differences in component size 

The size distribution of particulate components in mature nematode cultures is 

illustrated in Figures 3.1 A, 3. IB and 3.1C. As a consequence of the IJs being the third 

juvenile stage of a six stage life cycle, non-U life stages were both smaller and larger 

than Us. Dead nematodes, J2s, J4s and discarded cuticles were of a similar or identical 

size to the product. Separation of these components using size as a basis (e.g. sieving) 

would therefore be difficult or impossible. Some waste components however were 

significantly different in size to the product. In comparison with the Us, associated 

bacteria and nematode debris were much smaller, and adult nematodes were larger. 

Separation of these components from the Us using size as a basis may therefore be 

possible. The size of insoluble spent media particles was dependent on the media 

component. During cultivation, the insoluble component of H. megidis culture media 

was broken down to a size much smaller than the product (Figure 3.1C). In contrast, 

the insoluble component of P. hermaphrodita culture media was not broken down so 

fully (Figure 3.1 A). From a separation viewpoint the properties of this particular media 

component are not favourable. Meat products used in fermentation media did 

occasionally contain components that were not broken down during cultivation. Many 

of these components were much larger than the product and could be removed by 

sieving.
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Having established a theoretical procedure for separating some waste components from 

IJs by sieving, this separation method was verified by experiment. The sieving tests are 

described in Chapter 5.

4.6 COMPONENT DENSITY

The densities of culture components were measured to identify differences in 

component density that could be used as a basis for separation. This property will also 

affect settling characteristics (Section 4.7).

4.6.1 Culture and culture supernatant density

Density measurements for cultures and their supernatants (Appendix N) are summarised 

in Table 4.4. Culture densities were slightly greater than supernatant densities. This 

difference will be caused by the solids in cultures having a higher density than the 

supernatant. Differences in culture/supernatant density between batches were small and 

will therefore not cause variability in the settling behaviour of cultures. There were 

small differences in culture and supernatant density between nematode species. This 

will be due to differences in culture composition at the end of the cultivation procedure.

Table 4.4. Average densities (kg m' )̂ o f cultures and their supernatants at 20 °C (standard deviation and 

range shown in brackets). Statistical data is based on density measurements for 5 separate cultures for each 

nematode species.

Species Culture Supernatant

P. hermaphrodita 

S. feltiae 

H. megidis

1008 (0.6) (1007-1009) 

1013 (0.3) (1013-1014) 

1011 (1.0) (1010-1012)

1004 (0.5) (1003-1005) 

1010 (0.4) (1010-1011) 

1009 (1.1) (1008-1010)

4.6.2 Solid component density

Measurement of component density using density gradients (Figure 4.7) showed that 

viable IJs have a higher density than non-IJ life stages, dead nematodes and discarded 

cuticles. As a result, separation based on density difference is possible. The density 

ranges of the nematode cultures, their supernatants and their solid components, are 

summarised in Figure 4.8. These measurements show that viable IJs are the most dense 

culture component for each nematode species and IJ density is dependent on species.
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Figure 4.7: Measurement of S. feltiae culture component densities using density gradients calibrated with 

coloured density marker beads. In 40 % (left) and 30 % (right) gradients, culture solids separated into 4 

bands. The composition of the bands from top (lowest density) to bottom (highest density) o f the tubes 

were dead nematodes (D) and discarded cuticles (DC), J4s and adults (A), J ls  and J2s, and infective 

juveniles (IJ).
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Figure 4.8: Densities (kg m'^) o f mature nematode cultures and their components. The lower limit o f 

density measurement in the density gradients is shown as a dotted line.
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The difference in density between IJs and other components is greatest for S. feltiae and 

smallest for H. megidis. Separation based on density difference would therefore appear 

to be most favourable for S. feltiae and least favourable for H. megidis. The results did 

not reveal a precise estimate of the density of all the solid waste components. 

Estimation of J1 density was difficult due to limited numbers of this life stage in the 

density gradients. Cultures of H. megidis contained very few Jls, therefore the density 

of this component was not recorded. However, S. feltiae and P. hermaphrodita J ls  

occupied a similar region to the J2s in the density gradients, suggesting that these life 

stages have a similar density. The density of particles much smaller than the nematodes 

(e.g. associated bacteria, nematode debris) was not recorded, as these components did 

not form a band in the density gradient. Most of these components were probably lost 

in the culture filtrate during preparation of the culture solids sample by filtration.

Neves et al. (1996) determined the density of first generation adult male and 

female Steinernema carpocapsae by sedimentation analysis. Their density 

measurement for adult female Steinernema carpocapsae is the same as the 

measurement for J4/adult Steinernema feltiae shown in Figure 4.8. Their measurement 

for adult male Steinernema carpocapsae is the same as the density measurement for 

infective juvenile Steinernema feltiae shown in Figure 4.8. However, during 

measurement of Steinernema feltiae density using Percoll density gradients, there was 

no evidence that the density of male nematodes differed from that of female nematodes. 

These differences might be explained by the measurements being made at different 

stages of nematode cultivation. Neves et al. (1996) determined the density of mature 

first generation male nematodes. Whereas the measurements presented in Figure 4.8 

were performed using a culture that contained second generation nematodes. Male 

nematodes of the second generation were of a smaller size than mature first generation 

males. This difference in maturity might explain the differences in density.

4.6.3 Identification of recovery methods based on differences in component density

The density measurements reveal differences in density between product and waste 

components that could be exploited in a product recovery process. Separation of IJs 

from solid waste with a lower density could be achieved by flotation if the density of 

the supporting liquid was raised to a value between that of the IJs and the less dense

71



Culture properties and identification of potential recovery methods Chapter 4

particulates. In order to test the potential of this idea a separation protocol needed to be 

established. The main factors which had to be considered were the choice of separation 

equipment and operational parameters for the separation. The separation could be 

carried out by either gravity settling or by centrifugation. The choice between these two 

operations was dependent on the settling rate of the IJs and the waste components. This 

choice is discussed in the next section where predicted settling velocities of culture 

components are examined.

The separation efficiency of a flotation procedure will be dependent on density 

of the continuous phase. Therefore, the effect of continuous phase density on 

separation efficiency needed to be determined. From this relationship the optimum 

density for flotation can then be identified. Based on the density measurements 

presented in Figure 4.8, a model that describes the effect of continuous phase density 

on the separation efficiency of a flotation procedure has been proposed (Figure 4.9).
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Figure 4.9: Model showing the predicted effect of continuous phase density on the efficiency o f recovery 

by flotation.

An explanation of Figure 4.9 is as follows. If a suspension of nematodes with a 

continuous phase density of 1000 kg m'  ̂ (i.e. water) is allowed to settle then the 

majority of IJs and waste components will form a sediment because their density is 

greater than that of the continuous phase. The recovery of IJs will therefore be high and 

the separation of waste solids from IJs will be low. However, a small proportion of the 

waste solids are separated from the IJs because some waste components do not settle
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due to their very small particle size compared to that of the Us. As the density of the 

continuous phase is increased, the quantity of waste components separated in the 

supernatant increases. This is because the density of the continuous phase becomes 

similar to or greater than that of the waste components. Initially, as the density of the 

continuous phase is increased all IJs are recovered in the sediment. This is because IJ 

density is still significantly greater than that of the continuous phase. As the density of 

the continuous phase approaches that of the IJs, there is a decrease in the number of IJs 

recovered in the sediment. This is because the difference in density between the Us and 

continuous phase is so small that the Us settle at a low rate. If the density of the 

continuous phase is increased further, to a density greater than the maximum density of 

the Us ( p m a x  ij) ,  then none of the Us will form a sediment. The efficiency model shows 

that if the continuous phase density is equal to the maximum density of the adult 

nematodes ( p m a x  a d u l t )  then the majority of the waste components can be separated 

from the Us with only a small loss of Us in the supernatant. At this density such a high 

separation efficiency seems likely because the major waste components have a lower 

density than the maximum density of the adult nematodes (Figure 4.8). Similarity in IJ 

density with that o f J I  and J2 life stages (Figure 4.8) suggests that separation of these 

components will be difficult using the flotation procedure. However, separation of 

these components is not important because they normally occur in only small quantities 

(Chapter 3).

A possible drawback of recovery by flotation could be that gravid adult 

nematodes containing Us will probably be lost as this life stage has a lower density than 

individual Us. This is unlikely to be a problem for recovery of P. hermaphrodita 

because juveniles of this species emerge from gravid adults shortly after hatching and 

before developing into Us. However, juveniles of S. feltiae and H. megidis usually 

remain inside the adult whilst developing into Us. The Us then gradually emerge from 

the adult body cavity. For these species it will be important that recovery by flotation is 

not performed before all the Us have emerged from the adults.

Another important factor which needs to be considered is the choice of material that 

will be used to raise the density of the nematode suspension. Selection of a suitable 

material requires consideration of the following factors:
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Solubility in water. The material will need to be soluble enough in water to reach the 

required level of density adjustment.

Density. The density of the material will need to be such that the desired density 

adjustment can be achieved.

Viscosity. The material should not cause a large increase in continuous phase viscosity, 

otherwise the rate of separation will be low.

Effect on nematode density. Changes in osmotic pressure caused by the material may 

affect nematode size and density as solute is transported into the nematodes cellular 

structure. The material should not cause changes in nematode density or size such that 

the separation becomes more difficult. Changes in nematode size/density due to a 

change in osmotic pressure could be minimised by selecting a solute that has a high 

density at low solute concentrations. Another possibility would be to use a chemical 

that has a large molecular size. If molecular size is high then the chemical will not be 

transported into the nematodes cellular structure. Another strategy would be to 

minimise the time that the nematode is in contact with the solute such that no change in 

nematode size/density occurs.

Cost. As nematode-based pesticides are a low value product the material used for 

density adjustment will need to be relatively cheap. One possible method of reducing 

cost would be to recover and recycle the material.

Effect on pathogenicity and infectivity o f  IJs-associated bacteria. It will be important 

that the material used for density adjustment does not reduce the efficacy of the 

pesticide.

Effect on IJ  viability. The material should not cause loss of IJ viability during and after 

processing.

Toxicity to humans. The material should pose no threat to humans.
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Disposal. A  safe method of disposing of the chemical, without causing any 

environmental problems will be required. Alternatively, the need for disposal could be 

eliminated by recycling the material to the flotation operation. Another possibility is to 

use the material as a fermentation medium component.

There are many chemicals to chose from; none of which meet all the criteria 

laid out above. Some of the most suitable possibilities are summarised in Table 4.5.

Table 4.5. List o f chemicals which could be used to adjust the density o f a suspension o f culture solids so 

that waste solids can be separated from viable infective juveniles by flotation. Densities, at the temperature 

(®C) shown in brackets, for chemicals (other than Percoll) are taken fi’om Kaye and Laby (1973).

Chemical Density (kg m' )̂

Percoll™ 1130

Sugars:

Sucrose 1588 (15)

Glucose 1544 (25)

Glycerol 1260 (17.5)

Salts:

MgS04 2660 (20)

ZnS04 7H2O 1957 (25)

The material used for measurement of nematode density, Percoll™, is ideally suited to 

separation of biological particles using density as a basis for separation (Pharmacia 

Biotech information booklet on Percoll methodology and applications). However, the 

use of this chemical in a process for the production of nematode-based pesticides would 

not be practicable, as the cost of this chemical is high. Non-polymeric chemicals such 

as sugars and salts may cause a change in nematode size/density but are generally 

available at a lower cost. Sucrose would appear to be a good choice. This sugar has a 

relatively high density and food grade sucrose is available at low cost. Yukawa and Pitt 

(1985) have also noted that high concentrations of sucrose (30 %) do not cause a 

reduction in the viability of S. feltiae. Disposal of sugar could be a problem, as it will 

create a high biological oxygen demand (BOD) if discharged into a waste water system. 

This problem could be overcome by recycling or by using the sugar as a raw material 

for fermentation. The disposal problem could also be overcome by using a chemical.
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which has a low BOD, such as a salt. Salts such as MgS04  and ZnS04  have 

successfully been used to separate viable nematodes from soil by flotation (Hooper, 

1986) and are therefore worth considering as an alternative. These salts also have 

additional properties that are suited to recovery by flotation. Firstly, they have a 

relatively high density compared to the other chemicals in Table 4.5. Toxicity tests 

have also shown that magnesium and zinc ions do not cause mortality of S. carpocapsae 

(Jaworska et a l, 1996) and H. bacteriophora (Jaworska et a l,  1997).

Having established a theoretical procedure for separating waste components from IJs by 

flotation, it was then necessary to verify this procedure by experiment. The results of 

these separation tests are discussed in Chapter 5.

4.7 PREDICTED PARTICLE SETTLING VELOCITY

4.7.1 Predictions of infective juvenile settling velocity using Stokes’ Law

4.7.1.1 Settling velocity in culture liquid, water and sucrose solution

Using the measurements of size, density and viscosity, settling velocities of IJs were 

predicted to determine if IJs could be recovered by gravity settling or whether a 

centrifuge would be required to achieve an acceptable separation rate. During recovery, 

IJs may be suspended in either culture liquid or water, depending on the stage of the 

recovery procedure. Settling velocities of IJs were therefore predicted in culture liquid 

and in water. The predictions are given in Table 4.6. These predictions show that 

settling velocities in cultures are low in comparison with those in water. This result 

confirmed that IJs will need to be separated from culture liquid by centrifugation as 

opposed to gravity settling. Once the nematodes have been re-suspended in water 

further separation could be carried out using gravity settling. Predicted settling 

velocities of IJs in culture liquid and in water were highest for P. hermaphrodita, 

followed by S. feltiae and then H. megidis. The low settling velocity of H. megidis is 

explained by the culture having the highest viscosity and the IJ having the lowest 

density, whereas the high settling velocity of P. hermaphrodita is explained by the IJ 

having a larger size than the other nematode species.
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Table 4.6. Predictions o f average infective juvenile settling velocity (Vu) in cultures, water and sugar 

solution using Stokes’ Law (Eq. 2.7). Properties used for the prediction were: diameter o f a sphere o f  

volume equivalent to an infective juvenile (d*); difference in density between infective juvenile and liquid 

phase (pu - pi); and viscosity (p) at a shear rate o f 24.3 s'\ Maximum and minimum values are shown in 

brackets.

Species Suspension

type

ds

(pm)

(Pij - Pi) 

(kg m' )̂

U

(N s m'̂  X 10' )̂

Vij

(mm min' )̂

P. hermaph.

Culture

125

(99-159)

58

(46-69)

6.5

(2.0-10.6)

5

(1-29)

Water 64

(53-74)

1.0 

(1.0-1.0)

33

(17-61)

Sugar solution 

(9.82 wt %)

22

(11-32)

1.2

(1.2-12)

9

(3-22)

S. feltiae

Culture

83

(72-97)

66

(54-77)

6.0

(3.2-88)

2

(1-7)

Water 78

(67-89)

1.0

(10-1.0)

17

(11-27)

Sugar solution 

(9.82 wt %)

36

(25-47)

1.2

(12-1.2)

7

(4-12)

Culture 43 30.4 0.4

(30-55) (19.1-48.7) (0.1-1.0)

H. megidis Water 94 54 1.0 16

(83-100) (42-65) (10-1.0) (10-21)

Sugar solution 17 1.2 4

(8.62 wt %) (5-28) (12-1.2) (1-8)

In the previous section, separation of IJs from waste by flotation in sucrose 

solution was identified as a possible method of recovery. Therefore, IJ settling 

velocities in sucrose solution were predicted. Table 4.6 also shows that for each 

nematode species the settling velocities of IJs in sugar solution are low in comparison 

m th  those in water. This prediction suggests that if waste solids are to be separated 

from IJs, using the flotation procedure proposed in Section 4.6.3, a satisfactory settling 

rate will not be achieved by gravity settling. The separation rate will therefore need to 

be increased through use of a centrifuge. The low settling velocity in sugar solution is 

explained by the small density difference between IJs and the continuous phase. 

