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SUMITARY

Q Tipula iridescent virus (m1v) infectiong in the leatherjacket,
Tipula oleracea (Linnaeus), gg;e inveétigated in an attempt to assess
wvhether TIV might be suitable as an agent for the bilological control of
leatherjackets. These insects are agriculfural pests, end at present are
- controlled by chemicals which often affect many harmless and beneficiel
orgenisms., The investigations were mainly concerned with the mode of
transmission of the virus and with effects of the environment upon the
disease in the insect.

Techniques for the assay of TIV were devised. A response~-timne
method, which imvolves neasuring incubation periois in TIV-injected
larvae, did not give satvisfactory estimates of TLV tifres unless large
lnumbers of larvae were used. There appeors to be wide variability in the
susceptihility of larvae to infection with TIV, which also limits the
precision of TIV estimates by the usual LDBO‘method. Antibody-sensitised
latex particles were used to detect and ascay large concentrations of TIV.
| A1l stages in the life-cycle of T. oleracea, except the embryo,
were found to be susceptible to TIV., Iridescence was observed in infected
larvae in all four instars, in pupae, and in adults of both sexes.

The transmission of TIV from infected to non-infected 1eatharjéckets
was demonstrated. It is sugrested that TIV is {transmitted mainly by
non-infected larvae feeding upon the cadavers of infected larvae, and that
a new generation becomes infected by feéding upon the cadavers of infected

fourth~instar lervae from the previous generation.



TIV~infected larvae were shown to excrete the virus, but not in

guantities which are likely to serve as a sarce of infection, as
leatherjackets only become infected per os if a large dose of viws is
ingested. Inactivation of the virus by the gut fluids was concidered as
a possible reason for its 10# infeétivity'when ingested by the larvae,
but the infectivity of a TIV suspension was found to be unaffected by
larval gut fluids in wvitro.

It was shown thét the rate of TIV replication is markedly affected
by temperature, and it is suggested that the disease develops most rapidly
during the warnest months of the year, with a very slow raete of
development in wintef.

TIV wes fqund to be o fairly stable virus, the infectivities of wvirus
suspensions at 200, Sb and ~16° gradvally declining over'a period of one
year, |

It is concluded that invéstigations into the control of leatherjackets
with TIV merit supvort, although it is possible that the initiation of
TIV epizootics may prove to be a difficult task., ©Some of the problems
which might be encauntered in a programme of biologidal control are

discussed.,



GIXTERAL TNTRODUCTION

A." LITRRATURE REVIEY

Tipula iridescent virus

TIV was first reported by Xeros (1954) in the leatherjacket, Tipula
paludosa (Keigen). It was so named bscause in later étages of the disease
the infected fat body apvears iridescent purple, blue and/or green in
reflected light, and orange in transmitted light. A pellet of the virus
is similarly iridescent (Williams and Smith, 1957); differences in colour
have been ascribed to the degree of hydration cof the ?elle% (¥illiams end
Smith, 1957) and the species of host insect in which the virus was grown
(Smith and Hills, 1959). TIV-infected leatherjackets have been found in
England (Xeros, 1954 and 1956), Scotlend (Dunn, 1966) and France (Vago, 1968)

TIV has beecn studied in a mumber of laboratories in recent years, and
meny of its propérties are now‘known. An unusual property of this virus
is that it s pears to have a very wide host range. In addition to
T, paludosa larvae, it hes been found in T, pagena (lleigen), T. mormorsta
(Meigenj and T. hortulena (Heigen) (Stewart, 1969), and it is pfobable thet
many other tipulid species are infected in nature. I. olerscea (Limmaeus),
. I. livida (Van der Wulp) and other unidentified species of Tipula have been
infected with TIV in the laboratory (Smith and Rivers, 1959). The virus
‘has also been shown to be infective for other members of the Diptera, e.g.

the larva of the blusbottle fly, Calliphora vomitoria (Linnaeus), and also

for menbers of other orders, e.g.the larva of the cabbage vhite wutterfly,

Pieris brassicoe (Linnseus) (Lepidoptcra) and the larva of the mealworn,

1 7+ ¢ 3 3 3 YT 3 T YA A=A Y
Tenechrio molitor \Linnaeus ) (Coleoptc:a). Cell culturzes of the cmderox




gum moth, Antheraea eucalypti (Scott), have also been infected with TIV
(Mwehara and Heshiroto, 1967).

Bailey, Gibbs and Woods (1970) gave the virus cryptogrem (Gibis ei =1,
1966) for TIV as D/2 : 126/15 : S/S : I/* (see footnote), althoush varicus
workefs have given different values for the percentage of DA in the virion.
Smith, J.D. (unpublished, quoted by Smith, XK.M., 1958};) gave a Timre of

-

sbout 15% DA, but values of 12.4;55 (Thomas, 1961), 165 (Allison and Burke,
1962), 175 (Glitz, Hills and Rivers, 1968) and 195 (Kalmakoff and Tremaine,
1968) have also been obteined. |

There are also conflicting reports concerning the dimmeter of the
virion. These are probably due, at leszst in part, to different states of
the virions during messursment. Arndt and Beeman (unpublished, quoted by
Klug, FPranklin and Hﬁmphrejﬂ-s - Oven, 1959) estimated the disretor of TIV
particles in suspension to be 180 nn, whereas Thomas (1961) found the
diameter of the freeme~dried varticle to be 130 nm. Williams ard Smith
(19 5'7) also obtained a value of 130 nm by measuring the smallest centre-to-
centre distance of two particles. Xeros (1954) quoted a figure of 100 nn,
and Hills and Smith (1959) one of 144 nm, There is no douwbt, hovever, thet
the TIV particle is large compared with most other viruses.

The shape of tile particle was shown to be an icosshedron by Villiams
and Smith (1958), vho used a double-shadosing technicue in the electron

nicroscope. The number of protein subunits in the particle was estimated

. Bxonlanation of crvniocsran

D = DrA S = escentiallr sphericsl perticle
2 = double-stranded S = essentially spherical
nucleocapsid
125 = moleculer weiht of DIA
(in o¥llions) I = insect hosts
15 = percentags DA *¥ = mno vectors knovn



to be 812 by Smith end Hills (1962), but Wrigley (1970) has sugrested
that the number is probably 1,472. The amino acid composition of IV
protein has been stud;ed by Tawase and Hukuhara (1967) and “olamakoff and
Trensine (unpublished, quoted by Tremaine and Goldsack, 1963).

Clitz et sl (1068) found the LD63 (the dose infecting 63 of the
test insects) of TIV to be 2.5 x 103 particles, by injection, for

T. paludose, and 5.0 x 103

particles for 2. olercscea. These workers
did not state their recasons for using the LD63 end~point. Iuch higher
doses are required to produce infection ﬁhen‘ﬁhe virus is introduced
per os (Rivers, 1966a). |

The events inside the TIV-infected cell have been investigated by a
number of workers., -Replication takgs place primarily in the larval fat
body (Xeros, 1954), the.cells at the periphery being infected first
(Kanyuka and Pronina, 1970). Other tissues, e.g. muscle armi hypodermis
(Xeros, 1956), become infected later. Virions cnter the cells by
phagocytdéis (Xeros, 1964a), and there is some evidence that they arve taken
into 1ysosomes'(Younghusband and Lee, 1970)., Reolication oceurs ;n the
cytoplasm, which enlarges cnormously (Xeros, 1956) ., Anderson, Armstrong
and ﬁiven (1959) reported an increase in nuclesr size, while Ilnyris (1970),

studying the disease in larvse of the greater wex moth, Golleris mellonells

(Linnaeus), observed a slisht increase in sige of the mucleus initially,
but later it begen to shrink. Oliveira and Ponsen (1966), using the
fluorescent antibody technigue, studied the production of TIV antigen
in haemocytes from P. brocsicze larvae inoculated with TIV.

Using fluorescence nicroscopy, the cytoplasn of infected cells was

found to emit strong fluorescence of the DIA type by Armstrong and Iliiven



(1957), who also reported that no obviars changes occur in the nuclei of
infected cells, except cnlargement of the nucleolus, which fluoresces bright

red, Keanyuka (1968), studying TIV-infected larvae of G. mellonells and

the gypsy moth, Porthetrin dispar (Linnaeus), reported an increase in
muclear DNA and RVA., Horris (1970), however, using avtoradiography, found
only a slight increase in DNA synthesis and no appreciable increase in RNA
synthesis in infected nuclei of G. mellonella, but he found an increase
in RIA synthesis in the qyfoplasm, especially in areas of virus
multiplication., Thus, it appears thgt most of thé events concerred with
the replication of TIV take place in the cytoplasm.

The electron microscope has been used to study the formation of virions
in the infected cell (Smith, 1958a and 195Sb; Bird, 1961a and 1962;
Tounghusband and Lee, 1969). Lany emﬁty protein coats were observed by
Smith and Hills (1959), especiglly in the early stages of the di sease;
each virion can‘be seen to bg surrounded by two menbranes. The endoplasmic
reticulum gradually disapnears, and it is thought thet the empty coats
become filled with DA (Smith'l958h). These cells disinterrate, liberating
their contents into the blood, and the lerva becores purplish-hite in
colour (Xeros, 1954). Williems and Smith (1957) estimated that virus
accounts for approzinately 25% dry weight of a diseased larva. Death
generally occurs 2 - 4 veelrs after iridescence has apreared (Xeros, 1954).

Smith, Hills and Rivers (1961) inoculated TIV into larvae of many
insect spécies, and in no case were any latent virus infections stimuleted
into activity. Xanyuka (1965), hovever, revorted that injection o TIV

ﬁﬁosﬂhmmm}%mmxmmd(Lhmwwﬂ,lmmmzmdg.mdlmmnalmwm




resulted in the activation of nuclear polyhedrosis virusess (HPVS) specific
for each of these spocies.

Since the discovery of TIV, several similer viruvuees have been found
in other insects. These have been reviewed by Smith (1967), Vago (1968)
and Bellett (1968). Iridescent viruses have been found in larvae of

1) the pruinose scarsb, Sericesthis pruinosa (Delman) (Steinhaus and
p y

Leutenegzer, 1963); 2) the rosauitoes Acdes taeniorhynchus (Wiedemann)

(Clark, ¥el len and Lum, 1965),-Aedes annqulipzs (Keigen) and fedes cantens

(teigen) (Veiser, 1965), Ledes stimulans (Walker) (4nderson, 1970) and

v

again in A, cantang (T.}. Tinsley and J.S. Robertson, uwnpubliched, quoted

in Tinsley and Xelly, 1970); 3) the rice stem borer, Chilo suw-rassslis

(Yalker ) (FPukaye and Hasu, 1966); 4) the blackfly, Simuliun ornstun

(1leigen) (Weiser, 1968); 5) a biting midge (Culicoides sp.) (Chepman

et al, 1968); 6) Wiseana cervirmata (Kalamakoff and Robertson, 1970);

and Witlesis sabulosella (J.S. Robertson and H. Fowler, unpublished,
quoted in Tinsley and Kelly, 1970). Stoltz, Eilsenhoff and Stich (1968)
described a vimis resenbling the iridescent viruses from larvae of the

midge, Chironom:s plumosus (Linnzeus), ut no iridescence was observed

in the infected insects.

The insect hosts of theze viruses are only distantly rel ated
phylozenetically, and the relationships of the iridescent viruses with
each other are somewvhat problematical., TIV and Sericegthis iridescent
virus (SIV) have been chom to be related serologically (Day and lercer,
1964; Cumninghom and Tinsley, 1968), although there are serological

differences between then (Bellett and lercer, 1964; Glitz et 21, 1968).



TIV and SIV were found to be unrelated to the mosquito iridescent virus

(IIV) from A. taeniorhvnchus when compared by the complement fixation

test (Cunningham and Tinsley, 1968). Chilo iridescent virus (CIV) was
revorted to be serologically unrelated to TIV (Fukaya and Iesu, personzl
comnunicetion to Tojo and Nodama, 1968) or SIV (Day, personal communication
to Tojo and Kodama,A1968). CIV and TIV are distinguishable in sedirmentation
rate and chromatographic behaviour (Tojo and Kodema, 1968). latta (1970)
found the ultra-violet absorption spectrum and the amino acid composition

of the MIV from A, taeniorhvnchus and TIV to be very similar, but the

dizmeter and sedimentation coefficient of the NIV were both larger than
those of TIV and SIV;

The base retios and molecular velshts of the nucleic acids of TIV,
SIV and CIV were found o be similar by Bellett and Inman (1967), and
this led Bellett (1967) to suggest that the iridescent viruses are
homologous, i.e. that their nucleic acids have cormmon seguences, IEvidence
of.base—sequence homolosy between the nucleic acids of TIV, SIV and CIV was
obtained in hybridisotion experiments (Bellett and Femner, 1968). It may
well be that the iridescent viruses are unrelated phylogenetically, but
are én exa@ple of convergent evolution. Tinsley and Kelly (1970) have
suggested that, until the relationships between the iridescent viruses
are better understood, each should be known by a nuwber, so that alteraticns
ahd‘additions to the group can be easily méde. In their system TIV is

designated as iridescent virus Type 1.



The leatherjacket (Tinula) and its control

There are 59 British species of Tipuls (Freeman, 1967) and 291 British
species of Tipulidae (crane-fies) (Burton, 1968). T. paludosa is very
comron in the United Wingdom, especislly in the llorth and West, and also
all over Torthern Europe (E wards and Heath, 1964); it is also found in
North America (Wilkinson and KacCarthy, 1967). T. Qleracea is much less
conmon than T. paludosa.

Leatherjaclets, also known as 'bots! (Thomson, 1926), 'tory worms',
'the grub! (Rennie, 1927) amd ‘cutworms'! (ﬁillis, 196%) are the larval
stages of crane-flies. The life-histories cf,i._gg;ggggg ard T. oleracea
have been studied by a nuﬁber of workers. ©I. paludosa is univoltine with
adults on the wing from July to Sgptenmber (Ahmed, 1968), whereas T. olerasces
is usually bivoltine (Laughlin, 1960), with adulte oﬂ the wing in lay, and
again in August (Freeman, 1967). Remie (1927) observed that "polygamy
is notoriously rife" among I. paludosa adults. |

The eggs are laid in the soil, and when the larvae hatch they grow
very fast in the autumn, slowly through the vinter, and moderately fast
in the spring and early cunmmer (Laughlin, 1957). They comrence feeding,
both sbove and below ground, shortly'after daxit, and continue until neer
dawn (Ahned, 1968).

Leatherjacizets have long bsen recopnised as agricultural pests.
Curtis (1849) reported them feeding upon turnips, beet, carrots, cabbages
and potatoes, althaurh later investigators, e.g. White (1968), state that
leatherjackets do not demage potatoes. They are also lmown as pests of

grassland, cereals, peas, beans, and seedling forest crops (i’acDougall, 1932)
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Some crops may be danaged before the hypocotyl energes above groand-level
(Long, 1969).