Measurement of the sugar solution viscosity showed that, compared to water, the
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presence of sugar caused only a slight increase in continuous phase viscosity. This 

property is favourable as the increase in viscosity caused by the presence of sugar will 

not cause any significant reduction in IJ settling velocity.

4.7.1.2 Effect of variability in culture properties on settling velocity 

Measurements of the culture properties have shown that there is variability. Therefore, 

the effect of this variability on IJ settling velocity was predicted. Predictions of 

maximum and minimum IJ settling velocities (Table 4.6) suggest there will be much 

variability in IJ settling velocity. The variability is caused by a distribution of nematode 

size (Table 4.3) and density (Figure 4.8) and also variability in culture viscosity between 

batches (Figure 4.4).

Variability in IJ settling velocity in cultures could also be caused by changes in 

culture temperature. Viscosity measurements showed that if a culture of H. megidis is 

cooled from 25 to 4 °C the viscosity could increase by 33 %. As calculated by Stokes’ 

Law (Eq. 2.7), this increase in viscosity would represent a 25 % reduction in settling 

velocity. During a recovery procedure such a situation could arise if a culture was 

chilled prior to harvesting using a centrifuge.

4.7.1.3 Limitations of the predictions

In making the predictions of IJ settling velocity using Stokes’ law, several assumptions 

have been made. Particle diameter (d) in Stokes’ Law was taken as the diameter of a 

sphere of volume equivalent to that of an IJ. This assumption has yet to be verified. 

The relationship between nematode size and Stokes’ diameter therefore needed to be 

verified by experiment. The experiment would involve measuring the settling velocity 

of a dilute suspension of IJs. The measured settling velocity could then be compared to 

the settling velocity predicted using Stokes’ Law. If there was a difference then the 

assumption would be incorrect. The true relationship between nematode size and 

Stokes’ diameter could then be determined using the experimental measurement of IJ 

settling velocity. Hence, Stokes’ diameter for an IJ would be calculated using Stokes’ 

Law rearranged for du:
1

du = t,g(pu-pi)y (4,3)
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Where IJ settling velocity (Vu) is measured by experiment. The relationship between 

Stokes’ diameter of an IJ and diameter of a sphere of volume equivalent to that of an IJ 

is then given by:

dij

For prediction of IJ settling velocity in cultures and their supernatants, viscosity (p) in 

Stokes’ Law was taken as the viscosity at the lowest shear rate at which viscosity could 

be measured (24.3 s’̂ ). The viscosity at this shear rate was chosen because the shear 

rate during gravity settling will be low. The actual shear rate during gravity settling will 

in fact be close to zero, as the liquid will be virtually stationary. Therefore, the true 

viscosity during gravity settling will be higher than the viscosity measured at a shear 

rate of 24.3 s '\  This would suggest that the predictions of IJ settling velocity in cultures 

and their supernatants are high.

In predicting IJ settling velocity using Stokes’ Law another important 

assumption is that settling is not hindered by other particles. In other words, the 

suspension which is settling is a dilute one. In practice, during processing 

biosuspensions are usually in a concentrated form. The predictions of IJ settling 

velocity are really therefore a maximum settling velocity that would occur during 

processing of nematodes. As discussed in Chapter 1, the effect of nematode 

concentration on settling velocity has to be determined by experiment. The effect of 

concentration on settling rate is described in the next chapter.

4.7.2 Identification of recovery methods based on differences in component settling 

velocity

The measurements of culture properties were also used to identify differences in 

settling velocity between product and waste components that could be used as a basis 

for separation. Based on particle size and density characteristics that were determined, 

the following was deduced. J1 and J2 life stages will settle at a lower rate than IJs 

because these components have a smaller size and a lower density than IJs. Dead 

nematodes and discarded cuticles have a lower density than IJs. Therefore these 

components will settle at a lower velocity than IJs if their size is equal to or less than 

that of the IJs. The density of the associated bacteria, nematode body contents debris
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and insoluble H. megidis culture media components was not recorded. However, these 

components must have a lower settling velocity than IJs because many of them were 

observed in samples of culture supernatant. The low settling velocity of these 

components will be due to their small particle size. Separation of IJs from the particles 

with a lower settling velocity could be achieved by operations such as gravity settling or 

centrifugation. However, waste components that have a size and density similar to IJs 

will be difficult to separate using settling rate as a basis for separation. Components 

with these properties included J2s, J4s and insoluble spent media in cultures of 

P. hermaphrodita.

Having established that certain waste components should be separable by 

settling, these predictions needed to be verified by experiment. The actual settling 

characteristics of the nematode cultures and suspensions are described in the next 

chapter.

4.8 CONCLUSIONS

This chapter has described the measurement of culture properties that will affect 

product recovery. Knowledge of these properties was then used to identify potential 

methods for separating viable IJs from fermentation waste. The results have shown 

that:

• The volume of settleable solids in the nematode cultures was between 8 and 11 % in 

a relative centrifugal field of 250.

• In comparison with baker’s yeast, the test nematodes, and especially 

P. hermaphrodita, are very sensitive to shear forces. The choice of recovery 

equipment will therefore be limited to that which produces a low level of stress.

• Nematode cultures, and their supernatants, exhibit pseudoplastic flow behaviour, 

which can be described by the power law.

Nematode debris, adult nematodes and insoluble spent media are of a significantly 

different size to the product life stage and may therefore be separable by sieving.
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• Analysis of component size and density showed that J1 and J2 life stages, and 

nematode debris should settle at a lower velocity than the product life stage and will 

therefore be separable by settling.

• Non-product life stages, dead nematodes and discarded cuticles have a lower density 

than the product life stage. As a result separation based on density difference is 

possible.

• Culture properties are dependent on the nematode species. This observation suggests 

that a flexible processing scheme will be required if  different nematode species are 

to be recovered using the same process equipment.

• Predictions of IJ settling velocity indicate that separation of culture liquid by settling 

and solid waste by flotation in sugar solution will need to be carried out by 

centrifugation, as opposed to gravity settling. Once nematodes have been 

resuspended in water further separation could be carried out by gravity settling.

The recovery methods identified using the property measurements were theoretical and 

were therefore verified by performing separation tests. Further tests were also required 

to determine separation characteristics that cannot be predicted using property 

measurements. The determination and verification of separation characteristics is 

described in the next chapter.
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CHAPTERS

Determination and verification 

separation characteristics

5.1 INTRODUCTION

This chapter describes the separation characteristics of nematode cultures and 

suspensions. Identification of recovery methods by measurement of culture properties 

(Chapter 4) has its limitations. The recovery methods identified were only theoretical 

and needed to be verified. In addition, property measurements could not be used to 

predict all physical separation characteristics. For example, filtration rate and the effect 

of solids concentration on settling rate could not be predicted. This chapter describes 

small-scale separation tests which were used to determine and verify the separation 

characteristics of nematode cultures and suspensions. Results of the separation tests 

were then used to identify large-scale recovery procedures.

5.2 SOLID-LIQUID SEPARATION TESTS

5.2.1 Dead-end filtration

Filtration tests were performed to assess the suitability of different types of filter for the 

concentration of nematode suspensions and to determine whether this method of 

separation can be use to separate nematodes from culture liquid.

5.2.1.1 Filter selection

Initially a series of filtration tests were performed to identify types of filter that are able 

to retain nematodes and separate culture liquid from nematodes. The results are 

summarised in Table 5.1. For each of the filtration tests performed only a small 

proportion, or none of the culture liquid, passed through the filter. This was because 

filters rapidly became blocked. Table 5.1 shows that the majority of the filters tested 

allowed IJs to pass through. This will be explained by the filter pore size being greater
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than the diameter of the nematodes. Only one of the filters tested (PX 547-03) retained 

all of the IJs and allowed some of the culture liquid to pass through. Culture liquid did 

not pass through some of the filters tested (Polyester 2011 G, Nylon 1103 7 oz, 

Whatman paper). Table 5.1 shows that in general, the higher the concentration of IJs in 

the filtrate the greater the volume of filtrate collected. This is because filters with a 

larger pore size allow more Us and liquid to pass through the filter.

Table 5.1: Batch filtration test results for different filters. Tests were performed by attempting to filter 

400 ml o f H. megidis culture with 1 barg pressure applied to the feed side o f the filter. The concentration 

o f IJs in the feed was 65 000 ml'*.

Filter Filtrate volume 

collected 

(ml)

Filtration time 

(minutes)

Concentration o f  IJs in 

filtrate 

(numbers ml'*)

Beta 60 140 3 48 000

PX201-07 124 3 30 000

PX 235-07 105 3 37 000

PX341-07 98 3 33 000

Propex 144K 90 3 41 000

Nylon 1013 4 oz 59 3 22 000

Polypropylene 3776 47 6 14 000

PX345-07 40 3 27 000

Propex 530K 38 3 24 000

Propylene 3 3 OOF 31 3 17 000

Beta 20 30 3 20 000

Polyester 201 IS 4 oz 24 3 10 000

PX 547-03 20 5 0

Duplex 20 15 3 9000

PX413-45 12 1 1000

Polyester 2011 G 0 3 -

Nylon 1103 7 oz 0 3 -

Whatman paper 0 3 -

5.2.1.2 Filtration characteristics of cultures and nematode-water suspensions 

Having identified filters that were able to retain Us, these filters were used to make a 

more detailed analysis of the filtration characteristics of nematode suspensions. A 

comparison between the filtration characteristics of cultures and U-water suspensions 

was made. U-water suspensions were prepared by separating fermentation waste by
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repeated gravity settling. Filtration characteristics of cultures and IJ-water suspensions 

for different nematode species are illustrated in Figure 5.1. The results show that 

during filtration of cultures of each nematode species the filtrate flux decayed to zero 

before all the feed had been filtered. This blinding of the filter will be caused by solid 

components in the cultures. In comparison, during filtration of IJ-water suspensions 

there was a much more gradual decline in filtrate flux, and the flux did not decline to 

zero. Therefore, filtration of the feed was complete because the filter was not 

completely blocked. The differences in filtration characteristics between the IJ-water 

suspensions and the cultures were explained by differences in solids composition. 

Analysis of solids composition under the microscope showed that unlike cultures, the 

IJ-water suspensions contained very few particles that were much smaller than the Us. 

These fine particles were separated during preparation of the suspensions by gravity 

settling. Particles that are much smaller than the IJs have been identified in Chapter 4. 

These components include nematode body content debris and insoluble media. These 

components were therefore responsible for blinding filters.

400

15 20 25
Time (minutes)

Figure 5.1: Dead-end filtration o f P. hermaphrodita (red squares), S. feltiae  (green triangles) and 

H. megidis (blue circles) cultures (solid symbols) and IJ-water suspensions (open symbols). Data for IJ 

H. megidis-v<izXQv suspensions was not collected. All tests were performed by attempting to filter 400 ml 

through a 5 cm diameter filter cloth (PX413-45) disc, using 1 barg pressure on the feed side of the filter. 

The concentrations (numbers x 10  ̂m f’) o f IJs in the cultures were 57 {P. hermaphrodita), 168 {S. feltiae) 

and 92 (//. megidis) and in the water suspensions were 75 {P. hermaphrodita) and 245 {S. feltiae). 

Measurement errors are smaller than symbol sizes.

84



Determination and verification of separation characteristics Chapter 5

Figure 5.1 shows that the filterability of the cultures was different for each 

nematode species. The H. megidis culture blocked the filter most rapidly. This was to 

be expected as cultures of this species were more viscous than cultures of the other two 

nematode species (Section 4.4.2) and contained small particles of insoluble spent media 

(Section 3.2). There were also differences in the filterability of the IJ-water 

suspensions. These differences were probably dependent on the amount of solid waste 

that had been separated.

The results of these filtration tests indicate that dead-end filtration cannot be 

used to separate culture liquid from nematode cultures. However, separation might be 

possible if a self cleaning filtration system were used. It may be possible to prevent 

blinding of filters by using techniques such as cross-flow filtration, back-flushing or by 

using a vibrating filter. The separation tests also confirm that nematode suspensions 

can be concentrated by filtration if small particles of fermentation waste have 

previously been separated.

5.2.1.3 Comparison of filters for concentration of nematode-water suspensions 

Filtration rates for concentrating IJ-water suspensions using filter media that are able to 

retain all or the majority of IJs are presented in Figures 5.2 and 5.3. Figure 5.2 shows 

that, unlike the other filters tested. Polyester 2011 G became blocked. Nylon 1103 7oz 

and PX 547-03 provided similar filtration rates that were 20 % faster than that provided 

by PX413-45. Some IJs were observed in the filtrate from Nylon 1103 7 oz and PX413- 

45, but the numbers of nematodes lost was insignificant (<0.02 %). Figure 5.3 shows 

that the Whatman paper provided a filtration rate that was 20 % faster than PX413-45 

and the mesh (Duplex 20). Filtration rates were similar for PX413-45 and Duplex 20. 

These filtration tests indicated that Whatman paper. Nylon 1103 7oz and PX547-03 

provided similar, and the quickest, filtration rates with insignificant or no losses of IJs 

in the filtrate. The choice between these filters would depend on several factors such as 

cost and type of filtration procedure. The Whatman paper will only be suitable for a 

dead-end filtration procedure and can only be used once. Therefore material costs are 

high, as a new filter is needed for each batch. In comparison, cloths provide more 

flexibility. They can be used for many types of operation (e.g. Rotary vacuum filtration.
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filter press, basket centrifugation) and can be re-used; therefore material costs are 

lower.
400
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Figure 5.2: Dead-end filtration o f infective juvenile S. feltiae  - water suspensions using Polyester 2011 G 

(■ ), Nylon 1103 7 oz ( • ) ,  PX547-03 (A ), PX413-45 (▼). Concentrations (numbers ml'*) of Us in the 

feed were 245 000 and in the filtrates were 0 (Polyester 2011 G), 30 (Nylon 1103 7 oz), 0 (PX547-03), 5 

(PX 413-45). Measurement errors are smaller than symbol sizes.

^  150

12 16 
Time (minutes)

Figure 5.3: Dead-end filtration o f infective juvenile P. hermaphrodita - water suspensions using PX413- 

45 (■ ), Duplex 20 ( • ) ,  Whatman paper (A). Concentrations (numbers ml'^) o f Us in the feed were 

75 000 and in the filtrates were 0 (PX413-45), 200 (Duplex 20), 0 (Whatman paper). Measurement errors 

are smaller than symbol sizes.
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5.2.2 Gravity settling

Gravity settling tests were performed to verify the predictions of IJ settling velocity and 

to determine the effect of solids concentration on settling rate.

5.2.2.1 General characteristics

Initially, settling tests were performed to help establish a procedure for measuring the 

settling velocity of IJs in culture liquid and in water. These settling tests are illustrated 

in Figures 5.4 and 5.5. During settling of IJ-water suspensions (Figure 5.4) a nematode- 

supernatant interface which decreased in height with time was visible. This 

characteristic provided a convenient means of determining the settling velocity of the 

suspension. By recording the interface height versus time, the settling rate of the 

suspension could be determined. This technique was used to determine the settling 

velocity of IJs for a range of suspension concentrations. Unfortunately, this procedure 

could not be used to determine the settling velocity of IJs in culture liquid. This was 

because the nematode-supernatant interface was obscured by an abundance of fine 

debris that did not settle (Figure 5.5). This problem could be overcome by analysing 

samples taken from different heights in settling cultures. However, following the 

interface height with time using this method would be difficult and time consuming. 

Sampling from the settling cultures could upset the settling test and the large number of 

samples required would take a long time to process. As the settling velocity of 

nematode-water suspensions was easy to measure, it was decided that the predictions of 

IJ settling velocity would be verified using IJ-water settling tests. Therefore, the 

settling velocity of IJs in culture liquid was not recorded.

Despite the decision not to attempt measurements of IJ settling velocity in 

cultures, the initial culture settling tests did provide some verification of the predictions 

of IJ settling velocity in culture liquid. After cultures of H. megidis had been allowed to 

stand for 1 hour in measuring cylinders there was no visible formation of sediment and 

a sample taken from just below the surface of the culture contained an abundance of Us. 