Grennan (1966) faund that small populations of leatherjackets cause
much unnoticed damage to pasture; yilelds were nmuch lover on leatherjacket-
demeged plots., White (1068) stated that when the siverd starts dying off
due to leatherjackat damsge, 4.9 = 6.2 million larvee per hectare are
usually present. He estimated that a leatherjadcet population of 4.4
" million per hectare would result in a loss of £11.85 per hectare. He
has also estimated (Yhite, 1966) that the averase snnual value of cereal
losses in Britain due to leatherjacket damage may total £300;OOO -
£600, 000,

Leatherjad:iets, therefore, can cause quite considerable losses to
British agriculture. At the present time they are controlled by chemical
insec%icides, with DDT and benéene hexachloride being widely used (British
Agrochemicals Association, 1970). Other substances which have been used
are lead arsenste (Dawson and Ferro, 19%6) ortho-dichlorobenzene (Dawson,
1932), gammexane (Escritt, 1947), and aldrin and vnarathion (Yhite, 1967).

. There is now much concern about the presence of many of these
substances in the enviromment. Carson (1962) was one of the first to
voice this concern, and che obtained wide recornition for her views, even
if she did state them in a sonevhat sensationsl manner. Newson (1967)
pointed out sore of the effects'of insecticides: 1) predators and parasites
of the pests are killed, as well as the pests themselves; 2) there is a
considerable hagard to birds and fishes which fe:d on insects hich

1

contain insecticides in their tiscuas: 3) chlorincted hyorocarions ore



exceptionally toxic to fisgh; 4) birds are affected by the spraying of
insecticides. Some of the risks attendant in the use of insecticides

)

against leatherjactets heave béon voiced. White (1963) mentioned the risks
to wild life, and the possible deleterious long-term effects of the
accumulation of pesticides in ﬁhe soil. illis (1963) gave a varning
sbout the residue-rislk of using DDT for leatlerjacket control, and stated
that the insecticide should not be applied to pesture until grazing has
ceased, illis (1965) also warned that spraying with DDT to control
leatherjackets may cause serious demege to certein varieties of barley.

DDE, o common netabolite of DDT, has been showm to cause eg~-shell
thinning in a number of species of birds (e.g. see Wiemeyer and Porter,
1970). Jensen et al (1969) reported the presence of DDT and para-
didhlorobénzene in merine animals of f ﬁhé Swedish coast. In 1269 the
Swedish National Poisons and Pesticides Board recommended that aldrin
and dieldrin should be bammed completely, and that the agricultuml use
of DDT should be bamed for two yesrs (Anonymous, l969§). Various other
countrics have banned eldrin end dieldrin. In Britain, the Associsztion
of Public Analysts reported that lard contains an undesirebly high
propbrtion of pesticide rcgidues, and that reQidues.in aoples, brassicos
and potatoes exceed the recomnended maximum limit of O.1 p.p.m.
( Lnonymous, 196QQ). The Jorld Health Organisation has also shoim concern
about pesticide residves in foods (wHO/FAO, 1969).

In view of these harmful effects of chenmical insecticides, alternative
neans for the control of pests are beins sought (A.R.C., 1970). These

centre on the concept of 'biolozical control' i.e. using the natural



enenies of the pest to cont ol it (,ee Korris (1971) and Burges and
Hugsey (1971)). The present study was undertaken in an attempt to assess
whether TIV has any potentiel wvalue for use as an agent of biological
control against leather] aclets.

Several microbial parasites of leatherjackets, other than TIV, are
known, viz. a nucle&r polyhedrosis virus (Rennie, 192%), a rickettsia
(ller - Kogler, 1958), a fungus (Coulson, 1962), a trypanosome
(Vidkerman, 1960), a haplosporidian (Huger, 1961) end a gregarine
(Steinhaus and Liarch, 1962).  In addition, three fungi have been found
affecting crene~flies (Koval and Savchenko, 1967). ,Oﬁher docunented

natural enemies of Tinula spp. are the insect, Siphona ( = Bucentes)

geniculanta (de Geer) (Tadhinidae : Diptera) (Rennie, 1912), the nematode,

Kemmis albicens (Ahmed, 1968) and the folloring predatars: starlings

(in discussion after Dunn, 1966), neadow pipits (Coulson, 1862) and spiders
(Freeman, 1964). Carabid beetles have been found to feed upon
leatherjacitets in lcbhoratory tests (Dunn, 19663 thred, 1968) and it is
thought that they may be important predators of some leatherjacret species
(Freeman, 1967). It may be thabt any one, or a corbination, of the above

_ parasites and predators of leatherjaclkets might be suitable as agents of
biologicel control.

There are several examples where insect pests have been successfully
controlled with viruses. In Canada the European pine sawfly, lNeodiprion
sertifer (Geoffroy) (Bird, 1953), and the Buropean spruwe sawfly, Divrion
hercynize (Hartlr) (Bird and Purlk, 1961) have been controlled b IPVs;

£,

in South Africa a !V hos been used to control the watile barvrorn,
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Kotochalia junodi (Hedaerts). (Ossowski, 1957); in the U.S.A. the alfalfae

caterpillar, Coliss euxviicne (Boisduval) (Thompson and Steoinhous, 1950)

- » » ,' -
and the cabhage looper, ILxichoplusis ni (Hubnar) (Hall, 1957), heave been

controlled by WPVs; and in New Zealand the smell cabbage ihite wtterfly,

Pieris rapae (Linnaeus) hes been controlled by a granulosis virus

(Kelser, 1958).

B, SCOPE OF THE UORK

The work described in this thesis was concerned with Tipula iridescent

virus (TIV) infections in the insect Tipula oleracea. The experiments
were designed to assess whether TIV might have any potential valuve as a
biological control agent. Attempts were made to discover hovw TLV is
transmitted in nature, because 2 knovledge of the mode of %ransﬁission is
nccegsary before the most effective means of epplying the virus in the
field can be détennined. The effects of temperature on the infectivity
of the virus and on ﬁhe rate of develovment of the disease were studied
to determine how the disease develops at diffefent times of the year,
thus indicating the most favoureble time for application of the virus

for effective control.



MATERIALS AlID FETHODS

Collection of 1 arvae

l'ost of the original inéect naterial vas obtained from the College
Estate, fuchincruive, Ayr, Scotland, by watering St. Ives fluid (Appendix 1)
onto the soil at a rate of approximately 0.5 J,/m2 (Barnes, 1941). The
sctive ingredient is orthodichlorobenzene, which brings the leatherjackets
to the surface. The insects are in no way pernanently damaged, and
spproximately 80% of a leatherjacket population can be obtained by this
method. The larvae of the different species are virtually indistinguishable
(Lovibond, 1937), but upon rearing the collected insects to adults they
vere found to be a mixture of T. paludosa and T. oleracea. In subsequent
generations there was a higher mortality among the larvae of T. paludosa
than those of T. oleracea in the laboratory, so the former were discarded,
and the latter were used for the experiments.

Rearinge of larvae

The method of réaring larvae was based upon that of Langhlin (1958).
The larvae were kept in sand, which had been collected from a river bank,
and sterilised by autoclaving at 121° for BO'min. Bach progeny group
from a pair of adulis was kept in a separcte plant pot of 178 mm diameter,
and the pots stood in trays, containing about 10 mm depth of water. The
larvae were resred at room temperature, and fed with dried, pordered grass,
which had been sterilised by autoclaving at 121° for 15 min.

The first pupae to be fomed were kept at 5% for several days to retard
their development, 2s the males tend to pupate and therefore emerge before
the females, and may all die before the females have emerged. The pupae

were kept individually in univarsal bottles, each of which had holes



punched in the 1id to allow the passage of air; each bpttle contained a
moistered filter paper. When the adults emerged, males and females were
paired and moted. A male and s female from the same progeny group were
never mated together in order to reduce inbreeding.

The technique of Stewart, R.I. (personal communication) was used for
matine the adults. This involved confining the pair bemsath an inverted
Kilner jar, stending on a 90 mm di ameter Pefri dish, containing L
'Tonagar' No. 2 (Oxoid Ltd.) (Fig. 1). After coition the femdle laid her
eggs in the agar (Fig. 2), which served as an ideal medium for keeping the
eges moist. The first eggs to be laid were kept at 50 to slow dosn their
development, until sufficient plates of eggs for the next generation had
been obtained. The mean time from laying to hatching oflg. oloracesn eges
has been found to be 6 days at 21° (Leuchlin, 1960), end 6.18 d_é.ys at 20°
(Heats, 1967). A preliminary experiment indicated that they would survive
at 50 for at least 3 weeks.

then sufficient’plaﬁes of eggs had been laid, they were transferred to
roonn temperature to hatch. This process ensured that the ages of all the
larvae of one gensration were within a few days of each other, Using this
technioue, the generation time of the insect could be adjusted to almost
exactly 10 weeks. When a plate of egss hatched, the whole mass of agar
containing the young larvee was transferred to the surface of a pot of sand,

v After O generations in the laboratory, the stock was split into 2
lines. The tenth generation was bred from the ninth, as usval, then after
a further 5 weecks, the eleventh generation,'a;so tred from the ninth,

was hatched., This was achieved by «lowing down the develoomeat of pupae
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and eggs at 59, By this means two staggered lines of insects were obtained,
with a generation available for experiments every 5 weeks,

Stregssinr of larvae

Much work in insect virology has been hindered by thé sudden outbreal:
of a virﬁs infection in an insect population that was supnosedly healthy.
It is suspected thet in many instences the viruses were already »resent
in a latent form, and that some stress factor caused them to become overt
(Steinhaus, 19%58; Tensda, Tanabe and Reiner, 1964).

In an attemot to detect any latent virus infections in the T. oleracea
stock, the first 2 generations bred in the laborstory were subjected to
various stress factors. o such latent infection was detected, gnd
experimental work was commenced with the third generation. Some of the
stress factors used have stinmulated latent infections into ectivity in
other insects., These were:-

1, High temperature (Hukuhara and Aruga, 1959). The larvae were exposed
to a temperature of 370 for 48 h.

2. Low temperature (Aruga, 1957) followed by highitenperature. The larvae
were exposed to a temperature of 0° for 48 h, and then 30° for 48 h.

%, Starvation (Steinhaus and Dineen, 1960). The larvae were given no food
for 7 days.

4. TFeeding protein (Tahada, 1954 ) and amino acids. The larvae were fed
B-lactoglobulin, ovalbumen, DL-alanine, L-glutamic acid or L~tyrosine,
mixed 1¢ w/w with dried grass.

5. Feeding toxic chomicals (Aruga and Hulmhara, 1960). The lervae were

- 4 . - . . -4 . 5 .
fed mercuric cnloride or sodiun fluoride nixed 10 w/w With dried



grass, or 407 formsldehyde, 10-volume hydrogen veroxide, or
thioglycollic acid mixzed 10 v/w with dried grass,
6. Irradiation with ultra-violet (V) light (Steinhsus and Dineen, 1960).
The larvae were irradisasted by means of a UV lamp, at a distance
of about BC cm, for approximately 1 h daily, over 7 days.
Subjection of groups of second-generation larvae to these stress
factors resulted in the mortalities indicated in Table 1.

None of the larvae which died developed iridescence, and no polyhedra
of the MNPV were detected in Giemsa-stained smears of their haemolymph, so
it was concluded that the field—collected larvae were probably free of
latent virus infections. All the insects used in the experiments were
descended from the survivors of these stressed lervae. The siress factors
possiblylassisted in the pro&uction of a more vigorous insect stock by
eliminating the veaker individuals,

Dxperimental 1 arvae

Unless otherwise stated, all experimental larvae were kept in
individual petri disnes at 20°. The individual petri dishes were necessary
because leatherjackets use their mandibles eas offensive veapons, and
lauﬁdh fatal attacks upon cach other (Freeman, 1956). Sterile petri dishes
were used, and a sterilised filter paper was placed in each dish. The
larvae were fed with sterilised, dried, powdered grass, and it and the
filter vpaper were kept moist with the saltse and vitamins solution of David
and Gardiner (1965_@) (Appendix 2).

The sterile materials were uvsed in an attemnt to reduce mould grosth,

which proved to be a vroblem from time to time. Some moulds can produce



Table 1, Effects of gtress factors

upon leatheriackets,

No. dead/ Percentage
Stress Factor No. treated Hortality
high teuperature (37°) 153/153 100
feeding L=tyrosine 10/10 1bo~
feeding merauric chloride 10/10 100
feediﬁg sodium fluoride 10/10 100
feeding formaldehyde 10/10 100
feeding thioglycollic acid 10/10 100
feeding B-latogl obulin 9/10 90
W irradiation 46/58 79
feeding L-glutamic acid 7/1.0 70
feeding hydrogen peroxide 7/10 70
starvation 32/47 68
feeding DI-alanine 6/10 60
low-(Oo)/high (300) temperaturs 66/114 /B
feeding ovalbumen 4/10 40
controls 5/22 23
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toxins which are hamful to insects (Beard and Walton, 1969). A brief
experiment was perfomed to determine whether cycloheximide would be of
any valve in inhibiting mould growth, but it was found that the
concentrations of cycloheximide vhich were reguired to inhibit mould
growth also caused the deaths of tﬁe leatherjackets. The insecticidal
properties of cycloheximide have also been observed by Fytizas (1968).,
Because of the grosth of moulds in the dishes, and the accumulation of
excreta, the insects were placed in clean diéhes.af interval s of not
more than 4 weeks.

Iniection of larvae

When larvae were divided iﬁto groups, e.g. to receive different doses
of TIV, the menbers of the progeny groups were rendomly distributed among
them, in order to mininisée the effects of any genetic differences beiween
the progeny groups.

Larvae to be injected were aﬁaesthetised with ether (Bergold, 1951)
by placing them in the appraratus shbwn in Fig; 3 for approxinately 10
min, They were then rinsed in water, 2.5° 'Dettol', and twice again in
water to clean their skin surfaces.

The injections were perfommed with a micrometer syringe fitted with a
0.25 mn (outside diemeter) needle. The insect was held between the fingers
of the left hand, and.the right hard was used to manipulate the micrometer;
the needle was inserted doisally into the haemocoel, about one third of
the length of the larva from ite anterior end. =ach injected insect
received 0,005 ml nmaterial, unless otherwise stated. Before withdrawing

the needle, it was held inside the hasmocoel for a few seconds to allow
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Fig.3. Apparatus for anaesthetising leatherjackets.
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the injected material to be dispersed throughot the insect becau se when
ﬁhe needle wes withdrammn bleeding occurred. It was shown (preriment 3)
that this bleeding did not result in any significent loss of vimus from the
insect.

TIV for injections wag suspended in insect saline with antibiotics
(ISA). The insect saline was that of Clarke (ipvendix 3) (Hale, 1965).
The antibiotics were incorporated in en attempt to reduce bacterial
infections being set up at the time of injection (Bird, 1961;' Smith et al,
1961). All injected larvae were in the fourth instar, unless otherwise

stated.

Purification of TIV

TIV was purified according to the method of Bird (1961) and Thomas
(1961) who suo jected the virus to alternate cycleé of low- and high-speed
cent rifugation. Infected‘larvae were ground in distilled water or 0.855
WaCl (saline) using a pestle and nortar, and large debris was removed by
centrifuging at 600 g for 5 min, Impure TIV was removed from the
supernatant by centrifuging at 7,600 g for 20 min. The resulting
iridescent pellet was covered with a layer of impurities, which was removed
by washing gently, using a pasteur pipette. The pellet was resuspended
in saline, end subjected to 4 more cycles of low-/ﬁigh—speed centrifugat ion.
The resulting TIV prevaration was reasonably fres from impurities.