This result confirmed the prediction, described in Chapter 4, that IJ H. megidis will 

settle at a low velocity in culture liquid. In comparison, there was some evidence of 

settling in the cultures of S. feltiae and P. hermaphrodita. Samples taken from just 

below the culture surface after one hour of settling contained few Us, and sediment was
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visible in the culture of P. hermaphrodita. These observations confirmed that IJs of 

these two species settle at a faster rate in culture liquid than those of H. megidis.

Figure 5.4: Settling characteristics of infective juvenile P. hermaphrodita in water. The photo was taken 

after the suspensions had been mixed and then allowed to stand for 20 minutes. During settling, the 

nematode-supernatant interface (N-S) decreased in height with time. Initial concentrations (total numbers 

X 10  ̂ml ') o f nematodes in the suspensions were 185 (a), 75 (b), and 36 (c). At the lowest concentration, 

a suspension-sediment interface (S) was visible. Suspensions were prepared by separating fermentation 

waste from a mature culture by repeated gravity settling.

Figure 5.5: Settling characteristics o f mature cultures of P. hermaphrodita (a), S. feltiae (b) and 

H. megidis (c) after 1 hour o f gravity settling.
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Results for the gravity settling tests are presented in Figures 5.6A 

{P. hermaphrodita), 5.6B {S. feltiae) and 5.6C (//. megidis). Each of the settling curves 

in these figures show three distinct phases of batch settling that have been described by 

Coulson and Richardson (1991b). At time zero the nematode-supernatant interface 

begins to accelerate downwards from the surface of the suspension. This acceleration 

phase ends when the interface velocity becomes constant with time. After this phase 

the interface height is directly proportional to settling time. As the interface approaches 

the sediment that is forming at the bottom of the vessel, it begins to decelerate. This 

deceleration phase ends when the change in interface height with time becomes 

constant. The final interface height represents the height of the sediment that has 

formed. The settling rate during the settling tests is equal to the gradient of the settling 

curves at a given time.
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Figure 5.6A: Batch gravity settling o f infective juvetiile P. hermaphrodita in water. Initial nematode 

concentrations (numbers x 10  ̂ ml'*) were 20 (■ ), 40 ( • ) ,  60 (A), 75 (▼), 90 (^ ) , 105 ( ), 120 (x), 140 

( -), 160 (-) , 180 ( I ). Suspensions were prepared from a mature culture by repeated gravity settling. The 

distribution o f nematode life stages in each suspension was 2 % J1-J2, 87 % IJ, 2 % J4-adult, 10 % dead. 

For data points without error bars, measurement errors are less than the symbol size.

89



Determination and verification of separation characteristics Chapter 5

B

Î
I

35

30

25

20

15

10

5

0
0 25 50 75 100 125 150 175

Time (minites)

Figure 5.6B: Batch gravity settling o f infective juvenile S. feltiae  in water. Initial nematode 

concentrations (numbers x 10  ̂ ml'') were 135 (■ ) , 160 ( • ) ,  185 (A), 215 (▼), 255 (4), 320 (+), 

425 (x). At concentrations less than 135 000 ml'* the nematode-supernatant interface was not clearly 

visible, therefore complete sets o f data could not be collected below this concentration. Suspensions were 

prepared from a mature culture by repeated gravity settling. The distribution o f nematode life stages in 

each suspension was: 0 % J1-J2, 94 % IJ, 0 % J4-adult, 6 % dead. For data points without error bars, 

measurement errors are less than the symbol size
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Figure 5.6C: Batch gravity settling o f infective juvenile H. megidis in water. Initial nematode 

concentrations (numbers x 10  ̂ ml'') were 20 (■ ) , 40 ( • ) ,  65 (A), 80 (▼), 95 (4), 110 ( ), 125 (x), 

145 ( -), 170 (-), 190 ( I ), 210 (□). Suspensions were prepared from a mature culture by repeated gravity 

settling. The distribution of nematode life stages in each suspension was 0 % I I -12, 84 % IJ, 0 % J4-adult, 

16 % dead. For data points without error bars, measurement errors are less than the symbol size.
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5.2.2.2 Effect of nematode concentration on infective juvenile settling velocity 

Figures 5.6A, 5.6B and 5.6C show that settling rate decreased with increasing nematode 

concentration. This is because with increasing concentration the upward velocity of 

liquid displaced by settling particles increases and velocity gradients in the liquid 

become steeper (Coulson and Richardson 1991b). Using Figures 5.6A, 5.6B and 5.6C, 

the effect of nematode concentration on the settling rate during the constant settling rate 

period was determined for each nematode species (Figure 5.7). This figure shows that 

suspension settling velocity was greatest for S. feltiae and similar for P. hermaphrodita 

and H. megidis. At nematode concentrations equal to that of mature nematode cultures 

the settling velocity is much lower than that of dilute suspensions. This observation 

indicates that settling of nematodes in culture liquid will be hindered and will therefore 

not obey Stokes’ Law. Figure 5.7 shows that the settling velocity of suspensions with a 

concentration equivalent to that of mature cultures is between 0.2 and 0.5 cm min'\
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Figure 5.7: Effect o f nematode concentration on the gravity settling rate o f infective juvenile 

P. hermaphrodita (■ ), S. feltiae  (A) and H. megidis (# )  in water. Predicted settling velocities for 

S. feltiae  are shown as open triangles (A ). The average nematode concentrations that were in shake flask 

cultures (Table 3.1) are shown as dotted lines. These lines intersect the settling curves at the settling 

velocity marked by dashed lines. Only largest errors shown.

91



Determination and verification of separation characteristics Chapter 5

The actual settling velocity of IJs in culture liquid will be lower than this because 

cultures have a higher viscosity. Predicted IJ settling velocities in cultures were much 

lower than that in water (Section 4.7.1.1). This would suggest that the settling velocity 

of IJs in culture liquid will be significantly lower than 0.2 to 0.5 cm min"\ These 

results confirm that culture liquid will need to be separated from nematodes by 

centrifugation as opposed to gravity settling. However, it would be possible to increase 

nematode settling velocity by diluting cultures with water. The higher settling velocity 

would be achieved as a result of a decrease in nematode concentration and continuous 

phase viscosity.

5.2.2.3 Comparison of predicted and measured infective juvenile settling velocities 

Stokes’ Law is used to define the settling velocity of particles in a dilute suspension. 

Therefore, the measurements of IJ settling velocity at low concentrations can be used to 

verify the predictions of IJ settling velocity using Stokes’ Law. Figure 5.7 shows that as 

the concentration of the nematode suspensions approaches zero, the settling velocities 

(cm min.'^) of the suspensions are 0.8 for P. hermaphrodita and 0.7 for H. megidis. 

There was some uncertainty about the settling velocity of IJ S. feltiae at low 

concentrations, as the nematode-supernatant interface became less distinct with 

decreasing nematode concentration. At initial suspension concentrations below 

135 000 ml'^ the interface was not visible for more than 5 minutes. The data collected 

during this period was insufficient for determination of settling velocity during the 

constant rate period. The settling data that was collected during this period was similar 

to that collected for the suspension with an initial concentration of 135 000 ml"\ This 

suggests that settling velocity might be independent of concentration between 

concentrations of 0 and 135 000. Based on this hypothesis, settling velocities for 

S. feltiae have been predicted for suspension concentrations of less than 135 000 (See 

Figure 5.7). The settling velocity of IJ S. feltiae used for verification of predicted 

settling velocity was therefore taken as the settling velocity at a concentration of 

135 000. From Figure 5.7 that velocity is 1.9 (±0.5) cm m in.'\ The IJ settling 

velocities predicted using Stokes’ Law and measured by experiment are presented in 

Table 5.2. These results show that there was some discrepancy between U settling 

velocities predicted using Stokes’ Law and those determined by experiment. For
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S. feltiae the experimental measurement of IJ settling velocity is within the velocity 

range predicted using Stokes’ Law. Based on this result, the assumption that Stokes’ 

diameter is equal to the diameter of a sphere of volume equivalent to that of an IJ, 

would appear to be reasonable. However, for P. hermaphrodita and H. megidis the 

experimental measurement of IJ settling velocity was lower than that predicted using 

Stokes’ Law. These discrepancies could be caused by the presence of non-IJ life stages 

in the suspensions used for the settling tests. Suspensions of IJ P. hermaphrodita and 

H. megidis used for settling tests did contain a significant number of non-IJ life stages. 

Life stages such as Jls, J2s and dead nematodes settle at a lower velocity than viable 

IJs. Another factor contributing to the lower settling velocities might be that the 

properties used for prediction might differ to the actual properties of the nematodes 

used for the settling tests. For example, the measured properties used for prediction are 

the properties of IJs in a mature culture at the time of harvest. Whereas, the IJs used for 

the settling tests had been stored in an aerated settling tank for over a week. Storage of 

nematodes is accompanied by a decrease in nematode size (Nguyen and Smart, 1995). 

This might therefore explain why the settling velocity of the suspensions was lower than 

that predicted using Stokes’ Law. Ideally, the settling tests would have been performed 

using suspensions of IJs that contained no other life stages and had just been harvested. 

However, at the time of the settling tests there was no known method for rapidly 

separating non-U life stages from Us. The gravity settling procedure used for 

preparation of IJ suspensions is slow and unable to remove all of the non-U life stages.

Table 5.2: Infective juvenile settling velocities (mm min'*) in water predicted using Stokes’ Law (Eq. 2.7) 

and measured by experiment. Maximum and minimum values are shown in brackets. Predicted values 

were taken fi"om Table 4.6. Measured values were taken fi"om Figure 5.7.

Species Predicted Measured

P. hermaphrodita 33 (17-61) 8
S. feltiae 17(11-27) 19 (14-24)

H. megidis 16(10-21) 7

Despite some discrepancy between predicted and measured settling velocities 

the predictions and measurements are of a similar order of magnitude. Therefore, the 

conclusions made using predictions of IJ settling velocity still stand. That is. Us will 

need to be separated from culture liquid by centrifugation as opposed to gravity settling.
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However, once the nematodes have been re-suspended in water further separation could 

be carried out using gravity settling.

5.2.2,4 Effect of nematode concentration on infective juvenile settling flux 

To maximise the speed of a gravity settling procedure the concentration at which 

settling flux is a maximum must be identified. This concentration can be determined by 

plotting settling flux versus concentration (Coulson and Richardson 1991b). The effect 

of concentration on settling flux is given in Figure 5.8. These plots show that 

concentrations (total nematode numbers x 10  ̂ ml* )̂ for maximum settling flux were 

125 (S. feltiae), 75 {P. hermaphrodita) and 100 {H. megidis). Average concentrations 

that were seen in shake flask cultures (Table 3.1) were above these concentrations. 

Cultures of nematodes may therefore require dilution so that the optimum settling flux 

can be achieved. Figure 5.8 shows that at a given concentration settling flux was 

highest for S. feltiae and similar for H. megidis and P. hermaphrodita. The flux for 

S. feltiae is probably higher because the velocity of displaced liquid at a given 

concentration is lower than that for the other species. This hypothesis is based on the 

assumption that average nematode size in the suspensions of S. feltiae was smaller than 

that of the other species. This seems likely because suspensions of H. megidis and 

P. hermaphrodita contained some large J4-adult nematodes and IJ H. megidis 

and P. hermaphrodita are larger than IJ S. feltiae (Table 4.3).

5.3 SOLID-SOLID SEPARATION TESTS

5.3.1 Sieving

Analysis of culture component size (Section 4.5) suggested that some waste 

components, such as nematode body content debris, bacteria and broken down insoluble 

media, can be separated by sieving. This section describes the small-scale sieving tests 

which were used to verify these predictions.
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Figure 5.8: Effect o f nematode concentration on the gravity settling flux of infective juvenile 

P. hermaphrodita (■ ), S. feltiae  (A) and H. megidis ( • )  in water. Predicted settling fluxes for S. feltiae  

are shown as open triangles (A ). Both plots are identical other than the axis scales. The average 

nematode concentrations that were in shake flask cultures (Table 3.1) are shown as dotted lines. These 

lines intersect the settling curves at the settling flux marked by dashed lines. The solid lines are 

concentrations at which settling flux is a maximum. Only largest errors shown.

During filtration tests (Section 5.2.1) it was noted that when cultures were passed 

through cloths/mesh that were able to retain IJs, the nematode-free filtrate contained 

many fine particles. These included nematode body content debris, broken down
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insoluble media and bacteria. This confirmed that these components are separable from 

IJs by sieving. However, these components caused the filters to blind rapidly. It was 

therefore suggested that blinding might be overcome by using a self cleaning filtration 

system such as cross-flow filtration, back-flushing, vibrating screens etc. Similarly, 

these techniques could also be used to aid sieving as well as filtration operations. As 

these separation methods also allow the separation of culture liquid, the separation of 

waste solids and culture liquid could be carried out simultaneously, for example, by dia- 

filtration. As small particles pass through the sieve with culture liquid, nematodes in 

the retentate could be washed by the addition of water. This wash water would then 

pass through the sieve carrying with it fine particles and culture liquid. The addition of 

wash water could be continued until all traces of culture liquid and fine particles had 

been removed.

To verify that components larger than Us can be separated by sieving, attempts 

were made to pass a water suspension of P. hermaphrodita culture solids through 

2 mm, 1 mm, 650 pm and 250 pm sieves. Using the 2 mm and 1 mm sieves the 

suspension passed through the mesh rapidly and some culture solids were retained. 

These included particles of insoluble media that had not been broken down (e.g. bone 

fragments) and some floes consisting of small particles of insoluble spent media. Using 

the 650 pm sieve more of these components were separated and there was a noticeable 

decrease in liquid flux through the mesh. Liquid passed through the mesh rapidly only 

if the sieve was shaken fi*om side to side. When the suspension was poured onto the 

250 pm sieve, the mesh rapidly blocked. If the sieve was shaken from side to side the 

liquid gradually passed through but many of the IJs were retained on the surface of the 

sieve. These IJs could be washed through, albeit very slowly, if water was run through 

the sieve and the shaking was continued. Once IJs on the mesh had been washed 

through many adult nematodes remained on the sieve. This confirmed that the adult 

nematodes can be separated. As the mesh size of this sieve was greater than the width, 

but about only a quarter of the length of the IJs, sieving would have been dependent on 

nematode orientation when nematodes approached the sieve surface (Figure 5.9). 

Unless the IJs fall at right angles to the sieve they will probably be retained. 

Presumably, shaking of the mesh aids sieving because this changes nematode 

orientation and helps to unblock the mesh.
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(a) (b) (d)

Figure 5.9: Sieving characteristics o f nematodes. If nematodes fall across the sieve they are retained 

(a, b), but if the nematodes are at right angles to the sieve surface they pass through (c). As solids 

accumulate at the sieve surface the sieve becomes blocked (d).

The results of these tests have shown that some culture solids can be separated by 

sieving. However, because culture solids cause blinding of the mesh a self-cleaning 

procedure will be preferable. Further separation tests will be required to evaluate 

sieving operations such as cross-flow sieving, vibrating screens etc.

5.3.2 Settling

Predictions of settling characteristics indicated that certain solid fermentation waste 

components might be separable from IJs by classification settling (Section 4.7.2). This 

section describes the small-scale settling tests that were used to verify these predictions, 

and identifies key factors that will affect the efficiency of such a procedure. Using 

these results, potential large-scale recovery procedures are identified.

5.3.2.1 General characteristics

Analysis of samples taken from settling nematode suspensions showed that, solid 

culture components can be separated on the basis of their terminal settling velocities. 

Components much smaller than nematodes (e.g. nematode body content debris, broken 

down insoluble media) remained in the supernatant of settled suspensions because their 

settling velocity was much lower than that of the nematodes. Samples taken from the 

very bottom of the sediment contained an abundance of adult life stages. This
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confirmed that adult nematodes settle at a higher velocity than other nematode life 

stages. With the next highest settling velocity were J4 and IJ life stages, followed by 

J2s, Jls, discarded cuticles and membrane fragments. As expected, components with 

similar properties to viable IJs settled at a similar velocity to the product life stage. 

These components included J2s, J4s and dead Us/J3s. As a result, these components 

were difficult, or impossible, to separate by decanting fractions from a settling 

suspension. Components with a lower settling velocity than Us, e.g. J ls  and nematode 

debris, could be separated by removing the upper fraction of a settling nematode 

suspension or by using a solid bowl centrifuge to classify solids. Using a bowl 

centrifuge, product was retained in the bowl whilst components with a lower settling 

velocity were separated in the overflow. The main disadvantage of classification using 

either batch settling or centrifugation is that components that settle faster than the IJs 

are not separated. Adults could be separated by removing the bottom fraction of the 

sediment but many IJs would be lost as the adults are in close proximity to the IJs in the 

sediment. Other methods of classifying solids according to their settling velocity have 

been described by Coulson and Richardson (1991a). These include use of a gravity 

settling tank with continuous feed and an Elutriator. These techniques use an up- 

current of water to classify particles according to their settling velocities. Such 

separation methods could be used to separate components that settle faster than IJs as 

well as those that settle at a lower velocity.

5.3.2.2 Effect of flocculation on classification

A characteristic that was noted during gravity settling tests was that culture solids had a 

tendency to form floes. The effect of floe formation on settling characteristics was as 

follows. Components settled at a higher velocity when in a floe rather than when 

present as discrete particles. It is likely that floe formation could reduce the efficiency 

of solid-solid separation by settling. If waste components smaller than IJs form floes 

then their settling velocity will become closer or greater than that of the IJs. These 

components would therefore be difficult to separate by gravity settling. If floe 

composition is product and waste, then the waste will not be separable by gravity 

settling. Gravity settling tests using suspensions of P. hermaphrodita culture solids 

showed that although the insoluble spent media component was of a smaller particle
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size and density than the IJs, it was not separable by gravity settling. This settling 

characteristic was explained by analysing culture solids under the microscope. The 

insoluble media component in cultures of this nematode formed floes (Figure 5.10). 

This suggested that the higher than expected settling velocity of this component was 

caused by floe formation.

,  ' . .  ;  "  A -  ^ * . t  - r-'k

0 m
.i • » « *”

Figure 5.10: Flocculation o f insoluble spent media in a suspension of P. hermaphrodita. 

Photomicrographs o f this sample were taken just after the suspension was mixed (top) and after 25 

minutes o f being undisturbed (bottom). Scale bar = 1 mm.

The above observation suggests that it will be desirable to prevent floe 

formation during classification of culture solids by settling. One method of avoiding 

floe formation during settling would be to settle components rapidly, before floes form. 

This could be achieved by using a centrifuge to classify particles rather than by gravity 

settling. If floes were present before separation then they could be broken up by mixing
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prior to separation. Floes that formed in standing suspensions were usually very 

unstable as they could be broken up by gently mixing suspensions. Movement of liquid 

to break up floes during a settling procedure would probably be advantageous, as this 

would aid the classification of individual particles. If solids were classified using a 

continually fed centrifuge then the flow of liquid through the centrifuge would be 

expected to produce enough shear to prevent the formation of floes. If culture solids are 

to be classified by settling then for the best separation efficiency, the suspension of 

culture solids should be mixed and then passed through a centrifuge. A centrifugal 

separation procedure would also be preferable to gravity settling as the separation rate 

would be faster.

5.3.2.3 Effect of nematode concentration on classification

The separation of particles according to their settling velocities is dependent on solids 

concentration (Fitch, 1977). In general, settling classification efficiency increases with 

decreasing concentration. The effect of nematode concentration on classification of 

nematode-water suspensions is illustrated in Figure 5.4. At high concentrations 

different components were constrained to settle at the same rate, this was evident from 

a distinct nematode-supernatant interface. Whereas at low nematode concentrations, 

there was no distinct nematode-supernatant interface because solids suspended in the 

settling suspensions gradually thinned out as components settled at different velocities. 

During measurement of IJ settling velocity (Section 5.2.2) the minimum nematode 

concentration at which a nematode-supernatant interface was visible was noted. These 

concentrations (total numbers x 10  ̂ ml"^) were 20 {P. hermaphrodita), 135 (S. feltiae) 

and 20 {H. megidis). This result suggests that if nematode-water suspensions are to be 

classified, then the nematode concentration should be less than these values.

Settling tests using cultures showed that not all culture components were 

constrained to settle at the same rate as the Us at high nematode concentrations. 

Components with a very small size compared to the IJs were still classified at high 

nematode concentrations. These components included fine debris and insoluble spent 

media. Presumably these components are not constrained to settle with the IJs as they 

easily fit through interstices between larger culture components.
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The small-scale settling tests have verified the prediction in Section 4.7.2 that many of 

the solid waste components are separable by settling. Observation of the settling 

characteristics has suggested that centrifugal classification will be more efficient than 

gravity settling. The evaluation of these procedures using large-scale separation tests is 

described in the next chapter.

5.3.3 Flotation by attachment of air bubbles

A separation characteristic observed was flotation of insoluble spent media in 

suspensions of P. hermaphrodita. This separation characteristic was first noticed when 

a suspension of culture solids was blasted with a high pressure jet of water (Personal 

communication from Microbio Ltd). Following blasting of the suspension, insoluble 

spent media formed a thick scum at the liquid surface if the suspension was allowed to 

stand. Analysis of blasted suspensions using a microscope showed that insoluble media 

had become attached to air bubbles that were introduced into the suspension by blasting 

(Figure 5.11). This observation showed that flotation was a result of the insoluble

Figure 5.11: Light micrograph showing attachment o f insoluble spent media to air bubbles. The 

insoluble media could be separated when the bubbles rose to the surface of the suspension. The sample is 

P. hermaphrodita culture solids suspended in water. Scale bar = 1 mm.
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media having a high affinity for air bubbles that rose to the surface of the suspension. 

As scum formed at the suspension surface the nematodes began to form a sediment at 

the bottom of the vessel. The scum formed quickly in comparison with the formation of 

the nematode sediment. Some of the nematodes became trapped in the bubble-media 

complexes and therefore rose to the surface. Gradually bubble-media complexes from 

the layer of scum began to settle, presumably because air bubbles in the scum were 

disappearing as they came into contact with the air-liquid interface at the surface of the 

suspension. If the scum was not removed from the settling suspension shortly after 

blasting then separation was not achieved because insoluble media in the scum settled 

with the nematodes.

Processes involving flotation by attachment of air bubbles consist of a flotation 

unit and a saturator (Bratby and Marais, 1977). The saturator is used to dissolve air in 

the liquid phase. Pressure-saturated suspension is then fed into the flotation unit. 

Inside this unit flotation takes place as bubbles form and attach to solids. It was 

decided that the design and evaluation of such a procedure would not be carried out, 

because the insoluble spent media component in cultures of P. hermaphrodita should be 

eliminated from the fermentation media if possible. Use of an insoluble media 

component that is not broken down fully and metabolised is inefficient and creates 

unnecessary separation problems.

5.3.4 Flotation by adjustment of continuous phase density

Measurements of component density indicated that solid fermentation waste may be 

separable from viable IJs by flotation, if the density of the continuous phase is raised 

(Section 4.6). Key variables that would affect the efficiency of such a procedure were 

identified and a flotation procedure was suggested. This section describes small-scale 

flotation tests. The tests were used to verify the theoretical flotation procedure 

presented in Section 4.7.2 and determine the effect of key variables on the efficiency of 

this recovery method.

5.3.4.1 General characteristics

Separation tests showed that waste solids can be separated from viable IJs by flotation if 

the continuous phase density of a nematode-water suspension is increased using
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sucrose. Successful separation was achieved if the continuous phase density was equal 

to the maximum density of J4-adult nematodes. When flotation was carried out by 

centrifugation the separation was characterised by the formation of an IJ sediment at the 

bottom of the centrifuge tube and a band of non-IJ life stages floating at the liquid 

surface. However, it was noticed that if these separated samples were allowed to stand, 

the waste solids floating at the liquid surface gradually began to settle downwards and 

form a sediment at the bottom of the test tube together with the viable IJs. This 

observation indicated that the density of the waste solids was increasing with time, 

therefore becoming greater than the density of the continuous phase. Analysis of waste 

components separated by flotation showed that the sucrose caused non-IJ life stages to 

swell (Figure 5.12). Eventually this resulted in the death of many non-IJ life stages.

Figure 5.12: Light micrograph o f non-IJ P. hermaphrodita life stages suspended in sugar solution. When 

the nematodes were suspended in sugar solution the change in osmotic pressure caused some of the non

product life stages to swell. This resulted in an increase nematode size and density. These changes in 

nematode properties then affected separation characteristics of the suspension. Scale bar = 1 mm.

This observation indicated that the change in osmotic pressure caused by exposure of 

the nematodes to sucrose had resulted in an increase in nematode size and density. In 

comparison, viable IJs appeared to be unaffected by exposure to sucrose. There was no
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visible change in IJ size, shape and viability. This desirable characteristic will be 

explained by the biology of the IJs. The IJs are adapted to survival in harsh 

environments (Section 1.2.5). Unlike the non-IJ life stages the IJs are enclosed by an 

additional protective membrane and the mouth parts are tightly closed. These 

morphological characteristics explain why Us are able to prevent the ingestion and 

uptake of sugar.

Flotation tests performed using gravity settling were not as successful as those 

performed by centrifugation. As expected, during gravity flotation, IJs began to settle 

downwards and the waste components upwards. As predicted (Section 4.7.1.1) the 

settling rates were slow. The separation rate was so slow that flotation was incomplete 

before the density of the waste components increased to the extent where they began to 

settle downwards with the viable IJs. These observations confirmed that flotation 

would need to be carried out by centrifugation as opposed to gravity settling.

5.3.4.2 Effect of density adjusting solute on infective juvenile viability 

Use of a density adjusting solute during a flotation procedure may cause loss of IJ 

viability. Therefore the effect of solutes on IJ viability was determined by exposing 

viable IJs to solutions with a solute concentration that is required for density 

adjustment. When suspensions of infective juvenile H. megidis were exposed to 

sucrose, magnesium sulphate and glycerol for a 2 hour period, no decrease in IJ 

viability could be detected. These results indicate that during a flotation procedure, the 

viability of infective juvenile H. megidis will not be affected by the solutes tested, 

provided that exposure time is less than 2 hours. During a flotation procedure, the 

solute-nematode contact time will probably be much less than 2 hours. Loss of IJ 

viability caused by the solutes tested would therefore seem very unlikely. Although the 

effect of solute on the viability of P. hermaphrodita and S. feltiae was not determined, 

it seems unlikely that the viability of IJs of these species will be affected by the solutes 

tested. The biology of IJs of these species does not differ significantly from that of

H. megidis.
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5.3.4.3 Effect of solute-nematode contact time on separation efficiency 

As the presence of sucrose gradually changes the properties of non-IJ life stages, the 

relationship between flotation efficiency and solute-nematode contact time was 

determined. Figure 5.13 suggests that flotation efficiency decreases exponentially with 

solute-nematode contact time. After about 30 minutes, flotation efficiency decreased 

by 50 % and after 60 minutes the efficiency had decreased by about 75 %. These 

measurements show that for high separation efficiency, flotation must take place 

quickly and as soon as nematodes are mixed with the density adjusting solute.

0 20 40 60 80 100 120 140

Sugar-nematode contact time (minutes)

Figure 5.13: Effect o f sugar-nematode contact time on the efficiency o f separating non-IJ H. megidis by 

flotation. When the nematodes were suspended in sugar solution the change in osmotic pressure caused a 

gradual increase in the size and density o f non-IJ life stages. The efficiency o f separating non-product life 

stages from IJs by flotation decreases with time because the density o f the non-IJ life stages becomes 

greater than that o f the continuous phase.

5.3.4.4 Effect of nematode concentration on separation efficiency 

Use of a density adjusting solute will increase the cost of producing nematode-based 

pesticides. The quantity of solute used for flotation must therefore be minimised. One 

method of minimising solute use would be to perform flotation at high nematode 

concentrations. However, flotation efficiency is likely to decrease with increasing 

nematode concentration because classification of particles by settling will become 

hindered. In order to find out if satisfactory separation can be achieved at high
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concentrations, the effect of nematode concentration on separation efficiency was 

determined. Figure 5.14 shows that there was a gradual decline in separation efficiency 

with increasing concentration. Efficiency of waste flotation decreased by about 20 % 

when the concentration was increased from zero to a concentration that was about 

double that seen in mature cultures. This result showed that flotation could be 

performed at high nematode concentrations without a large reduction in separation 

efficiency. However, the relationship between concentration and separation efficiency 

may change when the flotation procedure is scaled up. Figure 5.14 shows that there was 

also some loss of product in the supernatant that increased with increasing nematode 

concentration. The losses were caused by liquid movement in the centrifuge tube 

during deceleration of the centrifuge. During deceleration liquid movement caused 

some of the IJ sediment to be lifted into the supernatant. This is unlikely to be a 

problem on a production scale as the centrifuge used will probably have continual 

removal of supernatant during flotation.

100

0
Initial nematode concentration (total numbers x lÔ mT̂ )
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Figure 5.14: Effect of nematode concentration on the efficiency o f separating H. megidis culture solids by 

flotation. Efficiencies shown are non-IJ life stages removed via supernatant ( • )  and IJs lost in supernatant 

(O). The average nematode concentration in shake flask cultures (Table 3.1) is shown as a dotted line. 

The distribution o f life stages was 1 % J1-J2, 68 % IJ, 4 % J4-adult and 27 % dead, the majority o f which 

were J4s/adults.
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5.3.4.5 Effect of component properties on separation efficiency 

Despite flotation tests being performed using the same procedure, different flotation 

efficiencies were observed from batch to batch. For example, a flotation efficiency of 

80 % was observed when processing one batch of H. megidis (Figure 5.14), but only a 

20 % efficiency was seen when another batch of H. megidis (Figure 5.13) was 

processed. Following analysis of waste components that were not separated from the 

viable IJs, these differences were explained by differences in waste component 

properties. Suspensions of H. megidis used for the experiment shown in Figure 5.13 

contained a high proportion of dead IJs/J3s that were not separated by flotation. These 

life stages have similar or identical properties to viable IJs and are therefore difficult to 

separate. In contrast, the other suspension of H. megidis contained very few dead 

IJs/J3s. Analysis of sediments and supernatants from suspensions separated by flotation 

showed that J4-adult nematodes were separated with high efficiency. This will be 

explained by these components being more buoyant than other waste components, 

during flotation. This separation characteristic is particularly desirable because J4-adult 

life stages have proved difficult to separate using other separation procedures and they 

account for a high wt % of the waste components.

5 .3 .4.6 Design of a large-scale flotation procedure

The small-scale flotation tests have shown that this separation method is capable of 

separating a high proportion of the solid waste and, unlike existing recovery methods, 

this procedure can also separate J4-adult life stages, giving it great potential. It was 

therefore decided that a large-scale flotation procedure would be designed and tested. 

Using knowledge of small-scale flotation characteristics a large-scale flotation 

procedure was designed. This design is presented in Figure 5.15. Using an in-line 

mixer, a density adjusting solution is mixed with a suspension of nematodes. The feed 

suspension is aerated to keep nematodes in suspension. The density-adjusted 

suspension is continuously fed into a centrifuge where flotation takes place. Viable IJs 

are collected in the centrifuge bowl whilst waste solids are separated via the 

supernatant. Key features of the procedure are use of the in-line mixer and a centrifuge. 

The in-line mixer has been incorporated into the design because this will minimise the 

nematode-solute contact time. Minimal nematode-solute contact time is desirable
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because flotation efficiency decreases with increasing contact time (Section 5.3.4.S). 

Batch mixing was considered unsuitable because the nematode-solute contact time 

would increase with time as the batch of density-adjusted suspension was fed into the 

centrifuge. To minimise the solute-nematode contact time further, the separation is 

performed quickly by using a centrifuge. The centrifuge is also required because 

gravity flotation rates are slow (Section 4.7.1.1). Work presented in Section 4.3.3 

suggests that some types of centrifuge may cause shear damage to the product. A 

suitable centrifuge must therefore be identified. Centrifuge trials are described in the 

next chapter. The results of these tests were then used to finalise the design of the 

flotation procedure. The flotation procedure was then tested.