Further purification, if desired, was carried out by centrifuging
in a sucrose gradient (Smith_gﬁ_gl, 1961). A sucrose gradient of 5 - 3
v/w in phosphate~buf fered saline (PBS) was eaployed, end was centrifuged

at 6,150 g for 30 min. The band of TIV was removed by pipetting, and the



virus was sedimented by centrifuging at 14,900 g for 40 min. It was
finally washed in distilled water.

Preparation of antiserunm

Antiserum againgt TIV was prepared by the method of Cuminchan and
Tinsley (1968). A preparation of TIV was purified in a sucrose gradient,
and suspended in digtilled water. The concentration of virus was found
by weizghing, then it was suspended in saline at a concentration of 1 mg/ml.
This was incorporated in an equal quantity of Freund's complete adjuvant.

Two rabbits each received 3 injections of TIV at weekly intervals.
The first 2 injesctions consisted of 1.5 ml virus—adjuvant mixture
injected subcutaneasly, and the third of 1.0 ml TIV suspension in saline
injected intravenously., 4 blood éample had been collected from each
rabbit before the injections were perfommed. 3Blood sanpies were talken
2 weeks after the final injection, and then at veekly intervel s over a
period of 4 weeks, The sera were stored at -16°.

Neutralisation test

The presence of antibodies against TIV in the sera was demonstrated
by means of the neutralisation test. Decimal dilutions of TIV in PBS were
prepared to 10_7. The second and final seruﬁ from each rebbit was tested
by mixing 0.2 ml serum with 0.2 ml of each dilution of TIV, There were
two controls; in one the antiserun was replaced by normal rebbit serun,
and in the other by PBS. All mixtures were incubated at 370 for 2 h,
and then tested for infective virus by injection into 1eather jackets.
Three leatherjackets were used to test each nixture. The remlts
indicated that each antiserun neutralised TIV infectivity by a factor

of epproxzinately 103.
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T™be precipitation tegt

The method was based upon that of Cuminghanm end Tinsley (1968).
Doubling dilutions of serum were prepared with saline, Each dilution was
transferred to a Dreyer tube, and an equal volume of TIV in sdline
(0.025 mg/ml, measured by UV spectrophotometry) was added., The tubes
were incubated in a water-bath at 500 and read afterIS h; they were then
removed from the water-bath and read again the next morning. The serum
tested had a titre of 1/256.

A serum dilution of 1/64 was then used to find the optinmun dilution
af antigen., Doubling dilutions of TiV in seline (2.5 mg/ml) were prepared,
end the end-point was found to be 1/256, A 1/64 dilution (0.059 mg/ml)
was therefore used to titrate all the sera; the titres of mostvwere found
to be 1/512, end of sone, 1/256; ®
Latex test

The methods used were those of Abu Salih, Murant and Daft (1968).

a) Sensitisation of latex particles

One volume of antiserun against TIV was diluted with 9 volumes
distilled water, and 10 volumes of saturated ammonium sulphate solution
were added dropwise. The nixture was allowed to stand for 10 min, and
was then centrifuged at 5,000 g for 30 min. The pellet was suspended
in the same volume of water as before, and precipitated again with
ammonium sulphate. The precipitate was resuspended in 3 - 4 volumes
saline, and dialysed against saline far 2 h at room temperature. I%
was dlalysed for a fuTthér 2 h against fresh saline, end then nade up to
10 volures with saline, giving a concentration of 1/10 for the original

globuline. Irom this, further dilutions ol the globulins were prepered



in tris (ﬁris (hydroxymathyl) methylamine) HC1 wmuffer (pH 7.2).

A suspension of polystyrene latex particles (diameter 810 nm;
aperox. 1.5 x 101O particles/ml) was diluted 1/15 with 0,9 w/v HeaCl,

One volume of the diluted globulins and one volume of the diluted latex
suspension were incubated together for 30 min at room temperature, and
then centrifuged at 5,000.3 for 20 min. The pellet was resuspended in
helf a volume of tris HC1l containing 0,023 polyvinyl pyrrolidoune (PVP),
and then centrifuged at 4,000 g for 30 min., The finel pellet was
sugpended in half a volume of tris HC1l + PVP + 0,25 sodium azide, and
stored at 5°.

b) Iests.

The teéts were carried out on glass plates, painted black 6n the
reverse side. One drop of antigen, suspended in tris HCL + PVP was nixed
with 2 drops of the suspension of sensgitised latex particles. Controls
consisted of 1) tris HC1 + PVP plus sensitised latex particles, 2) TIV
suspension plus tris HCL + PVP and %) DIV suspension plus unsensitised
latex particles. The plates were gently rocked, and inspected under a
60 W light bulb for clumping of the latex partidles, which indicates a
positive result (Fig. 4). Abu Salih et al (1968) took their final readings
after 10 min, but it was found that in some fests positive results did not
appear.until after this time, so thue final readings were made after 40 min.
Tests carried out using suspensions of latex particles sensitised with
varicaus dilutions of globulins and suspensions of various dilutions of
TLV indicated that the optimum dilution of globulins for sensitising the

latex was about 1/600.
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Ultraviolet svectrophotometry

UV spec'trophotometry was used to measure concentrations of TIV
suspensions, and, in Experiment 24, UV spectra of TIV at different pHs
were determined. The measurenents were made with a Unicam SP500
spectrcphotometer fitted with & hydrogen lamp, and were corrected for
light scattering by measuring the optical densities at several wavelengtns
greater than 320 nm, vherce the total optical density is due to scattered
light (Kleczkowslci, 1968).

For large virvs particles, T = ‘vhere T = optical density

L
N
C = "scattering constant"
A P wavelength,
logT = log ¢ = n log A
A plot of logT v log A\ gives a straight line, with slope = -n.

Substitute nin D = R =S (zao)n

A

where D = optical density due to sbsorption

R spectrophotometer reading

)

il

S optical density at 320 mnm,

Concentrations of TIV suspensions in distilled water were determined

" by evaporating to dryness over calcium chloride in a vacuun desiccator.

The concentrations of unknown suspensions could then be determined fron

the formla:

corrected optical density at 260 nm x dilution factc
B O.l('__’
1 cnm

Concentration of TIV =

vhere B = extinetion coefficient at 260 nn {sce Pig. 23).
Day and Dudzinski (1966) used LY spectrophotormetry to merzire

concentrations of SIV,



Detection of TIV

TIV was generally detected by injection into leatherjaclzets, most
of which developed iridescence if they received an infective doss.
Other possibilities were 1) the larva died without iridescerce developing,
2) the larva pupated, and the pupa becane iridescent, %) the larva pupated
and died, and 4) the larva pupated, and gave rise to an adult. The
presance of TIV infection in dead larvae, pupae and adults could be
detected by ons of three-hethods:
a) Dissection of the insect, when iridescénce of the fat body ﬁight be
observed. |
b) Grinding the insect in distilled water, followed by centrifuzation
at GOCLg for 5 min, then centrifugstion of the superﬁatanf at 7,600 ¢
for 20 min, end insvecting the resultant pellet for iridescence.
This operation was perfomed in polystyrene tubes which are cdlear,
.enabling a small iridescent pellet to be éasily seen, Dsy and liercer
(1964) used a similar technigue to detect SIV in G. mellonella
larvae which had been inoculated with the virus, Wt hed not
developed iridescence,
c) AGrinding the insect in l_ml tris HCL + PVP, followed by centrifugatién
| at 600 g for 5 min in a polystyrene tube, then performineg a latex
test on the supernatant. The letex test was found to be slightly
more sensitive than the centrifugation technique for detecting TIV
(Expériment 4). |

Venbrare filtration of TIV

Filtration thraich cellulose nitrate membranes vwas carried art to

free preparations of TIV from bacterisl, fungal and cther contaminants,



The virus was suspended in deionised distilled water, and filtered through
newhranes with progressively amaller pore sizes, finishing with a O.E/um
membrane. The menvrene was held in a Sartorius filter adepter V25,

which wes steriliscd by autocl aving at 121° for 15 min, with the membrane
in place. Before use, each membrane was coated with serum to prevent
adsorption of the virus (Ver, Melnick and Wallis, 1968), The serum
(*Rabbit serum no. 1', Burroughs ¥ellcome & Co.) was filtered successively
through sterile 2.0}1.111, 0.8)1!11 and 0.2 }am menbranes befors use. Iembrane
filtration was used by Tanada and Tenabe (1965) in the final stage of
purification of TIV, The efficiéncy of this ftechnique was assessed in

Experiment 6.



30

EXPERTIEITS

A, DPRELIMNITARY BXPERIVIITS

Byperiment 1. Charocterisction of the virug.

a) nlectron microscoony

Many workers have examined TIV ¢n the dlectron ﬁioroscope, and a
nunber of electron microgranhs have been published, e.g. by Williems and
Smith (1958), Glitz et al (1968) and Wrigley (1970). It is agreed that
the TIV particle is an icosahedron bounded by 2 membranes, but there is

disagreement over the number of protein subunits of which these membrenes

are composed and over the diameter of the virion (see General Introduction).

A sample of the virus used in the present investigalions was suspended

in distilled water and mixzed with 27 amsonium nolybdate. A drop was
appliedlto a formvar~coated specimen ¢rid stabilised with a thin lsyer
of carbon. The droplet was removed with a filter paper point, leaving

a thin film of specimen, which was gxamined in a Philips Ei300 electron
microscope at operating voltage 60 Kv. The appearance of the virus (Fig.
is similar to that of TIV in published electron micrographs, the double
nembrane at the periphery of the virion beirg clearly visible. The
average diameter of the virions is 130 nm, which is in agreementAwith

the meesurenents of Willisms and Snith (1957) =nd Thomas (1961) For TIV.

b) Production of iridescence
Centrifugation of the virus, e.g. at 7,600 g far 20 nmin, resulted

in the fornztion of an iridescert pellet, as descrilted by Williams and

5)

omith (1957); in reflected light it was generally blue in colour (FPig. 6),

=

but sometimes apreared purple or green, and in transmitted light it



Fig, 5. Electron micrograph of the virus used for the present

investigations. =x 336,000,
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anpeared orange. Injection of the virus into lea%herjackets resul ted
in a characteristic TIV infection, as described by Xeros (i95¢).
Iridescence developed in the fat body, and this could be observed
through the skin after several days (Fig. ).
Discussion

The virus used in the present investigations was isolsted from a
leatherjacket displaying iridescence. The morphology and dismetsr of
the virion, and the iridescence displayed by virus pellets and the
infected insects indicate fairly conclusivély that this virus ig Tioula

iridescent virus.



Experiment 2. Assev of TIV.

Introduction

A comnon method of meaguring the concentration of a pathogen is to
determine the medial lethal dose (LDBO), the results being analysed by
one of several pogsible methods, e.e. by the method of Reed and uench
(1938) or by probit analysis (Finney, 1952). An alternative method is
to measure the time for a response to be elicited in the host after
inocul gtion with an wuknovn dose of the pathogen, and to estimate the
dose from a standard curve prepared by measuring the response times for
knovn doses.,

Heynell and lMeynell (1958) carried out a survey of the literature,
and observed that for a number of host/parasite systems the mean response
time is linearly related to log dose. They suggested that the organisms
increase exponentially at the same rate at all doses, and that the
response occurs when the total number of organisms réaches a criticel
figure. |

This model fits the resulis of Alzawa (1959), who showed that both
a 10-5 dilution of silkwarm IIPV and the undiluted preparation resulted in
an identical rate of increase in the inoculafed insect.,

Gard (1940) measured the survival time of mice inoculated with
encephalomyelitis virus, end prepared a standard carve using the

reciprocal of the harmonic meen swvival time:

- (_1. +1 +1 01 \xl
’cl t2 t3 tI"I N
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where tl, t, ete. are the individual survivael times for II hosts in the
dose-group. The reciprocal transformation of the data tends to equalise
the variance of the responses over the whole range of doses. Imith and
Yestgarth (1957) and Baver (1960) also assayed viruses in mice by
measuring survival tinme, and Doughérty, HceCloskey and Stewart (1960)
assayed the psittacosis agent by measuring the survival time of
enbryonated eggs inoculated with the agent. Survival time of the host
can also be used to compare the virulence of different virus strains
(Reeve, 1969).

Among the insects there are several reports of decreasing response
times with increasing inocula of infective agent. Increasing dosages of

NPV result in shorter survival times in the seawflies, Neodinrion sertifer

(Krieg, 1955) and Neodiprion swmnei (Middleton) (Smirnoff, 1961), the

western oak looper, Lambdina fiscellaris somniaria (Hulst) (Rorris, 1962),

the bollworm, Heliothis zea (Boddie), and the tobacco budwornm, leliothis

virescens (Fabricius) (Ignoffo, 1965), and Trichoplusia ni (Canerday

and Arant, 1968), Adizawa (195%) observed that lower concentraetions of NPV
inoculated into sillwvorm pupae resulted in longer latent periods, and
Herry and Jutila (1966) observed that the time for the appecrance of

polyhedra in the grasshopper, llelsnoplus sancuinipes (Fabricius), was

influenced by the size of the virus inoculum. In aphids, the larger the
amount of virus in the infection feed, the more rapidly the insects

become inoculative, e.g. stravberry virus 3 in Capitophorus freserise

(Theobald) (Prentice and oollcombe, 1951) and sovthistle yvellow vein

virus in Hvperomvzus lactucae (Linnaeus) (Sylvesﬁer, Rich erdson and

Behncken, 1970).



Several workers have assayed infective material in insects by
measuring a response time. HMaramorosch (1955@) agsayed aster vellows

virus by reasuring the time for its vector, lacrosteles fascifrons

(5t81) to become inoculative. The time for Drosophila to develop 002~
sensitivity has been used to asssy the signa virus_(L'Héritier, 1953).,
Ignoffo (1964) suggested that measurement of the medien lethal time could
be used to estimste the HPV of E,‘Q;, Whitcomb, Jensen and Richardson (1966
assayed the apgent of Western X-disease by measuring the tirme for the

leafhopper, Colladonus nontanus (Ven Duzee), to become inoculetive.

The response time method wes investigated as a possible technique for
assaying TIV, the inabation period (time'for the insect to develon
iridescence) and the survival time being considered. The respoﬁse tine
method was compsred with the usucl method of LD50 determination and with
serological methods of assey.
lethods

A preliminary assay was carried out on a suspension of TIV in ISA
by injecting larvae with decimal dilutions, each dilution being injected
into 3 larvae; the results indicated that the LD50 was approximately 10—5.

O—O.jOl’ -1 -1.301

The'following dilution series was then prepared; 1 10 7, 10 ’

-2

10 7 +.... toO 10-6 and each dilution was injected into 30 larvae. The

results of this assay indicated that the dilution series did not extend
to the LD50, so a further set of dilutions was prepared from ILO-5 to 10-8,
and each o these was injected into 30 larvse. The TIV suspension was

o} . . . -
stored at 5 between the two sets of inoculations, which wvere 16 wesks

aparts it was assumed thet there was little alteration in infectivity



of the virus during this time (see Experiment 23). Latex tests and tube
precipitation tests were carried oxt on decimal dilutions of the TIV
suspension.

Results and Discussion

a) Iedian ) ethal dose (LDSO)

The nurbers of insects becoming infected with TIV are given in Table 2,
Some did not devélop iridescence until sfter they had pupated, and some
died before iridescence developed, the infection being detected by the
latex test. The dosage-mortality relationship is indicated in Fig. 8;
the LD50 was computed from this by probit anelysis and found to be 10"5'681,

10774498 4na 1072874, Bucher (1956) pointed

with 95  confidence limits of
out that the slope of the dosage—mprtality curve is a meésure of the

variation in resistance to treaﬁment in the population. In the present
experiment the slope was 0,86 and there appeared to be wide variation
in larval resistance to TIV, some insects‘becoming infected by the ZLO'"7

dilution of TIV, while one did not become infected by the 1077 dilution.

b) Incubation veriod

The relationship between mean incubation period and log, dose (Eig. 9)
appéars to be linear at the higher dilutions, but not so at the lower
dilutions., This may be due to the saturation of receptor sites fcf virus
on the host cells at the lower dilutions (qunell and Heynell, 1958).

The cells at the surface of the fat body become infected before those in
the interior (Knnyuka and Pronina, 1970); wnen all the receptor sites on
the susceptitle cells have taolken up virus, increasing the dosage will not

result in shorter incubation periods,
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Fig.8. Log dose - mortality relationship.
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A straight line was fitted between the 10”7 and the 107/

dilutions
(Fig. 9) and, assuning that this represents an exponential increase,
an estimate of the doubling time of TIV was made as follows:
| Let the estimated line be
'y = a+ bx
where x = 1log dose

y = mean inabeation period

y = 1.6633 + 1.5396x

¥, = a+ b lop dose
Yo = a-+ b log 2 dose
Yo =¥y = b log 2 where y, - Yy = doubling time

= 1.5396 x 0.3010 x 24 h
= 11.122 h

95 confidence limits are given by

.

(v, = %) % B _ o) 0,05 of V) = (log 2)°

Doubline time = 11,1 h £ 2,1 h

The mean incubstion period at the ID50 = 10.4 days (Fig. 9), vhich
is equivalent to 22.4 doubling times for TIV,

There wés a hizh degree of variability in the resulté for incubation
period, which can be seen in Eig. 10, 93%.65 of the Variatipn in
incubation period can be accounted for by variations in dose. These

curves shoy the details of which Fig. 9 is a summary.
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Mean
incubation
period

(days)

120 |~

1m0

100 -
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1 1 ! 1 1
10 20 0 . 40 50 - 60 70
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Fig.9. Relationship between log dose and mean.incubation period.
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¢) Survival fine

The survivel times showed crester variability than the incubation
periods, alth-u~h there ras still a tendency for longer survival tines
with higher dilutions of TIV (Fig. 11). 61.5 of the varistion in
survival time can be explained by varietions in dose. The nean survivel
time varied from 29.5 days for the undiluted TIV vrevaration to 61,0 days
6.301

Tor the 10 dilution., There wes virtually no correlation between

incubation period and survival time (r = 0.126).

d) Prevnarstion of gitanderd curve -

=t

It was decided to uee incubation period as a resnonse “ine for assay
purposes in nreference to survival time beceuse of the grestver varisbility
of the latter, and the longer tire to obtain results, The recivrocal of
the harrmonic mean inaibation neriod was plotted against log dose, and a
gtrairht line was fitted (PlF. 12a). Using this line, 9%,65. of the
variation in incubation veriod can be explained by variations in dose.

Ag mentioned sbove, the relationship appears to be more nearl: linesr at
higher dilutions of wvirus, so a second straisht line (Flr. 12b) was fivted,

between 107 and 10“7;

?

this line explains 97.6iC of the variability.
The best line vsing the data from all the dose-groups was found to be a
parabola (qu. lZc), which explains 97.45 of the variability. It wvas
therefore decided to use the perabola as the standard curve for assay

purposes, TIV titres beiﬁg measured in LD50 units.

e) Conparicon of assav techniques

The response tiite method has several advanteages over the usual
LD50 determination: no vrelirnineary assay is recuired to determine a

suitable rance of dilutions; results are generally obtained norz repidly
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Iagm TIV dllution

100 -
Fig.12. "f' v log dose, where T is the harmonic mean incubation period in days,

© o observed values
a Yy = 17-472 + |-|79x
b y = 20477 + 1746x
c y = 16705 + 0-326x - 0-140x2
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as incubation periods are shorter with low dilutions; fewer dilutions
generally need to be orepared, with fewer errors as a conseguence. Glitz
et al (1968) observed that TIV is adsorbed onbo gl ess surfaces, vhich can
result in errors during the preperation of dilutions.

TIV was assayed by the response time method on a nwiber of occasions
during the present investigations. Two dilutions of the virvs were
generally assayed, and the mean of the 2 estimabes was taken. In sone
cases the 2 estimates were in almost. complete agreement, vwhile in others
there were large discrepancies between them, Possible reasons for these
discrepancies are loss of virus from the larva vhen it bleeds after the
injéction, and variation between larvae in susceptibility to infection,
which the slope of the dosage-mortelity curve (Fig. 8) suggests is high.
An attenpt was mede to diminish bleeding af{er injectiong, but this did
not result in shorter or less variable inmbation periods (Experiment 3).
. It was shown in ISxperiment 7 that different érogeny groups vary in
their rate of developrent, and in Experiment 22 that grosth rate is
affected by temperesture. ALl larvae for the present exveriments were
bred at roon temperature, vhich was not constait, thus larvae of the
same age in different generations were not always at the same staze of
development, In Experiment 23 the TIV titres in the third assay were
higher than the second in 211 3 casocs, vhich sugzests differences betvween
fhe larvee used for the 2 sets of assays. It would be preferable to
breed 8ll insects under conditions of constant temverature.

Probit analysis gave a fairly precise estimate of tEeYLDSO of the

TIV suspension; this was based on the data from 270 larvae inoculated
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with diluvtions widely spaced around the LDSO (10'"3 to 10-7). If an
approximation of the LDY0 were known from a preliminary assay, then the
same precision could be achieved with fewer larvae inoculeted with
dilutions more closely spaced around the LD50. The possible sources

of error mentioned above for the response time method, i.e. adsorption
of TIV onto glass, 1oss.of TIV from the insect during bleeding, and
veriations in susceptibility to infection between larvae, also apnly

to the usual method of LD5C determination,

Latex and tube precipitation tests carried out on the TIV suspension
gave end-~points of 1/2,000 and. 1/200, respectively, thus these techniques
could only be used for assaying concentrated suspensions of TIV.
Serological tests such as these do not necessarily measure the infectivity
of a virvus suspension, as virions might possibly lose their infectivity
without losing their serologicel specificity. The main adventege of
these tests dis their rapidity and they could be useful for cerrying out a
prelininary assay on an unknown TIV suspension if the LDS0O were to be

determined by the ususl nmethod.



Experiment 3. Attenpbs to diminish bleedipe in larvae -after inijection.

Introduction

One of the reasons postulated for the high degree of variability in
incubation period in 1eatherjackets injected with TIV (Experiment 2) was a
loss of virus when the insect bleeds after the syringe needle has been
withdrawvn., Yittig (1963) sugrested sealing wounds in insects caused by
injection with a sealing material such as collodion.

The following materials were used to try to diminish bl eeding in

leatherjackets: &aseline, lanoline, soft yellow paraffin, collodion and
'New-Skin'! (Harwoods Leboratories, St. Helens, Lancs;). Zach of these
was tested on 50 larvae, which were each injected with identicel doses
of TIV; 50 control larvae were each injected with the sane dose.
The vaseline, lanoline andé paraffin were smeared over the injection site,
and the injection wes performed through the sﬂear. The collodion and
Mew-Skin' were applied to the wound imediately after the needle had been
withdrawvn. It was considered that if any 6f these treatments resulied
in significantly shorter incubation periods compared to those in the
confrol 1l arvae, then this wouid indicate that less virus had been lost
during the post-injection bleeding.

Results and Discussion

None of the treatments resulted in incubation periods siznificantly
shorter then the controls (Tables 3 and 4), but the lanoline treatment
resulted in significantly lonrer incubation periods, a result thich

indicates reduction in the effective dose, possibly by prevention of
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virus adsorption onto host cells. HMore than half of tﬁe larvae treated
with collodion died within a few dgys, this toxzic effect possibly being
due to the acetorne in wvhich the collodion was dicsolved. The coefficient
of variation for the incubation periods was found to be high (22.6%),
thus again dewonstrating the high variability of the larvas in their
response to TIV, |

There appeared to be less bleeding after the injection in many of the
treated larvae, compared with the controls, but as nbne of the treatments
resulted-in significantly shorter inﬁubation periods, it was concluded
that loss of virus vhen the insect bleeds is not significant, and no

attempts were made to prevent bleeding in the injection procedure.



Exverinent 4. Commerison of technicues for the detection of TIV.

Introdnction

In many experiments, insects which died without developing iridescence
were tested for TIV by meking an extract and either centrifuging it to see
if an iridescent pellet vas fomed, or perfoming alatex test vpon it
(see Materials and Methods, Detection of TIV). A short exveriment was

carried out to determine the relative efficiencies of these two techniques,

'

I"ethods

Fifty larvae were infected with TIV by injection, and at intervals
of 24 h, 10 were sel ected by rendom numbers. Each was ground in 2 ml
~tris HC1 + PVP and centrifuged at 600 g for 5 min, One drop of the
supernatant was used for a latex test, and the remainder .was centrifuged
at 7,600 g for 20 min, after which the tube was exemined for the presence
of an iridescent pellet. On each day 2 control laorvae, which had been
injected with ISA, were subjected to the same treatment.

Results and Discussion

The results (Table 5) indicate that the latex test is slightly more
sengitive than the centrifugation technigue for detecting TIV. In many
cases the iridescence in the pellet was Just a faint streak emongst a lot
of grey debris, and was not always easily seen., Latex tests vere also
carried out on haemolynmph withdrawn directly from larvae and on extracts
of larvae which had not been subjected to the low-speed centrifugation;
many of these resulted in false positives; which Clld not occuvr when the
larval extract was clarified by centrifugation.

The latex test carried out on the TIV prevaration in Txperiment 2

resulted in an end-point of 1/2,000; this means that the test detected
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4 LD50 units TIV/hl. In another test the lowest concentration

4.80 x 10
of TIV detected was 4.53 x 104 LD50 units/ml. The tube precinitetion
test is approximately 10 times less sensitive than the 1atex test.

The most sensitive technique for detecting TIV is by injection into
larvae. If a number of larvae ares each injected with 0.005 ml, then it
shovld be possible to'detect concentrations of about 2.0 x lO2 IDB0 unite
TIV/hl. The latex test is about 100 times less sensitive than this
technique, but it has the great advantage that is is much less time-consuming
and it was nsed in the mejority of cases vhen testing for TIV infections
in insects which died without developing iridescence. In some experiments
the centrifusation technigue wos employed for this purpose.

Test for a visible resction beteen TIV and vnsensitised latex vnorticles,

Hukuhara and Hashimoto (19662) observed that TIV ond unsensitised

latex perticles formed aggregates in aqueous suspension; the ir formation
2 .

DL

-

took several hours, and they gradually increzsed in size over several deys.
Decimal dilutions of a TIV suspension were therefore tested agoinst
unsensitised latex particles to determine wvhether any visible agrregation
oceurs uithin the time taken td read the latex test, i.e. 40 min. o
visible reasction occurred with the unsensitised particles, while the
sensitised particles formed visible agegrezates with the ZLO-3 dilution of
TIV. It would appear, therefore, that any non-specific aggregation of

TIV and latex particles is unlikely to interfere with the reading of the

latex test.
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ixperiment 5., The recoveryv of TIV from agueous suspensions.

In a number of experiments it was necessary to recover TIV from
aqueous suspensions, e.g. vhen testing larval faeces far the presence of
TV (Experiment 9). A quick test was performed to estimate the percentage
of virus recovered fron an aqueoué suspension by centrifugetion. Decimal
dilutions of a TIV suspension were prepared, and the 10"'4 and 10'-5 dilutions
were injected into larvae, 10 lervae being injected with each dilution.

One ml of the TIV suspension was then diluted 1/25 with 0.85;"-;5 WeCl, and
centri:fuged at 7,600 g for 20 min., The pellet was resuspended in 1 ml

4

IS4, decimal dilutions were prepared, and the 10 © and 107 dilutions

were assayed as before.

Table 6. Assay of TIV before and aftor centriflisation,

Dilution of TIV

1074 107°
befors centrifugation 7/9 O/lO
after centrifugation _ 6/10 1/10

Bach result is expressed as the number of insects
developing iridescence, followed by the number

injected less any which died without iridescence
before the day of the meen incubation period far

that dose-group. ’

ha results (Table 6) indicate that this technicue did not rasult

=

in any significent loss of TIV; it was thercfore adopted for recovering

TIV from agueous susrensions.
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Exveriment 6. Assesgment of membrane filtrotion as a technicue for the

purificotion of TIV suspensions.

Introduction

In some experiments, e.g. Experiment 15, it was necessary for TIV
suspensions to be free from bacterial and fungal contaminants, and membrane
filtration was considerad as a pogsible means of achieving this. Tanzda
and Tanabe (1965) filtered TIV suspensions in distilled water throush a
O.B)a.m memb:;*ane in the final stage of the purification of the virus. The
diameter of all reported bacteria is greater thean 0.22}1_111, the refore a
membrane with this pbre glze should retain all bacteria (I.’.ulvany, 1969).

Preliminary experiments with TIV suspended in ISA suvgnested that
large amounts of the virus were adeorbed onto the menbranes., Workers with
other viruses have also encounterad this problem. Ver gt el (1963) found
that viruses were adsorbed by membrane filters with pore sizes twice the
diame ter of the virions, and Cliver (1968) found thabt enteroviruses vere
-adsorbed significantly at a pore size 285 times greater than the ﬁms
diameter. Rao and Labzoffsky (1969) observed strong adsorption of
poliovirus onto a 0.45 /um renbrane. These investi gators diminished this
adsorption either by treating the membrene with o protein, vhich presumably
blocks the a.d.sorbing sites, or by suspending the virus in distilled water
or a detergent.

Tests were performed to see hor adsorption of TIV onto membranes can
best be controlled, and to determine whether bacteria and fungi are

retainsd by the nembranes.



a) 'embrane Filtretion of TIV in varionc susnendine media,

Iethods

Bqual quantities of TIV were suspended in 1 ml of each of the following:
ISA, deionised water, 0.001% Tween 80, 0,001 Teepol 'XL', The TIV
sugpension in ISA was assayed by injecting larfae with decimel dilutions,
each diluvion being injected into 3 larvae. Rach suspension wes then
filtered through a O.2Ipm renbrane and each filtrate was assayed by
preparing decimal dilutions with ISA and injecting each dilution into
3 larvae.

Results and Discussion

The results (Table 7) indicate that virtually =11 the TIV sﬁspended
in ISA wes adsorbed by the menbrane., This adsorpvion was diminished by
suspending the virus in deionised water or a detergent, but only about
0.1% of the virus was recovered, so there was still significant
adsorption. It appears, thersfore, that ions play an important role in
the adsorption process. Rao and Labzoffcky (1969) found that the adéorption
of poliovirus on to mewmbrene filters was enhenced by the presence of
calcium ions, Sowme workers (e.g. Cliver, 1968) hove trezted membranes
with protein to control the adsorption of viruses, so tests were done
to see if this procedure will control the adsorotion of TIV.

b) Treatnent of nmaubrones with serunm, end teosts for the retention of

bacteria end funsi by the membranes.