In-line mixer
Peristaltic pumps

Air
_ Viable Us 
(sediment)

Density Centrifuge
solution

Waste solids 
(overflow)

Figure 5.15: Design o f a large-scale flotation procedure for separation o f waste solids from viable 

infective juveniles.

5.4 CONCLUSIONS

Using small-scale separation tests the separation characteristics of nematode cultures 

and suspensions have been determined and verified. The test results were then used to 

identify large-scale recovery procedures. The main findings were as follows:

• Nematode cultures cause rapid blinding of filters during dead-end filtration. As a 

result, separation of culture liquid by dead-end filtration is not possible.
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• Nematode-water suspensions do not cause complete blinding of filters during dead

end filtration if the suspensions do not contain small particles such as nematode body 

content debris and insoluble spent media. As a result concentration of nematode- 

water suspensions by filtration is possible.

• The size of non-IJ life stages, associated bacteria, nematode debris and insoluble 

spent media was different to that of IJs. Therefore, separation by sieving is possible.

• Settling tests verified that IJs need to be separated from culture liquid by 

centrifugation as opposed to gravity settling.

• Nematode debris and J1-J2 life stages settle at a lower velocity than IJs. These 

components can therefore be separated by settling.

• Insoluble spent media in cultures of P. hermaphrodita can be separated by flotation 

if air bubbles are attached to this waste component.

• Non-product life stages, dead nematodes and discarded cuticles can be separated by 

flotation if the density of the continuous phase is increased using sucrose. However, 

the solute-nematode contact time must be minimised, otherwise non-product life 

stages increase in density and do not float.

The recovery methods identified in this chapter required evaluation on a large scale.

Large-scale recovery experiments are described in the next chapter.
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6.1 INTRODUCTION

This chapter describes the evaluation of large-scale recovery operations and the 

integration of operations into a processing scheme. Potential methods for mass 

recovery of IJs were identified using measurements of culture properties (Chapter 4) 

and small-scale separation tests (Chapter 5). To determine which method(s) should be 

used for the production of nematode-based pesticides, potential large-scale recovery 

methods were evaluated. This chapter describes large-scale recovery using gravity 

settling, centrifugal settling and centrifugal flotation operations.

Large-scale operations for nematode recovery, such as gravity settling and 

centrifugation, have received little or no critical evaluation in the literature (Section

1.3.5). Recovery of fermentation products using the flotation procedure proposed in 

Section 5.3.4.6 has not previously been described. Hence, there was little published 

data which could be compared to the results described in this chapter. The operations 

described were therefore evaluated in parallel by making a comparison of separation 

efficiencies. Following identification of suitable recovery operations these operations 

must be linked into an efficient processing chain. The final part of this chapter 

describes possible recovery schemes. The benefits and drawbacks of each scheme are 

considered.

6.2 GRAVITY SETTLING

A component balance for the recovery of IJ F. hermaphrodita from fermentation broth 

by repeated gravity settling is presented in Figure 6.1. The results show that there was 

only a slight decline in the numbers of viable IJs during repeated settling. This small 

loss is probably explained by some of the product being discarded with the supernatant. 

The data suggests that there was a slight increase in the number of J4-adult life stages in
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the settling tank. This might be explained by nematode growth during recovery. The 

J4-adult life stages were not separated because these components settled at a greater or 

similar velocity to the Us. As expected, J1-J2 life stages settled at a lower velocity than 

Us and could therefore be separated by removal of supernatant. However, the 

proportion of J1-J2 separated per settling stage was low. As a result, settling had to be 

repeated many times before the majority of these life stages were separated. Similarly, 

the separation had to be repeated before most of the culture liquid was diluted out. 

Examination of suspension samples under the microscope showed that nematode debris 

was separated. In contrast, much insoluble spent media could not be separated, even 

after repeated settling.
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Figure 6.1: Material balance for the recovery o f IJ P. hermaphrodita from fermentation broth by repeated 

gravity settling. Culture components quantified were culture liquid (top) and solid culture components 

(bottom). The solid components are viable Us (■ ), non-IJs ( • ) ,  J1-J2 (▲) and J4-adult (▼). The assays 

for non-product life stages include both dead and viable nematodes. Errors shown are the standard 

deviation o f 3 independent assays.

The results show that although virtually all viable Us could be recovered by 

gravity settling, this recovery procedure had two major drawbacks. Firstly, much solid 

waste was not separated because some components settled at a higher velocity than the
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IJs. The other problem with the gravity settling procedure was that the separation 

efficiency for each stage was low. As a result, the overall recovery time was high 

because settling had to be repeated many times. The long separation time is undesirable 

because this leads to an increase in processing costs, reduces product shelf life and the 

product is more susceptible to contamination if processed over a long period of time. 

The separation of solid waste from IJs by repeated gravity settling relies on the gradual 

break down of particles to a small size. The small particles of solid waste can then be 

separated by the removal of supernatant. Even though the nematode suspensions were 

stored in settling tanks for 2 weeks during the recovery trial, much of the solid waste 

did not break down. This was explained by most of the non-IJ life stages remaining 

viable throughout the recovery procedure. If the viable non-IJ life stages had died 

during recovery they would probably have broken down and been removed in discarded 

supernatant. The gravity settling procedure was also unable to separate much of the 

insoluble spent media in the nematode culture. Although the insoluble media was of a 

small particle size this component formed floes that settled with the product.

Figure 6 .1 shows that the quantity of liquid removed at each stage was only 50 

to 60 % of the total liquid volume. This explains why several settling stages were 

required to separate virtually all of the culture liquid. The quantity of culture liquid 

separated during each settling stage was limited by the amount of supernatant that could 

be removed without losing product. As solid waste was separated by the removal of 

supernatant, the removal of slow settling waste was also limited by the quantity of 

supernatant separated. As a result, many stages were required to separate components 

that settled at a lower velocity than the IJs.

6.3 CENTRIFUGAL SETTLING

6.3.1 Disc stack centrifuge (intermittent discharge)

Separation of P. hermaphrodita nematodes from culture liquid using a disc stack 

centrifuge resulted in a 90 % loss of IJ viability. This confirmed the prediction, detailed 

in Section 4.3.3, that this type of centrifuge may cause damage to nematodes and is not 

suitable for the recovery of P. hermaphrodita. Examination of culture solids discharged 

from the centrifuge showed that loss in viability was accompanied by the generation of
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much nematode debris. Those Us that survived the recovery procedure were very 

inactive in comparison with those in the feed. To determine exactly where in the 

centrifuge product was damaged, nematodes in the centrifuge feed were compared with 

un-discharged solids inside the centrifuge bowl and discharged solids. Analysis of the 

un-discharged solids showed that the Us, and the more shear sensitive adults, had 

remained viable and intact whilst inside the centrifuge. This result showed that loss of 

IJ viability had occurred during discharge. Despite the loss of product during recovery, 

this centrifuge can be used to separate nematodes from cultures of S. feltiae and 

H. megidis without a significant loss of U viability (Personal communication from 

Microbio Ltd.). However, shear damage to life stages that are larger than the Us has 

been observed. This separation characteristic might actually aid product recovery, as 

waste particles will be easier to separate by settling if  they have been fragmented into 

components that are smaller than the Us.

The results show that P. hermaphrodita is the most shear sensitive of the 3 test 

species and that S. feltiae and H. megidis have a similar stability. These observations 

are in agreement with the measurements of IJ shear stability using a high-pressure 

homogeniser (Section 4.3.2). This is not surprising, as the hydrodynamic characteristics 

of the homogeniser are similar to those met during discharge from a disc stack 

centrifuge. During homogenisation liquid is forced through an orifice and there is a 

sudden drop in pressure. Similarly, during discharge from the disc stack centrifuge 

liquid is forced through a small discharge port and there is a rapid drop in pressure as 

the liquid is discharged.

Considering that the disc stack centrifuge is generally used for separating very 

small single cell particles that settle at a much lower velocity than nematodes, the RCF 

generated by this centrifuge would appear to be rather excessive. This was evident 

from examination of the overflow and solids discharged from the disc stack. Many of 

the components that settle at a lower velocity than the Us (e.g. Jls, J2s, dead 

nematodes, discarded cuticles etc.) were not separated from the Us as very few of these 

components were observed in samples of the overflow. It would therefore be 

advantageous to reduce the RCF of the centrifiige such that components with a lower 

settling velocity than Us could be separated. A reduction in the centrifuge speed might 

also allow P. hermaphrodita to be recovered without loss of viability, as shear forces
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inside the centrifuge would be reduced. Speed reduction could be achieved using a 

frequency inverter. However, the minimum speed at which intermittent discharge disc 

stack centrifuges can be operated is normally about 70 % of the maximum speed.

The disc stack centrifuge is not a very suitable machine for separating 

nematodes from fermentation waste. This is because the separation device can cause 

loss of product viability and the RCF is too high for separating solid waste. If 

nematodes are to be recovered by centrifugation then a centrifuge that can operate at a 

lower RCF range and produce lower shear forces must be identified. If the device is to 

be used for separating a number of nematode species then operational flexibility in 

terms of speed and flow rate will be important, as nematode shear stability (Section 4.3) 

and settling characteristics (Section 4.7 and 5.2.2) are dependent on species. For 

economic reasons, automatic discharge would be preferable for production purposes.

6.3.2 Solid bowl centrifuge

A centrifuge which appears to have operational characteristics that are suitable for 

nematode recovery is the solid bowl centrifuge (imperforate basket centrifuge). Solid 

bowl centrifuges are available with a fully automated cycle, can operate over a wide 

range of speeds and unlike the disc stack, are capable of separating virtually all the 

liquid phase after one pass. Such a machine is able to operate under conditions that 

produce much less shear than a disc stack centrifuge. Unlike disc stack models, solid 

bowl centrifuges do not normally have a lower speed limitation and solids can be 

discharged at low bowl speeds. To verify that nematodes can successfully be separated 

from fermentation waste using a solid bowl centrifuge, recovery studies were 

performed. To establish the speed range over which the centrifuge can be operated 

without loss of IJ viability the most shear sensitive nematode was separated from 

culture liquid at different bowl speeds. The trials were performed using a CARR 

Powerfuge™ Pg. This centrifuge was chosen as it is variable speed and can operate up 

to a RCF of 20 000. Viability measurements showed that at an RCF of 10 000 there 

was no loss of IJ viability. This result supports the observations of Surrey and Davies 

(1996). Surrey and Davies (1996) detected no loss of IJ H. bacteriophora when this 

species was recovered at an RCF of 1900 using a bowl centrifuge. However, when 

P. hermaphrodita was recovered at an RCF of 20 000 using the CARR centrifuge there
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was a 50 % loss in viability. In contrast to viability losses in the disc stack centrifuge, 

loss of IJ viability in the bowl centrifuge was not accompanied by the generation of 

nematode debris. The IJs that died during centrifugation remained intact. This seemed 

to suggest that shear forces did not cause the losses, which were probably caused by 

impaction or possibly dewatering. If this was the case then one would expect nematode 

losses to be higher at the outside edge of the bowl, as solids at this location have a 

higher residence time and are exposed to a higher RCF than solids at the inner edge. 

This could be confirmed by assaying cake samples from the inner and outer edges of the 

bowl.

Having established that IJs could be recovered without viability loss using a 

bowl centrifuge, the ability of this type of centrifuge to separate solid and liquid 

fermentation waste was evaluated. To enable a direct comparison with gravity settling, 

the centrifugation trials were performed in parallel with the gravity settling trials 

(Section 6.2), using fermentation broth from the same batch, for both recovery methods. 

A component balance for the recovery of IJ P. hermaphrodita from the fermentation 

broth by repeated bowl centrifugation is presented in Figure 6.2. The results show that 

there was no loss in U viability. As expected, some of the separation characteristics for 

centrifugal settling were similar to those of gravity settling. J4 and adult nematodes 

could not be separated, whereas J1 and J2 life stages were removed. Separation of 

those components with a lower settling velocity than the IJs was achieved by operating 

the centrifuge at the minimum bowl speed that allowed virtually all of the IJs to be 

retained in the bowl. Comparison of Figures 6 .1 and 6.2 shows that the efficiency ofJI  

and J2 separation was similar to that of gravity settling.

After a given number of separation stages, the suspension separated by 

centrifugation was of a higher clarity and contained less nematode debris and insoluble 

spent media than that separated by gravity settling. Separation of both solid and liquid 

waste was therefore achieved in fewer stages and over a shorter period of time. The 

higher efficiency was partly explained by the centrifugation procedure removing a much 

higher proportion of waste liquid per stage. Figure 6.2 shows that the centrifuge 

separated virtually all (>99%) of the culture liquid after I pass. In comparison. Figure

6 .1 shows that 7 gravity settling stages were required to separate the same percentage of 

liquid waste. In terms of recovery time, this difference represented 3 days. The high
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proportion of liquid separated will also explain why more nematode body content debris 

was separated by centrifugation compared to gravity settling. Removal of components 

that do not settle, such as body content debris, will be directly proportional to the 

amount of liquid removed.
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Figure 6.2: Material balance for the recovery o f IJ P. hermaphrodita from fermentation broth by repeated 

centrifugation using an MSB bowl centrifuge. The RCF was 1568 (pass 1) and 128 (pass 2 to 6). Culture 

components quantified were culture liquid (top) and solid culture components (bottom). The solid 

components are viable Us (■ ), non-IJs (# ), J1-J2 (A ) and J4-adult (▼). The assays for non-product life 

stages include both dead and viable nematodes. Errors shown are the standard deviation o f 3 independent 

assays.

Analysis of supernatant from the centrifuge showed that much of the insoluble 

spent media in the culture of P. hermaphrodita could be separated by centrifugation. 

This component had not, however, been separated by gravity settling (Section 6.2) 

because in stagnant liquid this component forms floes that settle with the product life 

stage (Section 5.3.2.2). The observation that this component could be separated using a 

centrifuge verified the suggestion that floe formation could be prevented during 

separation, by shearing the nematode suspension during separation. The higher 

efficiency of separating this component by centrifugation compared to gravity settling is
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evidently explained by hydrodynamic stresses in the centrifuge preventing floe 

formation.

6.4 CENTRIFUGAL FLOTATION

Using measurements of culture properties, separation of fermentation waste by flotation 

was identified as a potential recovery method (Section 4.6.3). Small-scale separation 

tests verified that fermentation waste can be separated from viable IJs by flotation if 

suspension density is increased (Section 5.3.4.1). Using the results of these flotation 

tests a large-scale flotation process was designed (Section 5.3.4.6). This process was 

then constructed so that the large-scale flotation procedure could be evaluated. The 

evaluation of this process is described in this Section.

When a suspension of P. hermaphrodita was passed through an MSE bowl centrifuge, 

after increasing the continuous phase density using sucrose, solid fermentation waste 

was separated by flotation. Analysis of overflow from the centrifuge showed that this 

separation procedure was capable of separating more waste components than any other 

procedure tested. Waste components in the overflow included Jls , J2s, J4s, adult 

nematodes, dead nematodes, discarded cuticles, nematode debris, associated bacteria 

and insoluble media. Analysis of cake collected in the bowl showed that waste 

components not fully separated were those with similar size or density to the viable IJs. 

These components included J2s and some particles of insoluble spent media.

The efficiency of flotation was evaluated by making a direct comparison with 

gravity settling. Measured separation efficiencies for single stages of these operations 

are given in Table 6.1. The results show that the flotation procedure removed a 

much higher proportion of non-IJ life stages than was removed by gravity settling. The 

quantity of waste separated was also greater than that removed by bowl centrifugation 

without density adjustment (Section 6.3.2). At a continuous phase density of 1040 

kg m'^ most J4-adult life stages were separated without any measurable loss of product. 