Feth ods
A TIV suspension in distilled, deionised water was prepared and

assayed b the response time method. It was then filtsred successively



Table 7. Assay of TIV susvensions before and efter filtration throush

nembrane filters,

After filtration, TIV suspended in:
Before | Dedionised
Dilution filtration ISA water Tween 80 | Teepol 'XL!'
10° 3/3 o/3 3/3 3/3 3/3
107 3/ o/s| 2/5 | 2/s | s
107 | 3/ o/3 1/3 1/3 ' 2/3
1077 2/3 0/3 /3 2/3 /3
wh | 35 | o3 o/3 0/3 0/3
1077 1/ o/3 o/3 o/ o/
1070 1/3 0/3 o/2 0/1 0/3

Rach result is expressed as the nwber of insects developing iridescence,
followed by the nunber injected less any which died without iridescence
before the day of the mean incubation period for that dose-proup.

The dotted lines indicate aporoximate positions of the LDSOs.



through 2,0, 1.2, 0.8, 0.45 and O.2/pm membranes, previously treated
with protein by filtering through each approximately 1 ml sterile
rabbit serun. After eaéh filtration, the =usvension was asszyed by the
response time method, and tested for the presence of bacteria and fungi
by spreading 0.1 ml aliquots on 6 plates each of mutrient agar ond nalt
extract agar., Two plates of ench medium were incubated at each of the

0

following temperatures: 57, 200, 370.

Results and Discussion

The reéults of the response time assays were highly variéble, and in
many cases the values extended beyond those of the standsrd curve (Fig. 12)
so that no estimate could be made., All the filtrates, however, proved to
be highly infective, and there appecred to be little or no virus loss,

The estimate of the TIV titre bhefore filiration was 6.0 x 107 LDSG units/ul,
and that Tor the final filtrate was 2.2 x 10° LD50 units/ml.

The tests for the presence of bacteria and fungi in the filtrates
(Table 8) indicated thét the O.45jym nembrane effectively held back
bacteria, while the 1.2/pm nembrene effectively held back fungal spores.
The numbers of bacterial and mould colonies growing on the nutrient esgar
plates inoculated from the 0.451p$ and O.ZIpm filtrates were similar to
those growing on control plates across wvhich a sterile glass spreader had
been streaked,

It has thus been demonstrated that filtration of a TIV suspension
through ﬁeﬁbrane filters with progressively smaller pore diameters,
finishing with a 0.2)nm nenbrane, shovld rencer it free from bacteria end
fungi, and that loss of virus due to adsorpiion onto the meubranes should
be negligible if the membranes are coated with serum and the vir:s is

suspended in deminerelised water.
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Oxperiment 7. Determination of larval inster by measurement of sniracle

dianeter.,

Introduction

In some experiments it was important to know the larval instsr. Size
and weight are unreliable guides to lorval instar as there mey be much
variation; some larvae may be smaller than others in the preceding instar.
The diemeter of the spiracles remains fairly constant throughout an instar,
and then approximately doubles or trebles in diameter in the next inster,
s0 spiracle diemeter is an excellent guide to larval instasr.

Iethods

Larvae from 10 different progeny groups were reared at 20° end the
diameter of their spiracles was measured daily, from hatchirg to pupation,
using a stereoscopic microscone fitted with & micrometer ey«piece. The
experinent was commenced with a total of 175 larvae, snd 21 survived to
pupation.

Results and Discusgion

The spirocle diameters of the larval instars are given in Table 9.

Table 9. Spiracle diameters of larval instars of 1., oleracea.

et

Larval instar Spiracle diameter (mm)
I 0,04
1T 0.12
ITI 0.33
Iv ' 0.62




There was little variation between the spiracle diameters of different
larvae in any one instar. The development éf the insects at 20° is depicted
in Fig. 13, which can be used to estimate the proportions of larvae in the
different instars on any day after hatching. There was high mortelity

- among the larvae, es@ecially during the early instars, so that the number
of larvae vhich reached the fourth instar was small compared with the
initial number.

There were differences in the rate of development between different
progeny groups (Table 10), and these differences were significant in
the early instars (Table 11). The lack of significance in the later
instars may be due to thé fact that there were fer larvae surviving.

There were also big differences in the rate of developnent hetween

individuals within the progeny groups.
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Fig.13. Development of T.oleracea at 20°.



Table 10,

. 0
Rates of develomnent of different procenv sraivngs st 207,

Larval instar

Progeny group 1T 11T Iv Pupa
1 14 23 41 54
2 17 34 69.5 120
3 17 29.5 64 111
4 18 32 62,5 123
5 15 25 4745 88
6 16 28.5 575 108
7 13.5 30 76.5 - #
8 25 %145 - - #
9 23.5 41 58 69

10 20 30 54,5 78

Hach result is the mean day

group were in that stadium.

;4 All insects dead.

on which the majority of the progeny




2
Table 11. Results of X° tests upon the dete in Table 10.

Time since

To. of progeny

hatching (days) groups compared # Instars X2
14 9 1, 2 69,.87* %%
21 7 2, 3 12,72%
28 5 2, 3 3.16 S
35 5 3,. 4 4,72 1S

;-‘ Progeny groups with few surviving larvae were not included.

%%%  Significent difference (p << 0.001)

* Significant difference (p < 0.05)

NS No significant difference.

i
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B, 10ODH OF TRAVSITTISSION OF TIVe SURCE (0 JITFECTTON

Introdanction

If leatherjaclzets piclk up a TIV infection from their environment, thz
virus nust come ultimately from other infected insects. The source of
infection could be the infected insects themselves or virus in their excrets.

Bxverinent 8. Demonstration of the transmission of TEV

Introduction
There are few reports in the literature of observations on the
transmission of a pathogen from one individnal insect to another.

Jaques (1962) demonstrated the transmission of the NPV of Trichoplusia ni

from infected to heal thy larvae, but Van der Lamn and “fassink (1969)
found that herdly any healthy larvae of the liediterranean flour noth,

™

Tohestia kihniella ( e]ler), or Pileris brassicese becmme infected when

they were confined with larvae of the same species infected with Bacillus
thuringiensis., In order to test whether TIV can be {transmitted from ore
larva to another, healthy and TIV-infected leather jadiets were confined
together in petri dishes.

Results

a) Confinement of healthv fourth-instar larvae uith infeectad fovrth—instar

larvae

Thirty petri dishes were prepared, each containing 1 TIV-infected
fourth—instar larva (the primanj larva); from 1 - 5 he althy fourth-instar
larvae (the secondaxry larvae) were placed in each dish. In 18 of the
dishes some or 2ll of the sscondary larvae became infected with TIV,

wvhereas in control dishes, containing only healthy lervae, no insects




became infected. Some correlation was found between the period elapsing
up to the death of the primary larvac and the period elapsing before the
appearance of TIV symptons in the secondary larvae (r = 0.695). 48 .35
of the variation in the time for appesarance of symptoms in the secondary
larvae can be accounted for by the tine elapsing before the death of the
primary larvae.

However, it is possi®le that soue event occurs béfore the death of
a primary larva and thet the correlation is with the period elapsing
before this event rathzr than with the time lapse up to death. To test
this possibility, the folloring experiment was performed. One TIV-infected
(primary) larva and one healthy (secondary) larva vere placed in each of
77 petri dishes. On each subsequent day the primary larvac were removed
from 2 dishes selected at random, and the secondary larvae were observed
for the development of iridescence, Six of the 77 secondary larvee became
infected with TIV; in all 6 cases the primary larva had died, and had
been partially or completely‘ingested. In no case vhere the primary larva
was removed from the dish did the secondary larva become infected, which
suggests that the correlation of tims for appearance of iridescence in
secondary larvae is with the time to death of the primary larvae, i.e.
that the infected cadaver was the smrce of infection.

There were 11 other cases vhere the vrimary larva died and wvas
partially or completely ingested by the secondary larva; none of these
developed iridescence, but they could have been infected with TIV at a lov
level, as no further tests far TIV were carried out on themn,

lost infected (primary) larvae appeared to remain quite active and



67

pugnacious until a short time before they died and a number of secondary

larvae were ingested by primary larvae as well as vice versa.

In order to test the converse of the previms experirent, 1 primary
and 10 secondary larvae were placed in each of 5 petri dishes. Dishes
containing 11 non-infected larvae were prepared as controls. At various
tine intervals 1 szcondoxy larva was removed fron eadﬁ dish and transferred
to an individnal dish., The time of death of each primary larve was noted.

Thirteen secoadary lervae were removed from the test dishes before
the'primary larva had died; none of these developed irideccence.
Thirty-seven wvere removed after the primery larva had died; 6 of these

supsecuent ly developed diridescence, and in each of these cases the

L:.

primary larva had been poartly or completely ingested. one of the control
larvae developed iridescence.

The final experiment of this series was designed to determine the
possible effect of populatioﬁ dens ity on the proportion of larvae becoming
infected., One TIV-infected larva wes placed in ezch of 100 petri dishes.
From O =« 9 healthy larvae were added to each dish, each populstion density
(from 1 - 10 per dish) beirg replicated 10 times. There wes also 1 control
dish at each population density, containing only healthy larvae.

The rezuits (Table 12) indicate thot there is little correlation
between the pronortion of larvae becoming infected and the population
density. Only 5.5 of the variation in the proportion of lervae

becoming infected can be -explained by variations in population density.



*05°T = () JUSTOT IJO00 UOTssaxdey

[ARA 06/TT CGXT 2%z TXg 0EXG 0t
e°et 08/4T ¢ Xg fzxg LTX¢ 0% 6
'L oL/ cET {TXE f0%9 g
c*g 09/ PXT fTXT 0X8, L
0°CT 04/9 PxT fTx2z 0XL 9
gL ov/< ¢XT fTXT ‘0%¢g g
0°0 0% /0 0 X 0T 4
0°0T 0z/e 1xZ 0x38 ¢
0°0 oL 0 % 01 Z
PO1OIUT 9BAICT P2309 JUT POLOBIUT IJUTWOOdG *0j] smﬂ@\mmbnmﬂ
FUTWOO9¢G Arepuooss /- SUTWOO9q *ou Te3O[]
a3equodasdg ‘ou Tel0Q IDqum i

*SS I IS UOp UOLLELAd0d JUBAOILI P 1€ PoL0S JUL SULWO09( GUGAAEL J0 SJAoqEn]] °*TL ol49dq




oY

During this experiment, each primary larva was carefully observed

post mortem, to determine whether or not it was ingested, completely or

partly, by the secondory leorvae. In some cases it was difficult to
ascertain vhether or not it had been partly ingested, as the cadaver
began to decompose and disintegrate. In a few cases the secondary larvae
vere observed in the act of feeding on the cadasver of the primary larva.
The results of the observaticnse are summarised in Table 13, and suggest
that ingestion of the primary larva was the main mode of infeétion end
that the probability of infection of the secondary larvae was in direct
proportion to the amount of infective material ingested.

There was sone evidence that a higher population density contributed
towards a more rapid death of the primary larvae (Table 14).

25, 5% of the variation in time to death of the primery larvae can
be attributed to variations in population density. This may be due to
a greater chance of being attacked, or a greater accumulation of toxic
excretory products at higher population densities.

Combining all the results from the separate parts of this éxperiment,
fairly good correlation (r = 0.848) was found betwesn the time for
appearance of iridescence in the secondary lervae, and the time taken

for the primary larvae to die (Fig. 14).

b) Confinenent of healthy first-instar lrrvas with infected fourth-ingtor
larvae.
As a preliminary experiment, 8 petri dishes, each containing 1
PIV~infected fourth-instar and 20 healthy first-instar larvee vere

prepared. Yany of the latter died from desiccation within a fow deys, as
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Table 14. Tines to death of orimarv larvae at different

ponulation densities.

Population density
(Mo. of larvae per Mean time to death
dish) of primary larva {days)
1 21.6 (3.6)
2 20,7 (4.1)
3 17.8 (4.9)
4 18.7 (4.2)
5 15.2 (6.7)
6 13.8 (5.3)
7 14.1 (4.8)
8 15.7 (7.6)
9 12.0 (5.3)
10 1%.5 (5.2)

Standard devistions are indiceted in brackets.

Regression coefficient (b) = -1,08.
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they crawled from the moist filter popers to the sides énd lids of the
dishes. Most of the survivors died frﬁn TIV-infections in later instars,
Tone of the secondary larvee developed TIV symptoos until after the primary
larvae had died. Two of the secondary lervae pupsted, but no adults emerged.
In the main experiment, 30 dishes were prepared as before élong
with 30 control dishes each containinz 1 healthy fourth~instar and 20
healthy first-instar larvae. In the dishes containing an infected
primary larva 18 (3.0%) of the secondary larvae survived to pupate,
whereas in the control dithes 33 (5.5.) of the secondary larvae pupated,
The )(2 test indicates a significent difference (p<10.05) between these
2 results. Lorge numbers of secondary larvae in both sets of dishes
died in the first inster due to desiccetion, and many secéndary 1larvae
in the dishes with infected primery larvae contracted a fatal TIV
infection after the primesry lerva had died,
Discussion
The results sugpest that the infected cadavers were the swrce of
infection for the healthy larvae, and that infection was by ingnstion of
the cadevers. It was showyn that death of the primary larva was necessary
. before any secondary larvae became infected. It would appear, therefore,
that the secondary larvae did not contract the disease by contact with
either the primary larvae while still alive, as for example during fighting,
or with any TIV excreted by the primary larvae.
thmed (1968) observed cannibalism on viws-diseased T. paludosa
larvae by healthy larvae, ond vice versa, Connibalism or diseased larvee

increased the rate of infection emong the cannibals. He also observed



thet some TIV-infected larvae may survive for up to 13 weoks and sore
WPV-infected larvae for up to 14 weeks. Successive gencrations of larvae
could therefore be infected by diseased larvae which had survived fron
the previous generation as demonstrated in the present exper iment (Bb) .

In this experiment, population density was found to have little
effect on the proportion of larvae becoming infected. There are, hovever,
a number 5f reports of increased incidence of disease awmong crovded
populations of insects, e.g. the NPV of Colias curvtheme (Thompson and
Steinhaus, 1950), polyhedroses of tent caterpillars, Mal acosoma spp.,

(Clark, 1958), the WPV of Phrvgoridis californics (Packard) (Martignoni

and Schmid, 1961), and a non-inclusion virus of the Buropean red mite,

Psnonvehus vlmi (Foch), (Putman, 1670). Linley and Iielsen (1968a) and

Joodard and Chapman (1968) found that crowding Aedes taeniorhynchus

iarvae in the ?resence of I'TV did not significantly affect the rate of
infection, but Hatta and Lowe (1970) reported thet mortelity was
dependent upon the population density of the larvae.

Yewbold, J.VW. (personal comunication) has observed a field with a
very high population density of leatherjackets (4.9 million/hectare)
» with 75% of them infected with TIV, and Stewart (1969) found parasites
and disease in tipulids most often in dense populations, although dense
populations were frequently free of parasites and disease.

In the present experiment the larvae were not placed at the varying
population densities until most of the larval stage was completed, i.e.

vhen they were in the fourth-instar. By the time the primery larvae died,

most of the secondary larvae were nearing pupation, and some had pupated.



75

In the natufal situation, however, the larvae may be exposed to infected
individuals throauzhout theilr whole l1ife, with a possible increase in
mumber of infected individvals with time, so that under natural conditions
it may be that the population density affects the proportion of larvae
becoming infected.

The results indicate that the presence of TIV~infected individuals
in a field population of leatherjackets in the early instars might effect

a significant reduction in the population size,



Bxnerinent 9, The exceretion of TIV bw infected leatheriaclets.

Intiroduction

Smirnoff (1961) exantinoed the faeces of NPV-infected lexrvee of the

sawfly, Yeodiorion syainei, and was unable to {ind polyhedra, although

aqueous extrects were infective. Jagues (1962) foaund that the excreta

of Trichoplusia ni larvae infected with I'PV were not highly infective, but

Boiley and Gibhs (1964), vorking with acute bee paralysis viruvs in the

honeyv bee, Apis mellifers (Linnaeus), found thet the virus renzined

infective for long veriods of time in dry fasces, which could thus provide
a source of infection for other bees.

The excreta of TIV-infected leathefjacketS'were exanined for the
presence of TIV and as 2 possible soirce of infection fof other

leatherjaczets.

a) Preliminarv experinents

Ten larvae were infected with TIV by injection. Their faecces were
collected at various vimes, and snaken with distilled water., The
suspenglon was centrifured at 600 g for 5 min, then the sunernatant was
centrifuced at 7,600 g for 20 min., The pellet was subjected to a
similar cycle of 1ou~/highnspeed centrifugation, and the final pellet
was susvended in 0,5 nl ISA, This wan tested for the dresence of TIV
by injection into 5 lervae., The recults of 2 such experiments (Fig. 15)
shov that virus was present in the fasces of learvae which had been
injected with TIV, vith % vpossible peaks: one a2t days 1 -~ 2, one at

deys 4 - 7, and one around dar 14,
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Fig.15. TIV detected in the facces of infected larvae.

Results of 2 experiments
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b) Main experiment

The moin experirent was similar to the preliminary experirents, bub
larger nunbers of insects wei'e involved. Fifty larvae were each injected
with 1.3 x 105 LD50 units TIV, and their faeces were collected daily. TIV
in the faeces was assayed by the response time method, 20 larvae being
injected -7ith each preperation. Latex tests were also verfommed on the
preparations, but the levels of TIV were too low to be detected by this
method.

The results (Pig. 16) were similar to those obtained in the
preliminary exveriments, with quite 1ia:c'ge smounts of wvirus being excreted
during the first few days after injection with TIV, and arother pesk
about 2 weeks later. Possibly the first peak is some of the injected
virus, excreted folloving phagocvtosis in the haemocoel and transfer to
the gut, vherees the second peak probably consists o&‘ virus which has been
synthesised in the insect.

The quantity of food ingested, and hence the quantity of faeces
excreted, began to decrease gradvally from approximately dsy 20, and it
was around this time that the larvae began to die from the disease.

Although the guantities of vimis excreted would appear to be quite
high, e.g. 32.5 LD50 units per insect on day 16, it must be remenbered
that these IDS0 units are measured by injection, and that the LD50 by
feeding is vastly greeter (Bzperiment 13%). It would be unlikely that the
amounts of virus excreted by these larvae would be sufficient to infect

other larvae per os.
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Ixperinent 10. Mo delenuing vhether excreta from infected larvae can

gerve ag a source of infection

Introduection

Bailey and Gibbs (1964) found that the facces of infected bees
could serve as a source of infection for acute bee paralysis virus, and

Putman (1970) svgpested that the mite Panonychus ulmi becomes infected

with a non-inclusion virus vhile feeding on the excreta or oral secretions
of infected mites. Stevenson (1959), however, found no evidence that faecal
contanination was important in the epizootiology of Serrstis narcescens

infections of the desert locust, Schistocerca gresaris (Forskﬁl), and

Linley and Hielsen (1963@) found that wken they placed healthy Aedes

taeniorhvnchus larvae in pans which had contained ifIV-diseased 1larvae,

none of then became infected.

It was chown (Experiment 9) that the fasces of TIV~infected insects
contain virus, but in amounts which are unlikely to infect other larvae.
Healthy larvae vere confined with the faeces of TIV-infected larvae in
order to checl vhether this is a likely source of infection.

a) MNirgt-instar larvae

In one experiment 20 first-instar laorvae were placed in each of 9
petri dishes which had contaired 1 TIV-~infected lerva for 13 days. In
enother experiment, 10 first-instar larvae were placed in each of 2
dishes along with tle faeces collected from 10 TIV-infected fourth-instar
larvee.

o evidence of TIV infection appeared in any of the larvac in these

experinentc,



b) FPourth—instar larvoe

(i) T'rom 1 - 5 infected lorvae were kent in each of 10 dishes for
8 days. The infected larvae were then removed and repl;ced by 1 faurth-instar
larva in each dish.

(ii) Feeces of TiV-infected }arvae were collected and placed in
25 petri dishes, Bach dish received the faeces of 10 larvee, along with 1
fourth-instar larva.

Wone of the larvae in these experiments, and none of the control
larvae, developed evidence of TIV infection. However, TIV was detected
by a latex test in an aprarently normal fenale créne—fly which ererged
followine the pupation of one of the 25 larvae confined with large
ouantities of contaminated faeces. It seems probable that a sub-lethal
infection was contracted from the facces. Hish concentrations of
contaminated faeces, to which this insect was exposed, are unlikely to
be found in nature, hence it is improbable that leatherjackets in their
nornal environment become infected with TIV from the faeces of infected

‘insects,




Bxperirent 11, To dotermine ~hether the cadesvers of infected 1sorvee can

serve as a source of infection

Introduction
The experiments of Stevenson (1959) indicated that camibalism plays

a part in the epizootiology of Serratia marcescens infections of

Schistocerca gregaria, and Linley and Nielsen (1968&), suggested that

MIV infections of Aedes taeniorhvnchug occur by healthy larvae feeding

on di seased cadavers. The fact that tipulid larvee are cannibalistic
hes been noted (Laughlin, 1958; TFreeman, 1966), exmd Ahmed (1968) found
that T. paludosa larvae became infected with TIV when they vere rel eased
into pots of send containing the dried cadavers of TLV-infected

leather jaclkets., It weas supgested in Bxperiment 8 that thgse larvae

that became infected with TIV did so by ingesting diseased larvee. The

following tests confirmed that TIV can be transmitted in this way.

a) Tirct- ond szcond=ingtar larvaee

Petri dishes were prepared, each containing one cadaver of a TIV-
infected fourth-instar larva and 10 heslthy first- or second-instar lafvae.
Three separate tests Wefe conducted, the resuits of which are given in
Table 15.

Large numbers of larvae became infec%ed in 211 4 instars, but 34,8
of the dishes containing second-instar larvae at the outset did not
develop TIV infections in their larvae, compared with 4.8% of the dishes

. . . . 2 c e .
which contained first-instar larvae; the X test indicates that this

difference is significant (p<C0.05).



Toble 15, Nunbers of disheg in which larvae developed ©TV
Symotons
Larval instar at commencement of test
t~instar Second ~instar
Test (i) a/5 1/5
(14) 10/10 7/10
(iii) 6/6 7/8
Totals 20/21 (95.27) 15/23 (65.27)

The results are given as the number of dishes in which TIV

symptoms appeared in the larvae/total mumber of di shes,

X%, 1 a.f., = 4.78.

Table 16. MNumbers of fourth-instor larvae becomine infocted/

total nusber

Test (1)

(ii)

8/39
12/54

Total

20/93 (21.5")

93]
N
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b) Fourth-instar 1arvae

Petri dishes, each containine 1 cadaver of a TIV-infected fourth-instar
larva and 1 healthy fourth-instar larva, were prepuared. Two replicate
tests were conducted, the results of which are given in Table 16.

Of the 20 insects which hbecame infected, 5 developed TIV symptoms
in the larva, and 2 ererged as advlts with TIV symptoms (see Bxperiment 19);
the other infections ﬁere detectzd in larvae, pupae and adults by the
latex test. |
Digcussion

The results sugoest that the ingestion of a TIV-infected cadaver by
a healthy larva may result in that larva becoming infected, and that the
larvae are most susceptible in the first instar, resistance increasing
with age. Successive generzstions of leatherjackets might become infected
in this way if diseased individuals from the previous generation are still
present in the soil.

A massive dose of TIV is reaulred if leatherjackets are to become
infected por os (Exveriments 13 and 14). The most probable ﬁay that a
large enough dose can be ingested is by feeding on a dissased insect,
of vhich approximately 257 of the dry weight is TIV (Williams end Smith, 1957
It has been observed in the field that leatherjuzcltets infected with TiV
tend to rise to the soil surface (Ahmed, 1968: lewbold, J.W., personal
comnunication), and during the present work most lervase in en advanced
stage of the disease crarled from beneath the filtor paper before they
died, On the soil surface they may be discovered more eacsily by other

larvae feading at the surface, although they will also be more easily
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discovered by predators such as birds. Rivers (1966&) pointed out that
camibalism is a mode of transamission involving minimum loss of wviability

to the pathogen.
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yveriment 12. Determinotion of the extent to which TLV-irfected

lecthexiacizets contsminate their environment with virus.

Introduction

There are few reports of insect viruses being recovered from the soil.
Thompson and Steinheus (1950) found in the soil of alfalfa fields a NPV

which was infeectious for Coliss surviieme. Jaoues (1967) treated plots

with the WPV of Trichovlugis ni, arnd 5 years later recovered epproximately

257 of the infective virug, but Linley and Nielsen (l963b) could not
recover infective MIV from soil 1 day after the virus was applied to it.
Ilethods

Leatherjackets were keot in small pots (65 mm diameter) of send, with
10 insgects per pot. One pot contained larvae vhich had been infected with
TIV by injection, a second contained ISA-injected 1a¥vae, and a third pot
contained no larvae. &4ny dead larvae found on the surface of the sand
were replaced with living larvae, either TIV—infected or not, as approprizte,
-in an attempt to kesp the numbers of larvae in the pots constant.

After 14 days all the larvae were removed from the pots; there were
5 TIV-infected and 6 non~infected larvae remaining. The others presumably
had either beon ingested or had died and decomposed. A sample of sand
was taken from each pot, and the dry weight was measured, The remsinder
was weighed and shaken with 100 nl 0.8%5% HaCl, ond a 25 ml aliquot of
tﬁe suspension was subjected to two cycles of 1ow—/high~speed (GOO_g for
5 min/7,600 g for 20 min) centrifugation. The final pellet was
suspended in 1 ml ISA, and this wos tested for the presence of TIV by
injecting larvae with decimel diluticons. Dach dilution ﬁas iniected into

3 larvae.



Resvlte ond Discusaion

TIV was found in the sand which had contained TIV-infected 1larvae,

3 ana 1074 (Table 17).

the LD%O of.the preparation being between 10~
The dry weight of the sand which was shaken with saline wae calculated

as 140 g. If the LD50 of the extract is taken as 10_3'5, then this means

that the sand contained approximately 2.4 x 104 LD5O units/g dry weight.

It is unlikely that all of this TIV could be accounted for by virmus in the

insects' excreta (Expefiment 9); some of it is probably also derived from

decomposed cadavers. Although this represénts a considerable amount of

virus material, it is unlikely to be very significant as a source of TIV

for infection per gs. Fven if each larva ingested 1.0 g (dry weight)

sand, the expected proportion of larvae becoming infected would be very lor.

No TIV was detscted in the sand containing ISiA-injected larvae or in

the sand containing no larvae.



Table 17. Numbers of larvae beconing infected after

dnjection with dilutions of & suspension

prepared from sand which had contained

TIV=infected leathericdcets.

No. of larvee Percentage of larvae
Dilution becoming infected becoming infected
10° 3 100
107 5 100
1072 3 100
1077 3 100
1074 1 33
107 c 0
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C. IODE OF TRANSMTISSION OF TIVe ROUTE O INFECTION

Introduction

Smith and Williams (1958) stated that it is not known how transmission
of TIV occurs, but presumed it to be by ingestion of the virus. There
are several possible rautes whereby TIV might enter leatherjadcets:
a) per o8 b) directly into the haemocoel via cuts in the skin or via
parasites of the leatherjacket; c¢) via the spiracles; d) infection of the
embryo; e) vertical transmission via the ailts, i.e. transmission from
one generation to the next via the egg or fhe sperm. The following
experiments were designed to study the se possibilities.

Experiment 13. A_comparison of different inoculation routes.

Introduction

It has been established that TIV has a very low infectivity vhen talen
orally by leatherjackets, but that injection of a relatively sm1l dose
into the haemocoel will result in infection (Rivers, 1966_;__-1). In nature
TLV could possibly enter the haemocoel directly through wounds during
fighting, or it could be introduced by a parasite. There are several
reports of the transmission of insect pathogens by varasites, e.g. the
NPV of Colias eurvitheme can be transmitted on the ovipositor of Apanteles

medicasinis (I"i’uesebeok) (Thompson and Steinhaug, 1950); the HPV of the

lawn armyworm, Spodopltera mouritias acronvctoides (Guenee) can be transmitted
on the ovipositor of Apantel es mareiniventris (Cresson) (Laigo and
Tamashiro, 1966); and the polyhedrosis viruses of sawflles can be

transmitted by parasites (Bird, 1961),



Leatherjackets are parasitised by the insect Siphona genicalata
(Remnie, 1912) and the mematode, Mermis albicans (ihmed, 1968).

S. geniculata adults do not insert the ovipositor into the host, ut lay
their eggs on the surface of the insecf, so it is unlikely that they are
important as vectors of TIV; there are no reports of parasitism by
nematodes being associated with TIV infection. (Stewart, X.Hey personal
communication) found tachinid lervae, nematodes and TIV parasitising
leatherjackets, but he never found a lerva parasitised by both TIV and

a tachinid or nematode at the same time. Rivers (19;6613‘) has sugzested
that, as TIV can be readily transmitted to other insect orders, other
soil-dwelling organisms may be involved in the transmission of TIV, but
there is no evidence for this. He also noted the habit of some insects,
including leather jackets, of biting each other, and pointed out that this
js a mode of transmission involving minimum loss of viability to the
pathogen,

Leather jackets were inoculated with TIV by the following 4 techniques,
and their efficiency was compared: fe=ding, injection into the haemocoel,
dropping virus onto damsged skin and dropping virus onto undamaged skin,
Methods

The inoculation techniques were as follows:

a) Peedine, Bach larva was placed in a dry petri dish and left for 4 h
to desiccate, then 0.005 ml TIV suspension was placed in each dish., Host
of the larvae drank from the drop. They were left for a further 2 h, then
each was provided with = filter paper, grass and SVS.

b) Injection. Hacn larva was injected with 0.005 ml TIV suspension.



¢c) Via cuts in skin. Each larva was rubbhed on sand-paper until it began

to bleed, then 0,005 ml TIV suspension was dropped onto its surface.

d) Via undsmaged skin. 0,005 ml TIV suspension wae dropped onto the

surface of each larva.

These inoculation techniques were carried out on larvae of 4 different
‘ages. In test (i) most larvae were in the second instar, in test (i1)
most were in the third inster, and in tests (iii) and (iv) all were in the
fourth instar. Contrél groups received similar treatments, but with ISA
substituted for the TIV suspension.