This separation characteristic is very desirable because these life stages are a major 

waste component (Section 3.3) and could not be separated using settling procedures 

without density adjustment. Compared to gravity settling, a higher proportion of J1 and 

J2 life stages were separated by flotation, but many of these life stages were not
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separated after one pass. Their separation is, however, not highly important because 

these components normally represent only a small proportion of waste in liquid cultures 

(Section 3.3). The incomplete separation of J1/J2 life stages is explained by some of 

these life stages having a similar size and density to the IJs.

Table 6.1: Comparison o f solid culture component separation efficiencies for gravity settling and 

centrifiigal flotation. Prior to separation the nematode life stage distribution was; 37 % viable Us, 50 % 

J1-J2 and 13 % J4-adult. Standard deviations are shown in brackets.

Continuous Waste separated Recovery o f viable Us

Separation method phase density (% nematode numbers) (% nematode numbers)

(kg m'3) J1-J2 J4-adults

Gravity settling 1000 9 (±9) none separated no loss detected

Centrifugal flotation 1050 76 (±2) 99 (±2) 38 (±8)

1040 34 (±6) 86 (±5) no loss detected

Comparison of flotation efficiencies at the two different densities show that the 

optimum density for waste separation without a significant loss of product was less than 

the minimum density of the Us (1050 kg m'^) and equal to or greater than the maximum 

density of adult nematodes (1040 kg m'^). The effect of continuous phase density on 

flotation efficiency was as predicted in Section 4.6.3. At a density equal to the 

minimum density of the IJs (1050 kg m'^) separation of non-IJ life stages was high, but 

recovery of product was low. Analysis of overflow from the centrifuge confirmed that 

many viable Us had been lost in the supernatant. These losses were explained by the Us 

having a density similar to that of the continuous phase. As predicted, recovery of 

product at a lower density equal to the maximum density of the adult nematodes (1040 

kg m'^) was higher and the quantity of non-U life stages separated was lower. Recovery 

of product at 1040 kg m'^ was higher because the difference in density between the 

continuous phase and Us was greater. Separation of J4-adult life stages was lower 

because the difference in density between these life stages and the continuous phase 

was smaller. Fewer J1 and J2 life stages were separated by flotation at this density 

because the density of these components was higher than that of the continuous phase.

It should be noted that continuous phase densities for flotation quoted in Table

6.1 are not measured values but are predicted using a material balance given in 

Appendix K. In this prediction the volume fraction of nematodes is considered to be
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insignificant and is therefore neglected in the calculation. For future flotation 

experiments, if a more precise estimate of continuous phase density is required, then 

density could be measured using a density bottle. For this measurement a solids-free 

sample of the continuous phase could be obtained by separating solid by filtration.

The experimentation also allowed the identification of ways in which the 

flotation process design might be improved. Peristaltic pumps used for pumping the 

sugar solution and nematode suspension into the centrifuge feed pipe produced a 

pulsating flow of liquid. This pulsation would have caused variation in the quantity of 

sugar solution and nematode suspension mixed in the centrifuge feed pipe. This 

problem could be overcome by using pumps that give a constant flowrate. Despite 

pulsating flow, the feed would have been well mixed in the centrifuge. On entry to the 

centrifuge the feed fell onto, and was dispersed by, the rotating bowl spindle.

The results of these investigations show that the flotation process designed in Section

5.3.4.6 is an effective method of nematode recovery. The flotation process might also 

be suitable for the recovery of other products that have to be separated from a 

heterogeneous mixture of solids. The operation may be particularly suitable for 

separating bio-products from cell homogenates. For example, the separation of protein 

inclusion bodies from low density cell debris might be possible.

6.5 COMPARISON OF RECOVERY OPERATIONS

The advantages and disadvantages of recovery by gravity settling, centrifugal settling 

and centrifugal flotation are summarised in Table 6.2. Centrifugal flotation is capable 

of separating the highest proportion of fermentation waste in a short period of time, but 

this procedure has additional processing problems such as disposal/recovery of density 

adjusting media and washing density adjusting media from the product. In comparison, 

gravity settling is a much simpler operation. However, this separation method is slower 

and is unable to separate as much waste. Compared to gravity settling, centrifugal 

settling has additional benefits. These include, faster and more efficient separation of 

waste and smaller space requirements.
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Table 6.2: Advantages and disadvantages o f recovery using gravity settling, centrifugal settling and 

centrifugal flotation.

Recovery operation Advantages Disadvantages

Gravity settling •  Simplicity o f operation. •  Space requirements high.

•  Long recovery time.

•  Some waste components not 

separated (e.g. J4s, adults).

Centrifugal settling •  Space requirements small.

•  Short recovery time.

•  Higher efiSciency o f  waste 

separation than gravity settling.

•  Separation o f  flocculant waste 

solids.

•  Some waste components not 

separated (e.g. J4s, adults).

Centrifugal flotation Same as centrifugal settling, and:

•  Separation o f low-density solids 

(e.g. J4s, adults).

•  EfiSciency o f waste separation 

higher than centrifugal settling.

•  Cost o f  density adjusting media.

•  Disposal/recovery o f density 

adjusting media.

•  Loss o f  gravid adults containing 

product.

6.6 PROCESS INTEGRATION

Now that large-scale recovery operations have been identified these operations must be 

linked into an efficient processing chain to make up a complete recovery process. The 

simplest recovery process could consist of just one unit operation. Flow diagrams for 

recovery processes based on gravity settling and centrifugal settling are presented in 

Figure 6.3 (a) and (b) respectively. These processes are identical to the operations used 

for large-scale evaluation (Section 2.6.1 and 2.6.2.S). Recovery by gravity settling 

alone would be the simplest recovery process as only one major equipment item is 

required. This is because the settling vessel can be used as a separation device and for 

storage between settling runs. However, gravity settling has several drawbacks (Section 

6.2). Although gravity settling can be used for the recovery of P. hermaphrodita 

(Section 6.2), this operation is unable to separate nematodes fi'om viscous cultures such 

as those of H. megidis (Section 5.2.2.1).
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Figure 6.3; Process flow diagrams for the recovery o f nematodes from fermentation broth. The recovery 

processes are gravity settling (a), centrifugal settling (b) and centrifugal flotation with recycle o f  density 

adjusting medium (c).
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In contrast to gravity settling, recovery by centrifugation alone requires an 

additional equipment item. In addition to the centrifuge, a vessel is required so that 

nematodes can be stored between each pass through the centrifuge. Hence, the capital 

cost of a centrifugation process will be greater than that of gravity settling. 

Centrifugation is however the more efficient of the two operations (Section 6.3.2) and 

unlike gravity settling, centrifugation can be used to separate nematodes from viscous 

cultures such as those of H. megidis.

The efficiency of a recovery process could be increased by inclusion of a centrifugal 

flotation step. However, if processing costs are to be minimised then the medium used 

for density adjustment will need to be recycled. A recovery process that addresses this 

problem is presented in Figure 6.3 (c). The process consists of two recovery operations. 

One for recovery of viable IJs from the fermentation broth and another for recovery of 

the sugar solution used in the flotation operation. The process for nematode recovery 

consists of a bowl centrifuge, a sugar solution storage vessel and a product storage 

vessel. The centrifuge can be used for a settling or flotation operation. If used for 

flotation then the density of the centrifuge feed must be increased by in-line addition of 

sugar solution from the sugar solution storage vessel. Following centrifugation, 

nematodes from the centrifuge bowl are resuspended in the product storage vessel. The 

centrifugation or flotation operation can then be repeated by recycling the suspension to 

the centrifuge. Once the required level of separation has been achieved the Us can then 

be passed from the storage vessel to the formulation operation.

The process for the recovery of sugar solution consists of two separation steps. 

Firstly, overflow from the bowl centrifuge is passed though a filter. The purpose of this 

operation is to separate solid fermentation waste from the sugar solution. The sugar 

solution filtrate is then concentrated by evaporation. This concentration step is 

necessary as sugar solution is diluted with a suspension of nematodes during the 

flotation operation. Once the sugar solution has been concentrated to the concentration 

required for flotation the solution is then passed to a storage vessel. The recycled 

solution can then be reused in the flotation operation.

There are several operational problems that could be encountered using the 

flotation process just described. The first is that small particles of fermentation waste
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in the centrifuge overflow could cause blinding of the filter. Filtration tests have shown 

that fine debris can blind filter media (Section 5.2.1.2). This problem could be 

overcome by separating the fine debris by centrifugation before the flotation stage is 

performed. Another problem that could occur is that contaminating microorganisms 

might grow in the recycled sugar and subsequently affect product quality. This problem 

could be overcome by sterilisation of process equipment and recycled density 

adjustment media. The density-adjusting medium could for example be sterilised in the 

storage vessel by heat treatment. If sugar solution was recycled to the fermentation 

stage, as previously suggested (Section 4.6.3), then the solution would be sterilised 

anyway. Another problem that could occur is that sugar residues might encourage 

microbial degeneration of the final product. This could be overcome by washing the 

nematodes in water prior to formulation. Using the equipment shown in Figure 6.3 (c) 

this operation could be carried out by resuspending the centrifuge cake in water in the 

product storage vessel. This suspension can then be passed through the centrifuge to 

remove wash water containing the residue.

The recommended sequence of operations for a recovery process that includes 

a flotation operation is summarised in Figure 6.4. The sequence is for the process 

presented in Figure 6.3 (c).

Centrifugal flotation

Centrifugation

Centrifugation

Evaporation

Filtration

Nematode recovery

Fermentation
broth

Viable IJs

Sugar recovery

Culture liquid, Jls, J2s, 
fine debris

Non-IJ life stages, 
dead nematodes, 
discarded cuticles

Wash water, sugar residue

Water

Waste components

Figure 6.4; Flow diagram showing the sequence o f unit operations for the recovery o f infective juveniles 

from fermentation broth.
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6.7 CONCLUSIONS

Large-scale gravity settling, centrifugal settling and centrifugal flotation operations for 

nematode recovery were evaluated using cultures of P. hermaphrodita. Gravity settling 

separated culture liquid and waste solids that settled at a lower velocity than IJs, but 

separation efficiency was low. As a result the operation had to be repeated many times 

and the recovery time was long. J4 and adult nematodes were not separable.

Recovery using an intermittent discharge disc centrifuge resulted in a 90 % loss 

of IJ P. hermaphrodita viability during discharge. In comparison, IJs were separated 

without viability loss using a solid bowl centrifuge. Using an MSE bowl centrifuge the 

efficiency of waste separation was higher than that of gravity settling. Separation 

efficiency was higher because flocculant waste solids were disrupted and separated.

When culture solids were passed through a bowl centrifuge after increasing the 

continuous phase density using sucrose solution, solid fermentation waste was separated 

by flotation. At a continuous phase density of 1040 kg m*̂ , 86 % of J4-adult life stages 

were separated and there was no measurable loss of product. Separation efficiency was 

higher than that of gravity settling and centrifugal settling. The efficiency of this 

operation is therefore greater than that of comparable recovery procedures described in 

the literature.

An integrated recovery process design was suggested (Figure 6.4), and involves 

the following operations. Firstly, centrifugal classification is used to separate culture 

liquid and small particles of fermentation waste. Small particles are separated to 

prevent blinding during a later filtration operation. Remaining solid fermentation waste 

is then separated by centrifugal flotation. The density-adjusting medium used for 

flotation is recovered by filtration and evaporation and is then recycled. In the final 

recovery step. Us are separated from the density adjusting medium residue by 

centrifugation.
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Large-scale recovery methods for the production of nematode-based pesticides have 

been identified by precise characterisation of the material to be separated. The research 

strategy first involved defining the separation problem in terms of culture components 

that have to be separated. Potential methods of separation were then identified by 

measurement of culture properties. Physical separation methods were then determined 

and verified using small-scale tests. Recovery methods identified using these tests were 

then evaluated on a large scale. Finally, separation operations were linked into recovery 

schemes. The most significant findings made during these investigations are presented 

in the remainder of this chapter together with suggestions for future work.

7.1 MAIN FINDINGS

• Nematode cultures contain many solid waste components which need to be 

separated from the product life stage. These components include non-IJ life stages 

(Jls, J2s, J4s, adults), dead nematodes, nematodes debris, spent media and the 

nematodes’ associated bacteria.

• Culture composition is dependent on the nematode species being cultured. 

Separation requirements are therefore species dependent.

• Measurement of IJ shear stability indicated that the choice of recovery equipment 

should be limited to that which produces a low level of stress.

• Nematode debris, adult nematodes and insoluble spent media are of a significantly 

different size to the product life stage. As a result, separation by sieving is possible.

• Density measurements showed that viable IJs are denser than solid fermentation 

waste. Therefore, separation based on density difference is possible.
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• Physical properties of cultures and hence separation characteristics were dependent 

on nematode species. Therefore, a flexible processing scheme is required if 

different species are to be recovered using the same process equipment.

Predictions and measurements of IJ settling velocity indicated that IJs need to be 

separated from culture liquid by centrifugation as opposed to gravity settling.

Nematode debris and J1-J2 life stages settle at a lower velocity than IJs. These 

components can therefore be separated by settling.

Insoluble spent media in cultures of P. hermaphrodita can be separated by flotation 

if air bubbles are attached to this waste component.

Recovery of the most shear sensitive test nematode, P. hermaphrodita, using a disc 

stack centrifuge, resulted in a high loss of viability. In comparison, IJs were 

separated without viability loss using a solid bowl centrifuge.

The efficiency of separating IJ P. hermaphrodita from fermentation waste using a 

bowl centrifuge was higher than that of gravity settling.

Using a bowl centrifuge solid fermentation waste was separated from IJ 

P. hermaphrodita by flotation by increasing centrifuge feed density using sugar 

solution. The efficiency of this separation was higher than that of procedures 

described in the literature.
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7.2 FUTURE WORK

So that the most suitable methods of nematode production can be identified, potential 

large-scale recovery methods that have not been examined will need to be evaluated. 

Potential recovery methods identified during this research, but not evaluated on a large 

scale include:

• Elutriation and continuous gravity settling (Section 5.3.2.1).

• Self cleaning sieves and filters such as crossflow and vibrating systems (Section 

5.2.1.2).

• Flotation by attachment of air bubbles. (Section 5.3.3).

Other separation methods not considered that merit further investigation include those 

which are based on chemical properties of the materials to be separated. For example, 

the feasibility of electrophoresis or affinity separations could be examined in the future.

In addition, large-scale recovery methods that were examined will require 

further evaluation. Large-scale separations were evaluated using a comparison of 

separation efficiencies (Chapter 6 ). Although quantification of separation efficiency is a 

means of determining the suitability of a separation procedure, this approach does not 

provide a direct measure of product quality. Further evaluation will be required to 

demonstrate how the choice of recovery procedure can affect product quality, where 

quality must embrace nematode infectivity, pathogenicity and shelf life.

As large-scale separation was evaluated using just P. hermaphrodita further 

trials should be performed using alternative test species. The recovery procedures also 

require optimisation. This work could be conducted using culture property and 

separation data to model the process.

As centrifugal flotation was the most efficient recovery procedure tested, 

further research will need to focus on this operation. If this technology is to become 

commercially viable then a method of recycling the density-adjusting solute will need to 

be established. The effect of key process variables will also need to be determined so 

that the operation can be optimised. These variables should include nematode 

concentration in the feed, feed density, feed flowrate and centrifuge speed.
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APPENDIX A: ADDRESSES OF CHEMICAL AND EQUIPMENT SUPPLIERS

Beckman RIIC Ltd., Bucks. HP 12 4JL, UK.

CARR Separations, Inc., 46 Eastman Street, Easton, MA 02334-1040, USA.

Contraves Industrial Products Ltd., Ruislip, Middlesex, UK.

Endecotts Ltd., London, UK.

G. Bopp & Co. Ltd., Grange Close, Clover Nook Industrial Park, Somercotes, 

Derbyshire DE55 4QT, UK.

Heath Filtration Ltd., P. O. Box No. 1 Newcastle St., Burslem, Stoke-on-Trent ST6 3RF, 

UK.