Results

The results are sunmmorised in Table 18. The same numbers of larvae
were used for the controls; nore of these became infected with TIV,
Similar numbers of controls and treated larvae died from the trauma of
the treatments and from unknoyn causes,

The order of efficiengy for the inoculation routes was:

1. Injection.

2. Via cuts in the sgkin,

3. Feeding.

4. Via undanaged skin.

The data for incubstion periods and times to death were subjected to
analysis of variance (Tables 19 and 20), and significant differences,
especially in incubation period, were found between treatments.

There was a tendency for TIV symptoms to appear earlier, and for
death to occur more rapidly, in larvae inoculated by a more efficient

rorte (Figs. 17 and 18).
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Tahle 19, Levels of giecnificance for differences in incubetion

period between treatments.

Via cuts in the skin

Feeding

Injection 0,001 (ii) o.,001 (ii)
0.001 (iii) 0.01 (iv)
0,001 (iv)

Via cuts in the skin | 0.01. (ii)

Wot significant (iv)

The test numbers are given in brackets.

larvae became infected are not included.

Treatments vhere very few

Table 20. Levels of significance for differences in survival time

betireen treatments.

Via cuts in the skin Feeding
Injection 0.001 (i) 0,001  (ii)
not significant (iii) 0.01 (iv)
not significant (iv)
Via cuts in the skin 0,02  (ii)

Not significant (iv)

The test numbers are given in brackets.

larvae became infected are not included.

Treatments where very few

W
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Fig 17, Rates of appearance of iridescence in larvae inoculated with TIV by different routes.
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Fig.18. Death rates of larvae inoculated with TIV by different routes.
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Discussion

These results confirm that TIV has a lov infectivity when talen
orally by leatherjackets, but a high infectivity when it enters the
haemocoel directly. Sinilar findings have been made in several other
insect/virus systems, Stairs (1965a) found that the same dosage of

NPV resulted in lower mortality of Galleria mellonella larvae when. given

orally then wvhen injected. Honey bees are much less susceptible to both
the chronic and acute-bee paralysis viruses b& feeding than by injection
(Bailey, 1965a; Gibbs, 1968), and the silkworm shows a similar pattern
with its NPV (Aigawa, 1962) and CPV (Miyajima and Kawase, 1967).
Martignoni (1957), however, found that the granulosis vims of Eucosma
griseana (Hﬁbner) did not cause infection when injected into the haemocoel
of the larva, but did vhen administered per os; it may be that breakdom
of the inclusion bodiesg in the gut to libverate free virions was essential
in this case. TFukaya and Hasu (1966) found that larvae of Chilo

| suppressalig were readily infected with CIV, both by feeding and by
injection.

The reasons vhy many insect viruses have a low infectivity when
adninistered orally are uncertain., Chanberlain and Sudia (1961), in
discussing the infection of mosquito vectors with vertebrate viruses,
mention several hypotheses, including: virus inactivation by digestive
fluids; impermeability of the peritrophic membrane; and a limited number
of specific virus recentor sites on the gut cells. Schildmacher (1950)
shoired that colloidal gold perticles, 2 = 4 nm in diaceter, diffuse through

the peritrophic membrane of mosguito larvae, but particles measuring



20 nm do not. It is unlikely that the TIV particle, the diameter of which
is al least 6 times greater than this, is able to crossg the peritrophic
menbrane of the leatherjacket by the normal processes of diffusion.

With some insect viruseg there is evidence that, after entering the
insect per og, the gt cells are infected before the virus enteré fhe
haemocoel and infects other organs, e.g. the granulosis virus of

Trichoplusia ni (Summers, 1969) and the NPV of the small tortoiseshell

butterfly, Aszlais urticae (Linnaeus) (Harrap and Robertson, 1968).
Possibly a similar mechaniem operates with TIV; it may be that the insect
excretes most of the virus before it infeéts the gut cells., There was no
evidence that the larval gut fluids lower the infectivity of TIV
(Bxperiment 15).

The majority of larvae inoculated with TIV via cuts in the skin did
not become infected, in spite of a large dose being present in the inoculum.
The probability of larvae coming into contact with large doses of TIV
immediétely after fighting and sustaining damage to their sking is fairly
remote, =0 this mode of infection is unlikely to be of much significance
in nature. When TIV-infected and healthy larvae were confined together
(Experiment 8) there was no evidence of transmission of the virus in
this manner.

Very few larvae became infected vhen virus was dropped onlo undamaged
skins, Wormally there is a flow of water in through the cuticle and out
thr ough the ams, probably imnvolving the malphigian tubules (4. Meats,
personal communication), so if the pores in the skin are large enough,
virus could possibly have entered by this route, but it is probable that

these few larvae became infected per os.



Although leatherjacicets have a high resistance to TIV when it enters
the insect per os, this ﬁay be the natural raite of infection, and Tipula
may have developed this resistance during its evolution. The reason why
the insect has not develoved immunity to direct infection via the
haemocoel suggests that infection via this route rarely occurs in nature.
Epizootics of TIV in tipulid larvae are rarely observed, and this may
reflect the fact that the transmission of the virus is not readily
accomplished. If per os is the normal route of infection, then the larva
must ingest a massive dose of TIV in order to become infected.

There was much variation in both ineibation period and survival time,
especially the latter, but both tended to be shorter with more efficient
inoculation routes. Presumsbly with less efficient inowlation routes
fewer virions gain access to susceptible cells, so that more replicative
cycles of the vimus must occur before the effects of the disease become
apparent. The pattern vas similar to that in Experiment 2, where larger
doses of TIV tended to result in shorter incubation periods and shorter
times to death.

The ILT50 of TIV has been given as 14 ~ 28 days (Rivers and Flitz,
1967, personal communication to Ignoffo, 1068); these values vere presumably
obtained by injecting virus. The nmean times to death from TIV administered
by injection in the present experiment were 16.6, 26.1 and 24,4 dgys, but
the corresponding mean times to death from TIV administered by fesding

were 45.3%, 43,0 and 42,0 days.



Experiment 14. A comparison of technicues for inoculatine lcatherjackets

with TIV ner os.

Introduction

When investigating the effects of temperature on the infection
(Sectionl]) it was planned to study insects infected with TIV both by
injection and per os. It was shown (Experiment 13) that only a small
proportion of leatherjackets become infected when they drinic from a
concentrated TIV suspénsion, so the present experiment was performed to
determine whether a more efficient technique for inoculating TIV pexr os
could be found.
Methods

The following inoculation techniques were tested:
a) Tach larva was placed in a dry petri dish, and left for 4 h %o
desiccate, then 0.005 ml TIV suspension was placed in each dish, HMost of
the larvae drank from the drop. They were left for a further 2 h, then
each was provided with a filter paper, grass and SVS, This was identical
to treatment a) in Experiment 13.
b) In the dish of each larva was placed a small amount of powdered grass
which had been moistened, and to which had been added 0,005 ml TIV
suspension., Each larva was given fresh food only wvhen this first portion
had been eaten.
¢) The needle of a hypodermic syringe was forced between the mandibles,
and into the mouth of each larva, after it had been anaesthetised, and
0.005 ml1 TIV suspension was delivered directly into the gut.

In one test 100 fourth-instar larvae were used for each treatzent,

end each insect received a dose of 4.8 x 10° ID50 units (by injection) TIV.




ol WA

Larvae and pupas which died without developing iridescence were
tested for infection with IV by centrifugation of extracts (see Haterizls
end Hethods).

Resultes and Discussion

None of the 3 technigues were very successful in infecting
leather jackets with TIV ner os (Table 21). Introducing virus directly
into the gut vsing a hypodermic syringe was 3 1o 4 times more efficient
than allowing the larva to drink from a TIV suspension (the technique
enployed in Bxperiment 13). Lixing virus with the food resulted in a
very small proportion of insects becomi_dgiinfected.

The efficiency of each technique may reflect the time period over
vhich the inoculum passed through the gut. With the most efficient
technique (direc‘c introduetion into the gut) all the inoc:lum was present
in the gut at the same time, whereas with the least efficient technique
(mixing virus with the food) some virus had possibly alresdy been exéreted
by the larva before ell of the inoculum had been ingested. The situation
with drinking from a drop of TIV suspension is intermediate between these
two, although more similar.“c_o the latter, this being reflected in the
mber of insects which became infected.

It was therefore decided to use treatment c¢) for inoculating larvee
per os in Section T, althouegh it must be borne in mind thet the insertion
of a syringe needle into the larval gut might damege the tissues, and thus
aid the penetration of the virus into the hasmocoel.

The results were similer to those of Experiment 13, in that the most
efficient inowilation route tended to result in shorter inaibation periods

and shorter survival times (Table 21).
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In some insects, TIV symotoms were not observed until the pupal or

adult stages (see Zzperiments 18 and 19).
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Txperiment 15, To determine whether the lerval out fluids affect the

infectivity of TIV,.

Introduction

It has been demonstrated (Experiments 1% and 14) that TIV has a low

infectivity when it enters a I.

oleracea larva per os. Thic may possibly
be dve, vholly or partly, to the presence o some entiviral substance(s)
in the larval gut fluids. There are very few reports on the examination
of insect gut fluids for the presence of antiviral factors. Alzawa (1962)
found that sgilkworm MNPV is inactivated in wvitro in the preserce of the gut-
fluids of silkworm larvae, and Hayashiya, Nishida and Matsubara (1969)
isolated a protein with antiviral activity from the gut juice of silkworms.
Chamberlain and Sudia (1961), however, found that the digestive enzymes
of mosquitoes had little effect on the virus titre of eastern encephalitis
virus,

The pH of the larval gut fluids was first determined, then they were
inabated with a TIV preparation, and tests were perfomed to detemine
whether the infectivity of the virus was reduced.

a) leasurement of the pY of the larval ecut fluids.

The method was based upon that of Day and Powning (1949) who meeasured

the pH in the gut of the cockroach, Blattells germsnica (Linnaeus), by

incorvorating pii indicators with a diet of starch or gelatin., It was found
thet T. oleracea larvae thrived on a dief of boiled, mashed pot‘ato, S0
variois pH indicators were incorporated with this diet, and the colours of
the indicators were observed through the skin. Day and Powning (1¢49)

found it necessary to puncture the gut of Blatella germanica in order fo

observe the colour of the contents.



1.04

The pH range over 1»:1'1ichvthe indicators changed colour was determined
(Table 22) using a pH meter, snd varying the pH by either addirng dilute

=

HC1 to dilute NalOH, or vice versa. X¥ach indicator was fed to 5 fourth-

instar larvae. ALl 5 larvae did not always show the same recction with
the same indicator, and sometimes there were differences in individnal
larvae with time, Table 23 chous a typicel set of results, 12 days

after the larvae began to feed on the potato/indicator m:i.x"curels. In

some cases the anterior .tip of the gut éhoxrred a different colour to the
remainder of the anterior portion. Readings taken on other days sometines
showed slight variations from the results quoted in Table 23, but the
basig pattern was oimilar, i.e. the anterior tin of the gt was weakly
alkaline, followed by a portion vhich was stronzly alkeline, and the
posterior section was acid.

In order that the colours of the different portions of the gut could
be seen more clearly, some of the leatherjaclets were dissected after they
had been feeding on the potato/indicator mixtures for 18 days. 'The
morphology of the gut of I. oleracea was observed to be very cimiler to
that of T. poludosa, as described by Vickerman (1960) (Fig. 19). The
results observed during the dissections are recorded in Table 24.

The reaction of the larval gut, then, appears to vary from pH >8.5
in the cardia-ventriculus region to pH 5.7-5.9 in the rectal ampulla. Day
and Powning (1949), hovever, faind an increase in pl alons the gqut of

Blatells germanicas; a carbohydrate diet reduced the pH of the crop

contents, but did not change those of the midgut or hindgut. Heimpel
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Table 23. pH readings in different sections of laorval guts, as

observed throush the skin,

Section of the gut

Indicator Anterior tip Anterior Posterior
methyl red ‘ >5,0 >5,0 >5.0
chloro-phenol red > 5.4 >5.4 <5.9
bromo-cresol purple >5.6 >5.6 <6,0
bromo-thymol blue > 5.7 >5.7 >5.7
litmus >6.3 >6.3 ? *1
phenol red >T.1 >7.1 >T.1%2
diphenol ourple <7.6 . >7.0 <T.6
meta-cresol purple < 8.2 >T7.8 <8.2
phenolphthalein < 8.% >8,1 <8,3
thymol blue < 8.4 >83.2 <8.4
ortho~cresol phthalein < 8.7 >8.5 <8.7
Overall result Tel = 7.6 >8.5 5.7 = 5.9

In cases where not all 5 larvae on 1 indicator shosed the sare

result, the result of the majority is given.

#3] The posterior sections of the larval guts containing litmus were
yellow,

*2 Anomalous result.
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Fig.19. Morphology of the gut of T.paludosa and T.oleracea (from Vickerman,1960).
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(1955) studied the gut pH of 11 species of Hymenoptera and 2 Lepidoptere,
and found that it changed during development and after starvation. It

is not knoim whether the pd values determined here for T. oleracea larvae
feeding on potato also hold true for larvae feeding on powdered grass

or a natural diet.

b) Incubation of TIV with larval sut fluids

Heth ods

4 suspension of TIV -in di.stilled water was passed succ eséively
through 2,0, 0.8, 0,45 and 0.2]1111 merbrans filters, which had been
pretreated with serum, to reamove bhacteria and fungi from the suspension
(Experiment 6)., The filtrate was tested for the presence of bacteria
and fungi by inoculating drops on to plates of nubrient agar and malt
extract agsr, which were then incubated at 20°, There was no growth
of bacteria or fungi on the plates after incbation for 4 days.

The guts were dissected out of 120 fourth-instsar larvae which had
been amaesthetised and decepitated. They were wached in phosbhate—buff ered
saline (pH 7 .O), collected over an ice-bath, ground ﬁsing a pestle and
mortar, and diluted with vhosphate buffer (pH 7.0) at a rate of 0.1 ml per
gut. This preparation was clarified by centrifugation at 11,000 g for
20 min, and then sterilised by passing successively through 2.0, 0.8 and
O.Q}am nenbrane filters.

The gut juice and TIV suspension were mixed in a 1 : 1 ratio, and
incubated at 200, along with controls consisting of a) gut Juice diluted
1 : 1 with sterile distilled water, and b) TIV susvension diluted 1 ¢ 1

with sterile phosvhate buffer, pH 7.0. The infectivities of the TIV
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plus gut juice and the TIV plus buffer mixitures were assayed by the
response time method after 1, 24, 48, 72 and 168 h; larvae werc inoculated
with 10° and 10'-2 diiutions, 20 larvae being inoculeted with each dilution.
Also, at each of these times, 2 larvae were injected with the gut Jjuice
plus water mixture.
Results

The results of the infectivity assays (Table 25) suggest that the
infectivity of the TIV + buffer mixture remained constant throuwghout the
period of the experiment. The results for the TIV -+ gut juice mixture
are more difficult to interpret, as there is an apvarent increase
followed by a decrease in infectivity. A t test carried out on the results
indicates no significant difference in incuration period between each pair
of results, except for those at 168 h, 10° dilution (p'<20.05). However,
as nost lervae injected with the 100 dilution of the TIV + gut Jjuice
mixture at 168 h died soon after injection (see‘below) too much weight is
not placed upon this difference in incubation period, especially as there
was no gignificant difference between the incuvbation periods for the 10—2
dilutions at 168 h.