International Equipment Co., 300 Second Ave., Needham HTS., Mass. 02194, USA.

M.S.E. Works, Manor Royal, Crawley, Sussex, UK.

Microbio Ltd. (Offices), 17 High St, Whittlesford, Cambridge CB2 4LT, UK.

Microbio Ltd. (Production facility). Unit 1, Harwood Industrial Estate, Harwood Road, 

Littlehampton, West Sussex, UK.

P & S Filtration Ltd, Broadway Mill, Haslingden, Rossendale, Lancashire BB4 4EJ, 

UK.

Pharmacia Biotech, St. Albans, Herts ALl 3 AW, UK.
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Schenk Filtersystems Ltd., 46 Christchurch Road, Oxton, Wirral, UK.

The APV Company Ltd., Crawley, Surrey, UK.

Triton Electronics Ltd., Dunmow, Essex, UK.

Westfalia Separator Ltd, Old Wolverton, Milton Keynes, UK.

Whatman International Ltd., Maidstone, UK.
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APPENDIX B: DRAWING OF COUNTING CHAMBER

Exploded view (scale 1/2)

Sample inlet

Air vent

Perspex cover

Perspex counting 
chambers

Protective strip

Guide

Aluminium clamp

Grub screw

Counting chamber grid (scale 1/1)
2 cm •<----------

Volume above grid = 1 ml
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APPENDIX C: DRAWINGS OF VISCOSITY MEASURING DEVICES 

(Not to scale)

Turbine impeller 
(Exploded view)

5 mm

B
E (N

48 mm (i d.)

Concentric cylinder (MS-0) 
(Cross section)

Rotating
cylinder

K.)

1 mm
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APPENDIX D: PREDICTION OF SHEAR STRESS IN LAB 60 HOMOGENISER

Impact
ring"

Valve seat Liquid
flow

2R

2R

Valve

Available data

AP = 1 X 10*Nm'^(10barg)

Q = 1 .6 7 x

H = 1 X 10'* kg m '' s '

X = 11 mm 

Y = 9.5 mm 

Ro = 3.25 mm 

R = 4.25 mm 

p = 1000 kg m'^

Calculation

Shear stress (x) in the homogeniser is given by;
1

T —

(  1 V
4AP2Q//

;rX 'k’
V j

(Dl)

Where:

k' = h X A P ^ (D2)

(Hornby, 1995)
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h is given by:

Q 1 5/777 Y  Q V
KIk .\ 2 Æ^hy 

.for turbulent flow (Re > 500)

\
1 1

2 ~  2 

Ro*
-I

r

\ 2 Æ h
(D3)

Where:

Re =
puh

and mean velocity (u) at Ro is given by:

Qu =
;r2R,h 

Phipps (1975).

(D4)

(D5)

Solving Equation D3 gives h = 31.5 um.

Check that Re > 500:

u =
1.67x10 -5

;t2(3.25x 10-0(31.5x10"")
= 26 m s -1

. R e  = < 1 5 ^ ( 3 1 ^  = 819
1 x 1 0 -3

Equation Dl can now be solved:

T -
4(1 X lOO" (1.67 X 10‘0 (lx  10"0

7C{\ 1X 10-’)̂  ((31.5 X 10-")(1 x io 'ÿ )
= 2360 N m-2
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APPENDIX E: DENSITY VERSUS TEMPERATURE RELATIONSHIP FOR 

WATER

1001
y = -0.006X + 0 .0361X + 999.91

000

9 9 9

9 9 8

9 9 7

9 9 6

9 9 5

0 10 20 3 0 4 0

T e m p e r a tu r e  (°C )

Data for this plot was taken from Perry et al. (1984). The trend-line overlying this data and the 

corresponding polynomial equation were determined using the computer software Microsoft Excel.
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APPENDIX F: CALIBRATION FOR DENSITY GRADIENTS

E

ë

I

1150

100%

1125

1100 70%

1075

1050

2 0 %
1025

1000
0 10 20 50 6030 40

Band position from top of meniscus (mm)

Density gradients were calibrated using density marker beads. Gradients were formed from solutions of 

Percoll varying from 20 % to 100 % of stock Percoll in 0.15M NaCl. Centrifugation conditions were 

29 000 gav for 15 minutes.
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APPENDIX G: VISCOSITY MEASUREMENTS FOR SUGAR SOLUTION

10,0

o

Z
?

1.0

0.1

10 100 1000 10000

Shear rate (s* )

The measurements are for 10 wt % sugar solution at 20 °C.
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APPENDIX H: SAMPLE CALCULATIONS FOR PREDICTION OF

INFECTIVE JUVENILE SETTLING VELOCITY

The following calculations are for predictions of infective juvenile settling velocity 

quoted in Table 4.6.

Example 1: Prediction of average infective juvenile P. hermaphrodita settling 

velocity in culture liquid.

Infective juvenile settling velocity (Yu) is given by:

v „  = (HI)

Where: g = 9.81 m s'^

pij = 1062 kg m'^ (Average value from Figure 4.8)

Pi = 1004 kg m'^ (Average value from Table 4.4)

dij is given by:
1

dij =

-6Where: Wmax = 41 x 10 m (Average value from Table 4.3)

L = 1029 X 10"̂  m (Average value from Table 4.3)

Hence:

(4 1 x l0 " ) \ l0 2 9 x l0 -" ) -
8

'  =125xl0 '"m

(H2)

p is given by:

H = Ky” ' (H3)

Where: K = 9  x 10"̂  N s“ m'^(Average value from Table 4.2)

n = 0.9 (Average value from Table 4.2) 

y = 24.3 s'̂
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Hence:

H = (9x  10'’X 24.3f’■* = 6.5 x 10'’ N s

Therefore:

= (9.81X125x 10^X(1062-1004)
18(6.5x10-")

5  5 mm min'

Example 2: Prediction of minimum infective juvenile P. hermaphrodita settling 

velocity in culture liquid.

As Example 1 other than:

Pij = 1051 kg m'^ (minimum value from Figure 4.8)

Pi = 1005 kg m*̂  (maximum value from Table 4,4)

Wmax = 31 X 10^ m (minimum value from Table 4.3)

L = 893 X 10"̂  m (minimum value from Table 4.3)

K = 26 X 10'  ̂N s“ m'^ (maximum value from Table 4.2) 

n = 0.72 (minimum value from Table 4.2)

Hence:

du =
r
(31x10-^)^(893x10'^)-

V 8 y

1
qV

= 99xl0""m

p = (26 X 10'0(24.3)^^^'^ = 10.6 x 10'  ̂N s m'

Therefore:

(9.81)(99x 10-^)^(1051-1005)
18(10.6x10-")

s  1 mm min-1
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Example 3: Prediction of maximum infective juvenile P, hermaphrodita settling

velocity in culture liquid.

As Example 1 other than:

Pij = 1072 kg m'^ (maximum value from Figure 4.8)

Pi = 1003 kg m'^ (minimum value from Table 4.4)

Wmax = 54 X 10^ m (maximum value from Table 4.3)

L = 1225 X 10"̂  m (maximum value from Table 4.3)

K = 2 X 10'  ̂N s“ m'^ (minimum value from Table 4.2) 

n =  1.0 (maximum value from Table 4.2)

Hence:

r
du = (54x l0”)^(1225xl0-'’) -

V 8 ,
= 159xl0"^m

p = (2 X 101(24.3)  ̂ = 2.0 X 10'  ̂N s m'^

Therefore:

V _ (9.81X159x10^)^(1072-1003) _  ̂ ,
" 18(2.0x10-1

= 29 mm min'^

Example 4: Prediction of average infective juvenile P. hermaphrodita settling 

velocity in water.

As Example 1 other than:

Pi = 998 kg m"̂  (density of water) 

p = 1 X 10'  ̂N s m'^ (viscosity of water)

Therefore:

(9.81)(125X 10^)^(1062-998) ^
18(1x10"! 5.5x10 m s

= 33 mm min"
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Example 5; Prediction of average infective juvenile P. hermaphrodita settling 

velocity in sugar solution.

As Example 1 other than:

Pi = 1040 kg m"̂  (=maximum density of adult nematodes - from Figure 4.8) 

p  = 1.2 X 10'  ̂N s m'^ (viscosity of sugar solution -  from Appendix G)

Therefore:

(9.81)(125X10“̂ )"(1062-1040) ,
18(1.2x10-") m s

= 9 mm min-1
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APPENDIX I: DENSITY VERSUS WT % RELATIONSHIP FOR SUGAR 

SOLUTION

1120

1100

1080

^  1060 -

1040

1020

1000 Density of pure water

980
10 15 20 25 300 5

Ŝ gprvtt %
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APPENDIX J: CALCULATION OF REYNOLDS NUMBER FOR BOWL 

CENTRIFUGE FEED PIPE

The Reynolds number (Re) for liquid flowing through a pipe is given by:

Re = (Jl)

-3Where: p = 1040 kg m'

d = 5 X 10 '̂  m

p = 1.2 X 10'  ̂N s m'^ (viscosity of sugar solution -  from Appendix G)

u is given by:

^ “  (J2)
A

Where: Q = 700 ml min  ̂= 11.7 x 10"̂  m  ̂s'*

A ^ ^ ^ ; r ( 5 x l o y  = i 9  6 x l0 -‘m^ (J3)

Hence:

u = HM0l = 0.60m s-'
19.6x10-*

Re = MNfcl22j = 2600
1.2 x 10-^ -------
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APPENDIX K: CALCULATION OF CENTRIFUGE FEED DENSITY FOR 

FLOTATION EXPERIMENTS

pA, M a , Qa, Ta

Sugar solution 

(24.18/19.40 w t% )

Centrifuge feed

pc. Me, Qc

Nematode suspension

Available data 

Ta = ambient

Tb = 4 ‘’C

Q a = 3.5 X 10^  min'^

Cfe = 3.5 X 10”̂  min'^

For 24.18 wt % sugar solution Pa = 1100.2 kg m'^ @ 4 (measured using density 

bottle)

For 19.40 wt % sugar solution Pa = 1079.4 kg m'^ @ 4 (measured using density 

bottle)

Pwater = 1000.0 kg m'^ @4° C

Assumptions 

Steady state flow.

There is no heat loss/gain from any stream.

The nematode suspension is very dilute. Therefore, the volume fraction of nematodes 

is insignificant in comparison with that of the water fraction.

The density of the nematode suspension is equivalent to that of water.
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Calculation

Density of the centrifuge feed is given by;

Me Ma + Mb .

Where Mg = pg x Qb = 1000.0 (3.5 x 10^) = 0.3500 kg min'^ (K2 )

Ma =  P a  X Qa (K3)

For 24.18 wt % sugar solution Ma = 1100.2 (3.5 x 10^) = 0.3851 kg min'^ 

For 19.40 wt % sugar solution M a = 1079.4 (3.5 x 10^) = 0.3778 kg min'^

Therefore, if sugar solution is 24.18 wt % then:

Pc =  03851 + 0.3500 ^  io50 kg m'"
(3.5xlO“‘')  + (3.5xlO-^)

If sugar solution is 19.40 wt % then:

0.3778 + 0.3500 ,
^  (3.5x10-“)+  (3.5x10-^) --------- 2----
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APPENDIX L: VISCOSITY MEASUREMENTS FOR CULTURES AND THEIR 

SUPERNATANTS

On the plots of viscosity versus shear rate that follow, measurements of culture and 

culture supernatant viscosities are shown as solid and open symbols respectively. 

Power law equations shown with each plot are for the trend-lines overlying each set of 

data. Experimental data is summarised in tables that follow the graphs.

Phasmarhabditis hermaphrodita

Batch no. 1

X
?

E

6

o

10

1

= 11.47v4 13

= 2.81 ^404

10 100 1000 10000

Shear rate (s' )

0
X

"e

Z

1 >

100

10

1

= 77.58 Y435

 ̂= 26.44 y ̂  28

10 100 1000 10000

Shear rate (s' )

Batch no. 2
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100

■o
X

s(A
&

f>
1000 1000010 100

H  =  42.49 y  ̂ 25

, = 8.43ŷ ’̂

Batch no. 3

Shear rate (s )

■o
X

'b
Z

i

10

1

H = 8.43y 4 10

H = 1.81y ^ “

10 100 1000 10000

Batch no. 4

Shear rate (s' )

■o
X

^B

10

1

^  =  6.48 y -

10 100 1000 10000

Batch no. 5

Shear rate (s' )
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Power law constants for P. hermaphrodita cultures and their supernatants.

Batch

no.

Source Nematode yield 

(Nos. X 10̂  ml’ )̂

Power law constants

n K

(Ns"m'^x 10' )̂

Us Total Culture Sup’t Culture Sup’t

1 180 Litre airlift 70 111 0.87 0.96 11 3

2 180 Litre airlift 84 99 0.65 0.72 78 26

3 180 Litre airlift 136 157 0.75 0.86 42 8
4 180 Litre airlift 93 181 0.90 1.00 8 2
5 500 Litre airlift 48 59 0.92 0.96 6 3

n 5 5 5 5

Mean 0.82 0.90 29 9

SD O il O il 31 10
Min 0.65 0.72 6 2
Max 0.92 1.00 78 26
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Steinernema feltiae

Appendices

100

■o
X

E

10 100 1000 10000

n =  3 8 . 8 2  Y-0 30

=  1 2 .2 0  7 ^22

Batch no. 6

Shear rate (s’ )

100

'o
X

E

Z

I
10 100 1000 10000

p  =  2 6 . 1 7 y ^ 2 5

^  =  1 0 . 4 2  y 0 2 i

Batch no. 7

Shear rate (s’ )

■o
X

E

z

100

10

1
10 1000100 10000

= 22.307^22

H =  1 0 . 2 5  Y ^ 2 2

Batch no. 8

Shear rate (s' )
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Batch no. 9

•o
X

10

1
10

. = 9.65v "̂

H = 3.84y^°7

100 1000 10000

-LShear rate (s )

100

■o
X

E

Z

I
>

10 100 1000 10000

p  = 57.33 Y ^

18.93 Ŷ  24

Batch no. 10

Shear rate (s’ )
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Power law constants for S. feltiae cultures and their supernatants.

Power law constants

Batch Source Nematode yield n K

no. (Nos. X 10  ̂m l') (N s" m'^ X 10'^)

Us Total Culture Sup’t Culture Sup’t

6 1000 Litre airlift 108 137 0.70 0.78 39 12

7 1000 Litre airlift 107 142 0.75 0.79 26 10

8 500 Litre airlift 181 200 0.78 0.78 22 10

9 1000 Litre airlift 129 221 0.89 0.93 10 4

10 1000 Litre airlift 158 230 0.71 0.76 57 19

n 5 5 5 5

Mean 0.77 0.81 31 11

SD 0.08 0.07 18 5

Min 0.70 0.76 10 4

Max 0.89 0.93 57 19
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Heterorhabditis megidis
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1000 1000010 100
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Batch no. 14
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10000
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H = 68.56 y ■
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Power law constants for H. megidis cultures and their supernatants.

Batch

no.

Source Nematode yield 

(Nos. X 10  ̂ml'*)

Power law constants

n K

(N s“ m'^ X 10'^)

Us Total Culture Sup’t Culture Sup’t

11 500 Litre airlift 67 78 0.65 0.68 79 53

12 180 Litre airlift 133 150 0.66 0.67 88 66

13 180 Litre airlift 36 39 0.56 0.59 243 180

14 180 Litre airlift 66 70 0.67 0.68 82 69

15 180 Litre airlift 44 55 0.66 0.67 91 80

n 5 5 5 5

Mean 0.64 0.66 117 90

SD 0.05 0.04 71 52

Min 0.56 0.59 79 53

Max 0.67 0.68 243 180
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APPENDIX M; LENGTH AND WIDTH MEASUREMENTS FOR INFECTIVE 

JUVENILES

All measurements in microns

Flask P. hermaphrodita S. feltiae H. megidis

no. L Wmax L Wmax L Wmax

1 964 39 914 28 832 28

954 39 751 25 812 28

985 41 822 27 842 30

1005 39 863 27 832 30

974 41 812 26 853 30

974 41 812 27 842 30

1056 41 832 26 771 28

985 46 812 28 842 30

914 41 832 30 822 30

985 39 782 25 812 30

2 1086 44 700 23 832 30

1117 46 761 26 842 31

1200 44 721 23 822 30

1005 44 761 26 802 30

1125 39 721 22 832 30

1005 39 741 26 802 28

1076 46 812 30 802 28

995 41 782 26 802 30

1035 41 771 25 822 28

1056 41 822 28 812 28

3 1096 44 812 23 822 31

1015 44 761 25 792 28

1035 44 883 27 863 30

1056 49 751 23 853 30

1015 46 832 25 802 28

1150 54 761 23 812 26

1150 44 832 26 822 28

1225 52 782 23 812 28

1096 44 761 26 822 28

1076 44 761 26 822 30
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Length and width measurements continued.

Flask F. hermaphrodita S. feltiae H. megidis

no. L Wmax L Wmax L Wmax

4 1100 44 711 22 802 28

1100 41 792 26 782 27

1056 41 741 27 822 28

974 41 721 25 832 31

1035 41 711 23 832 31

1086 36 771 26 853 32

995 36 832 27 822 31

1015 36 792 27 812 31

1015 36 782 25 853 30

1056 39 792 27 812 28

5 924 39 792 23 812 31

974 39 812 26 822 32

974 39 883 28 792 31

1005 41 802 23 832 31

924 36 731 23 863 32

914 39 741 23 802 31

964 39 802 26 832 30

1076 46 812 23 832 31

985 41 832 26 822 30

944 36 771 25 832 31

6 1025 39 761 25 853 31

995 39 741 25 842 31

893 31 711 23 853 31

995 36 842 25 832 31

1066 44 782 25 802 30

1015 41 842 23 822 30

1076 44 812 25 822 30

1086 39 842 23 853 32

1015 39 761 25 812 28

1045 41 741 25 832 31

Average 1029 41 787 25 824 30

SD 68 4 47 2 20 1

Min 893 31 700 22 771 26

Max. 1225 54 914 30 863 32

n 60 60 60 60 60 60
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Appendices

APPENDIX N: DENSITY MEASUREMENTS FOR CULTURES AND THEIR 

SUPERNATANTS

Measurements for P. hermaphrodita (standard deviations shown in brackets).

Sample source Sample

type

Nematode yield 

(Nos. X 10  ̂ml'*)

Psample

(kg m'^)

Tsample

m

Psanqile

@20°C

(kg m'^)

Pav@20 C 

(kg m'^)

Us Total Culture Sup’t

0.18 airlift Culture 136 157 1007.9

1008.0

1008.1

1007.2

19

19

19

21

1007.7

1007.8

1007.9 

1007.4

1007.7

(0.2)

Sup’t 0 0 1003.4

1003.4

1003.5 

1003.0

20.5

20.5

20.5

20.5

1003.5

1003.5

1003.6 

1003.1

1003.4

(0.2)

0.18 airlift Culture 70 111 1007.3 

1007.7 

1007.2

1007.4

23.5 

23

23.5 

23

1008.1

1008.3

1008.0

1008.1

1008.1

(0.1)

Sup’t 0 0 1002.2

1002.4

1002.3

1002.2

24.5

24.5

24.5

24.5

1003.2 

1003.5 

1003.4

1003.2

1003.3

(0.1)

0.18 airlift Culture 84 99 1006.8

1007.0

1007.0 

1006.6

23

23

23

23.5

1007.5 

1007.7

1007.6 

1007.4

1007.6

(0.1)

Sup’t 0 0 1002.8

1003.2

1003.1

1003.0

24.5

24.5

24.5

24.5

1003.9

1004.2

1004.1

1004.0

1004.1

(0.1)
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Appendices

Measurements for P. hermaphrodita continued

Sample source Sample

type

Nematode yield 

(Nos. X 10  ̂ml'*)

Psample

(kg m'3)

Tsample

r c )

Psanq>le 

@20*^0 

(kg m'^)

Pav@20 C 

(kg m'^>

Us Total Culture Sup’t

0.18 m  ̂airlift Culture 93 181 1008.0

1008.4

1008.3

1008.1

23

22

22.5

22.5

1008.7

1008.8 

1008.9 

1008.7

1008.&

(0.1)

Sup’t 0 0 1003.2 

1003.5

1003.3 

1003.2

23

23

23.5

23.5

1003.9 

1004.2 

1004.1

1003.9

1004.0

(0.1)

0.50 m^ airlift Culture 48 59 1006.7 

1006.9

1006.7 

1006.6

22

22

22

22.5

1007.1 

1007.3

1007.2 

1007.1

1007.2

(0.1)

Sup’t 0 0 1003.7 

1003.9

1003.8

1003.8

23.5

23

23

23

1004.5

1004.6

1004.5

1004.5

1004.5

(0.1)

n

Mean

Median

SD

Min

Max

5

1008

1008

0.6

1007

1009

5

1004

1004 

0.5 

1003

1005
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Measurements for S. feltiae (standard deviations shown in brackets).

Sample source Sample

type

Nematode yield 

(Nos. X 10̂  ml' )̂

Psample

(kg m'3)

Tsample

CC)

Psample

@20°C

(kg m'3)

Pav@20 C

(kg m'3)

Us Total Culture Sup’t

1.0 airlift Culture 108 137 1011.5

1011.6 

1012.0 

1011.7 

1011.5

25

25

25

24

24.5

1012.7

1012.7 

1013.2 

1012.6 

1012.6

1012.8

(0.2)

Sup’t 0 0 1009.0

1008.9

1009.0

1008.9 

1008.7

24

24

24

24

24

1009.9

1009.8

1009.9 

1009.8 

1009.7

1009.8

(0.1)

1.0 airlift Culture 107 142 1012.1

1012.0

1012.2

1012.2

1012.2

23.5

23

23

23

23

1012.9

1012.7

1012.9

1012.8

1012.9

1012.8

(0.1)

Sup’t 0 0 1009.3

1009.1

1009.4

1009.1

1009.1

21.5

21.5

21.5 

22 

22

1009.6

1009.4

1009.7 

1009.6

1009.5

1009.5

(0.1)

0.50 airlift Culture 181 200 1012.3 

1012.2

1012.5

1012.5

1012.3

25.5

25.5 

25 

25

24.5

1013.6

1013.5

1013.6

1013.6 

1013.4

1013.5

(0.1)

Sup’t 0 0 1009.2 

1008.9 

1009.4

1009.3 

1009.1

24.5

25

24

24

24

1010.3 

1010.1

1010.3 

1010.2 

1010.0

1010.2

(0.1)
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Measurements for S. feltiae  continued.

Sample

source

Sample

type

Nematode yield 

(Nos. X 10  ̂ml'^)

Psample

(kg m'3)

Tsan l̂e

CC)

Psample

@ 20°C

(kg m'3)

Pav@20 C

(kg m'3)

Us Total Culture Sup’t

1.0 m^ airlift Culture 158 230 1013.0 

1013.3

1013.1 

1012.9

20.5

20.5

20.5

20.5

1013.1 

1013.4

1013.2 

1013.0

1013.2

(0.2)

Sup’t 0 0 1010.5

1010.5

1010.3

1010.4

20.5

20.5

20.5

20.5

1010.6

1010.6

1010.5

1010.5

1010.5

(0.1)

1.0 m  ̂airlift Culture 129 221 1012.8

1013.2

1013.1

1013.1

21.5

21.5

21.5

21.5

1013.1

1013.5

1013.4

1013.4

1013.4

(0.2)

Sup’t 0 0 1009.8

1009.9

1009.9 

1009.8

22.5

22.5

22.5

22.5

1010.3 

1010.5

1010.4 

1010.3

1010.4

(0.1)

n

Mean

Median

SD

Min

Max

5

1013

1013

0.3

1013

1014

5

1010

1010

0.4

1010

1011
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Measurements for A  megidis (standard deviations shown in brackets).

Sample source Sample

type

Nematode yield 

(Nos. X 10  ̂ml'^)

Psample

(kg m'3)

Tsairq>le

r c )

Psample

@20°C

(kg m'3)

Pav @ 20

(kg m'3)

Us Total Culture Sup’t

0.18 airlift Culture 133 150 1011.0

1011.1

1011.3 

1011.2

1011.3

25.5 

25

24.5 

25

24.5

1012.3 

1012.2

1012.4

1012.3

1012.3

1012.3

(0.1)

Sup’t 0 0 1009.3

1009.1

1009.3

1009.2

1009.2

25

25

25

24.5

25

1010.4

1010.3

1010.5

1010.3

1010.3

1010.4

(0.1)

0.50 airlift Culture 67 78 1009.1 

1008.9

1009.2 

1009.1 

1009.0

24

24

24

24

24

1010.0

1009.9 

1010.1 

1010.0

1009.9

1010.0

(0.1)

Sup’t 0 0 1007.0

1006.9

1006.9

1007.1

1007.1

23.5

23.5 

23 

23 

23

1007.8

1007.7 

1007.5

1007.8 

1007.7

1007.7

(0.1)

0.18 airlift Culture 36 39 1009.4

1009.9

1009.8

1009.6

22.5

22.5

22.5

22.5

1010.0

1010.4

1010.4 

1010.2

1010.2

(0.2)

Sup’t 0 0 1007.4

1007.9

1007.7

1007.8

22.5

22.5

22.5

22.5

1008.0

1008.5

1008.3

1008.3

1008.3

(0.2)
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Measurements for H. megidis continued.

Sample source Sample

type

Nematode yield 

(Nos. X 10  ̂ml'*)

Psample

(kg m'3)

Tsaitiple

m

Psample 

@10°C

(kg m'3)

Pav@2o‘’c 

(kg m'3)

Us Total Culture Sup’t

0.18 m^ airlift Culture 66 70 1011.9

1012.1

1012.0

1011.6

19

19 

19.5

20

1011.7

1011.9

1011.9 

1011.6

1011.8

(0.2)

Sup’t 0 0 1009.1

1009.2

1009.2

1009.2

22.5

22.5

22.5 

22

1009.6

1009.7

1009.8 

1009.6

1009.7

(0.1)

0.18 m  ̂airlift Culture 44 55 1010.3 

1010.6

1010.3 

1010.2

23.5 

23

23.5

23.5

1011.1

1011.2

1011.1

1010.9

1011.1

(0.1)

Sup’t 0 0 1009.1

1009.1

1009.0

1009.0

22.5

22.5

22.5

22.5

1009.6

1009.6

1009.5

1009.6

1009.6

(0.1)

n

Mean

Median

SD

Min

Max

5

1011

1011

1.0

1010

1012

5

1009

1010 

1.1

1008

1010
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Nomenclature
SYMBOLS

A Area

d Diameter m

du Equivalent sedimentation diameter of an infective juvenile as

calculated by Stokes’ Law m

ds Diameter of a sphere of volume equivalent to an infective juvenile m

g Acceleration due to gravity 9 .81m s'

h Distance between homogeniser valve and valve seat m

K Consistency coefficient in power law equation N s“ m'^

k First order rate constant —

L Length m

M Mass flowrate kg s'*

N Number of passes —

n Index in power law equation —

AP Pressure drop N m'^

Q Volumetric flow rate m  ̂s'*

R External radius of homogeniser valve seat m

Ro Internal radius of homogeniser valve seat m

Re Reynolds number —

RCF Relative centrifugal field (x g) —

T Temperature °C

u Velocity m s'*

Vij Settling velocity of an infective juvenile m s'*

vij Volume of an infective juvenile m^

Wmax Maximum width m

X Internal diameter of homogeniser impact ring m

Xu Viability of infective juveniles %

Y Diameter of homogeniser valve m

Y Shear rate s'*

T| Kinematic viscosity m^ s'*
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Nomenclature

|Li Viscosity N s m‘̂

p Density kg m*̂

Pij Density of an infective juvenile kg m

pi Density of liquid kgm

-3

-3

X Shear stress N m'^

ABBREVIATIONS

A Adult

BOD Biological oxygen demand 

Eq. Equation

U Infective juvenile

Us Infective juveniles

J1 First stage juvenile

J2 Second stage juvenile 

J3 Third stage juvenile

J4 Forth stage juvenile

RCF Relative centrifugal field

rpm Revolutions per minute 

wt Weight
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Glossary
Amphid. One of a pair of anterior sense organs on a nematode.

Amphimictic. Reproduction by sexual reproduction.

Aatomictic. Reproduction by self-fertilisation.

Buccal cavity. Mouth cavity.

Bursa. A sac-like cavity.

Cloaca. Posterior end of intestinal tract in some invertebrates.

Cryopreservation. Preservation at very low temperatures.

Cuticle. An outer protective layer that covers the body of many invertebrates.

Elutrator. Gravity settling device consisting of a vertical tube up which fluid is passed 

at a controlled velocity. Large particles settle against the current whilst smaller 

particles are carried over in the overflow.

Endoparasite. Parasite that lives inside another cell or organism.

Entomopathogenic. Insect pathogenic.

Facultative anaerobe. Micro-organism able to live under anaerobic and aerobic 

conditions.

Fermenter. A container in which fermentation is carried out.

Floe. Clump of small particles.

Flocculation. Clumping of small particles in the disperse phase of a colloidal system. 

Genotype. The genetic make-up of an organism.

Hermaphrodite. An organism with both male and female reproductive organs. 

Homogenate. Output from a homogeniser.

Homogeniser. Device used to disrupt particles such as microorganisms by pressure 

change.

Hypodermis. A layer of cells underlying the nematode cuticle.

In  Vitro, Biological processes and reactions occurring in synthetic mixtures of 

biological components (e.g. cultivation of nematodes in a fermenter/flask).

In  Vivo, Biological processes occurring in a living organism (e.g. pathogenic nematodes 

reproducing inside a host organism).

Inclusion body. Intracellular particle formed from material such as insoluble protein. 

Infective juvenile. See Sections 1.2.4 and 1.2.5.
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Glossary

Infectivity. The proportion of a population that is capable of infecting a host organism. 

Inoculation. The introduction of micro-organisms into nutrient medium to start a new 

culture.

Inoculum. Micro-organisms used for inoculation.

M antle. A fold of soft tissue on mollusc species.

Motile. Able to swim.

Nematode. See Section 1.2.1.

Nematophageous fungi. Predatory ftmgi that infects nematodes.

Oviparous. Egg-laying.

Ovovivparous. Organisms that produce an egg, with a persistent membrane, which 

hatches within the maternal body.

Pathogenicity. The extent of disease produced.

Percoll. Trade name for a preparation of coated silica particles that is used for density 

gradient centrifugation.

Peristaltic pump. Pump that transports liquid by compressing a length of silicone 

tubing by means of a rotor.

Permeate. Liquid that has passed through a filter/membrane.

Phasmid. One of a pair of posterior sense organs on a nematode.

Process integration. Linkage of unit operations into a processing chain.

Pseudocoelom. Fluid filled cavity between the hypodermis and internal organs of the 

nematode.

Pseodocoelomocyte. Any of various types of cell found in the pseudocoelom of 

nematodes.

Pseudoplastic. Viscosity of fluid decreases with increasing shear rate.

Retentate. Suspension/solution that is retained by a filter/membrane.

Rheometer. Device used to measure viscosity of a fluid. Also called a viscometer. 

Sensillum. Small sense organ.

Shear. Deformation due to movement.

Shear rate. Velocity gradient in a fluid.

Shear stability. For this work is defined as nematode resistance to viability loss caused 

by stresses that result from liquid movement.

Shear stress. Is equal to fluid viscosity multiplied by fluid shear rate.
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Glossary

Spicule. Needle-like body on male nematode used as a copulatory aid.

Stokes’ Law. An equation used to predict the settling velocity of a particle in a liquid 

(See Equation 1.1).

Supernatant. Overflow/upper fraction of a centrifuged fluid.

Symbiosis. Close and usually obligatory association of two organisms of different 

species living together.

Vermiculite. Powder consisting of ground mica.
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