Development of a toxic factor

The numbers of larvae dyine in the first few days after injection,
before any started to display iridescence, suggested that a toxic factor
developed in the TIV -+ gut Jjuice mixture (Table 26) between 72 and 168 h
after the start of the exveriment. It was suspected that this toxic
factor might be a microbial contaminant as the TIV + gut Jjuice mixture had

becone cloudy over the 7 days of the experiment, so plates of yeastrel
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Infectivity assays of TIV 4 gut juice and TIV + buffer

E}gtures.

Time (h) Mixture assayed TIV titre (LDS0 units/ml)

.. 5

1 TIV + gut juice 4.7 x 10

TIV + buffer 6.5 x lO6

. 6

24 TIV + gut Jjuice 1.0 x 10

TIV + buffer 2,1 x 106

48 IV + gut Juice 1.9 x 107

TTV + buffer 6.8 x 106

72 TIV + gut juice 7.3 x 10°

TIV + buffer l.5x 106

168 TIV + gut juice 4.6 x 10°

IV + buffer 2.5 x 106
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milk agar were strezaeked from the following preparations: a) the original
filtered TIV suspension, b) the filtered gut juice, ¢) the TIV + gut juice

mixture, d) the TIV + buffer mixture and e) the TIV + water mixture.

Table 26. Numbers of larvae “injected with TIV -+ osut juice which died

inn =1 davs (whe‘re n is the shortest inabation period

for that dose - 2 oUD) .

Deaths (out of 20) at assay time (h):

Inocculum 1 24 48 72 168

TIV + gat juice, 10° 0 1 0 3 14
TIV + gut juice, 1072 0 0 1 > 0
TIV + buffer, 10° 1 0 0 2 1
TIV + buf fer, 107 . 5 1 0 4 1
gut juice + water, 10° 0 1 1 1 1

After incubation at 20° for 24 h there was bacterial growth on all
the plates vhich had been streaked with mixtures containing gut juice,
Incubation for a further 7 deys did not result in any growth on the plates
vhich had been streaked from the other 2 preparations. It was concluded
that there was a bacterial contaminant in the gut juice, and that this
nay heave been the reason for the high death rate from 'unlmor.-rn_ causes'
in larvae injected with the TIV 4+ gut juice mixture after 7 days.
Althoush the TIV preparation had been tested for the preosence of
bacteria and fungi before the commencement of the experiment, it was not
practicable to do so with the gut juice, as the hypothetical antiviral
factor(s) might have besn labile, and might heve become inactivated vhile

waliting for results.



LD

Discussion

This experiment did not detect any effect of the larval gt Tluids
upon the infectivity of TIV., It is possible that antiviral substances are
present in the larval gut, but thet they are labile, and became inactive
soon after extraction. Altematively, the pH and temperature of the
present test may not have been within the range of the activity of the
hypothetical substance(s). If would be illtereéting to repeat the experiment
at different temveratures and at different pHs, as the pd ‘of the larval
gut fluids has been shom to extend over a wide range. The development
- of the 'toxic factor' in the present experiment demonstrates the importance

of freeing the virus ~ gut juice mixture from bacteria and fungi.
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Exveriment 16. Tests to detormine whother the embryo is suscentible

e e e e ARt

to dnfection with TIV.

Introduction

Langhlin (1953@) observed that the new-laid egg of T. oleracea is
shrunken, but by the third dsy is considerably bigger due to absorption

of water. This wag confimed for both T. poleracea and T. paludosa by

MeatS»(1967), who showed that fertile egrs increase thedir weight by about
507 due to the uptake of water. The possibility that virus night enter
the egg with this water and set up an infection was investigated. It was
also considered possikle that TIV might enter the egr via the micropyle,
a, specialised region in the membranes of most insect eges to 2llow the
entry of sperm (Ccunce, 1961).

Preliminary experiment

1 ml of a TIV suspension, containing approxinately 1.0 x lO8 LD50
units/ﬁl was spread evenly over the surface of a 9 cm diameter plate of
1% ionagar, and a fertilised female crane~fly was allowed to 1ay her eggs
in the agar. ‘hen the larvae had hatched they were removed from the
agar, transferred to a not of san@, and observed regularly. ilany
larvae died from TIV infection in all 4 instars, while a few did not
become infected, but pupated and gave rise to adults. TIV-infected
first-instar larvae are choyn in Fig. 20, The question arose as to whether
the virus had entered the egg and infected the embryo, or whether the
larvae had become infected after hatching, from the TIV in the agar.

Main experiment

In order to investirate these 2 poszibilities, mors female crane~flies
¥ & ’
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Pirn. 20. First-in star T. oleracea larvae infected with TIV
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were alloved to lay their eggs in agar containing TIV; 5 plates of
fertilised eggs were obtained. On each day before the esgrs hatched a
sample of 10 egsns was removed from each plate; their surfaces wvere
sterilised by immersion in 109 w/v formalin for 60 min, then they werse
washed 3 times in distilled water, and transferred to clean agsr plates to
hatch., Batches of larvae which hatched into asar containing TIV became
infected, whergas none of those which hatched from eggs which had been
removed from the TIV became infected; It would appear, then, that TIV
did not enter the egzg and infect the embryo, but that the newly-hatched
larvae becare infected, probably by ingestingagar qontaining the virus.

An experiment wes also perforwed to deter:ine how the later 1 arval
instars had become infected, Did they contract an infection from the agar
in the first instar vhich did not become overt until a later instar, or
did they contract it from other larvae? Eggs were allowved to mtch in a
plate of agar containing TIV, The nevly-hatched larvae were allowed to
crayl in the agar for\apgroximately 24 h, then 50 were picked off and
placed in individval petri dishes. Thirty-two of these died in the first
instar without developing TIV symptoms; most of them died because they
cravled from the moist filter paper and became desiccated. Thirteen
larvae (68.4¢), correcting for the early mortality due to desiccation) died
with TIV symptoms in the first instar, 3 died in the second and third
iﬁstars without developing TIV symptoms,iand 2 pupated and gave rise to
adults.

The nmean incubation period for those first-instar larvae which becane

infectad with TIV wac 15.2 days, this being gensrally longer than the
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incubation periods in fourth-instar larvae inoculsted with TIV per os
(Experiments 13 and 14), although it was offten difficult to observe the
iridescence in the firet dnstar due to the small size of the larvae.
The meen time to death from TIV weas 18.9 days, and the longest time was
%1 days. When observing the development of healthy 1earvae (Gxperiment 7)
there were none remaining in the first inster after day 22; 3 of the 13
larvae (23%.1%) which became infected in the present experiment did not
die until after day 22.
Discussion

This experiment has demonstrated that the enbryo is not susceptible to
infection with TIV from the environment; the possibllity of the embryo
receiving a TIV infection from the parents vas studizd in Zxperiment 20.
It has been shown, hovever, that first-instar larvee are susceptible to
infection, It is probable that the larvae in this experiment became
infected by ingesting the agar containing TIV. As the larvae are so small,
they could have ingested only a small dose of TIV, but 68.45 became
infected, coupared with much smaller percentages in fourth-instar larvae
inoculated with large doses of TIV per os (Bxperiments 13 and 14). This
suggests that the larvae are more susceptible to infection with TIV per os
in the first instar than in the fourth-inster. Silkworm larvae have been
shown to be highly s=usceptible to infection with TPV when newly-hatched,
with susceptibility decreasing markedly as they increase in age
(Kobayashi, Yamaguchi and Yokoyama, 1969 ).

This experiment has also showm that later lerval instars may beconre
infected from earlisr instars, and that infection of first-instar larvae

with TIV may prevent then from passing into the second instar,



Oxperiment 17. Tests to determine vhether leosthoriacdcets can become

2

infected with TIV vig the spiracles.

Introduction

Few warkers apnear to have considered the spiracles as a route of
infection for insect pathogens, although many pathogens of vertebrates
are known to enter their host via the respiratory rate. Bailey (l965g)
demonstrated that bacteria and viruses nay invede the honey bee via the
spiracles. Presumably the organisms are either suspended in aerosol
droolets, or are dry and adhering to dust particizs,

Attempts were made to inoanlate fourth-instar larvae with TIV via
the spiracles by varicus bechnimies. Introducing virus into the spriacles
with a hypodermic syringe, and dipving the posteriors of "the larvee into
virus suspencion were of little value as techniques because the larvae were
so active. Anaesthetising tpem with ether resulted in them closing up
their spiracles.

xperiment .17a.

An attempt was made to block the mouths of the larvee by dipping
their anterior ends in molten varaffin wax (melting point 460) at 500.
It was found thet if the wax coating extended more than hal f-way along
the length of a larva it was very difficult for it to wrigzle free, s=o
larvae were coated in vex slmost right up to the spiracles., Larvae which
had been coated with paraeffin wax in this way wvere subjected to the
following three treatrents, 100 larvae being ussd for each treatment:

8

1) About 1 ml TIV suspension in ISA (epproximately 1,0 x 10° LDEO unite/ml)

was sprayed from a svray sfun (Shandon Scientific Co. Ltd.), to form an



aerosoi just above the surface of the larvee which were laid out over an
area of about 0.1 m2. The larvae were left for 10 min to 'breathe in'
the virus.

2) 1 ml TIV suspension in IS4 was dried, and made into a dust. Each
larva had a small amount of this dust brushed onto its spiracles.

3) The spiracles of each larva were held beneath the surface of a TIV
suspension in ISA for 3 min,

Bach treatwent was eglso carried out with 10 control larvae, but
with ISA in place of the TIV sugpencsion., After the treatment, each
larva wos washed 3 times in distilled water, ard then relezsed from the
paraffin wax,

Hone of the larvee developed iridescence, but latex tests wers
carried out on all dead larvae, pupse and adults, and a few positives
were found (Table 27). Large numbers of larvae died as a result of the

treatnent with paraffin wax.

Table 27. Remlts of sttempnits to dnfect lesthoriascl-ets with MV via the

svirvacles, with their mouths blocked with nareffin wax.

Wo. becoming infected/ Percentage

Treatment no. surviving after sixth day infection
1) (spray) 2/57 3¢5
2) (dust) /67 0
3) (aip) 4/%8 10.5
l) hmmw)cmﬁrﬂ w@ | 0
2) (dust) control Q/T 0
3) (dip) control o/7 0




The results suorest that a few of the larvae vhich were sprayed with, and
dipned in, virus may have becomne infected via the spiracles. It was not
certain, however, that the paraffin wrex had effectively bloclted the mouth,
and ag the highest rate of infection cawe from larvee dipped in virus, it
was consldered possible that the liquid may have seeped between the paraffin
wax and the skin of the insect, and entered per os. There is also a slight
pogsibility thet the virus passed through the skin in some way., It is not
known to what extent the hot wax treatment might have enhanced or interfered

vith infection,

Exveriment 17b

The second apiroach was to try to blocx the guts of one graxp of
Jarvae, and the spiracles of another group by ligaturing the insects,
which were then exposed to TIV to détermine vwhether there was a difference
in infection rate between the 2 groups.

Three hundred larvae were ligatured with alginate thread, half of then
anteriorly, just behind the head, and the other half posteriorly, just
before the spiracles. The larvae wvere ancesthetised with ether just before
ligaturing, and then left for about 30 min for the effects of the
anaesthetic to wear off. They were then exposed to TIV by trestments
1) - 3) of Experinent 17a, 50 anteriorly-~ligatured and 50 posteriorly-
ligatured larvae being used for each treatment.

After being treated, each larva was washed twice with water to remove
TIV from the skin, and then immersed in ﬁi sodium hexametaphosphate
solution to dissolve the alginate thread. This technigque for ligaturing

the larvas was fournd to be far cuperior to the vse of cotton thread, -rhich
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had to be loosened from the larvae with the aid of dissecting nesdles,
he insects often becoming damaged in the process.

To test whether the ligature affected the development of the disease
in any way, 60 larvase vere each injected with 0,005 ml TIV suspension;

20 had been ligatured anteriorly, 20 posteriorly, and 20 were not
 ligatured. The ligatures were removed immediately after the larvae had
been injected. |

Some larvae developed iridescence, and in some TIV veas detected
after death by the latex test, which was carried out on 8ll insects
vhich died without TIV symptoms; TIV was detected in two adults (see
Experiment 19). The results are sunrarised in fable 28, together with
the results of the>(2 test which was carried out on each, pair of data.
These show that in each trezatment there was no significant difference in
the number of insects becoming infected, betwezn those ligatured
anteriorly and those ligatured posteriorly. Therefore, it has not been
shomn vhether the maith or the spirscles was the raute of infection.

The incubation periods for the injected larvae are given in Table 29,
The t test indicates that there is no significant difference in incibation
period between the treatments, so.there is no evidence that the ligatures
had interfered with tbé course of infection.

Five of the larvae which had been ligatured anteriorly (1, 2, arnd 2
larvae from treatments 1), 2) and %) respectively) did not pupate normally.
The cuticle hecame dark brown and hard like that of a pupa, but the larval
sltin was not logt. Tresumebly the ligature head interfered with the normal
noulting processes, verhaps by interfering with the transvort of hormones

within the larva.



Table 28, Results of exposine 1 eatheriackets to TIV with sore

licatured anteriorlv and some licatured nosteriorly,

No. beconing Percentage

Treatment infected/Total* infection
1) (epray) anterior ligature 0/36 0.0
posterior 1igatufe 2/3% 6.1

X2 = 0.609
2) (dust) anterior ligature 1/45 2.2
posterior ligaturs 2/41 4,9

X2 = 0.007
3) (aip) enterior ligature 5/%3 15,2
posterior ligature 5/42 11.9

X? = 0,005

* Those insects which died and were found to be TIV-negative up to

days before TIV symptoms first began to appear in that treatment-group

are discount

ed.

Table 29, Incubation meriods of licatured and unlicatured larvae

injected with TIV,.

No. of Incubation periods| Kean incuvation
Treatment larvae (daygg period (days)

anterior ligature 19 1x5; 8x6; TxT;

2x8; 1x9 6.68
posterior ligature 17 1x5; 5Szb6; 5xT;

5x8; 1x10 7.06
no ligature 18 2x5; 4zb; 5273

3x83  3x10; 1xl4 7.61

122



Discussion

Although a few insects became infected with TIV in these experiments,
it was not demonstrated that TIV entored the larvee via the spiracles, and
it is quite possible that infection occurred per os. The possibility that
the treatrents damaged the skin, allowing direct entry of the virus into
‘the haemocoel must also be considered. None of the treatments resulted
in 2 very high infection rate, and it can be concluded thet TIV infects

leather jackets via the spiracles rarely, if ever.
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Txveriment 18. Inowulation of pupae with TTV,.

Introduction

Although insect vimises are usually found infecting their host larvae,
there are a number of reports of infections in the pups. NHPVe hzve been

found to infect the puvae of the following insects: Bombyx mori (Aizawa,

1953), Hemerocampa pseudotsurats (KcDunnough), Orgyis enticua (Linnaeus),

Loambdina fiscellaria, Peridrona margaritoss (Eavorth) (La{rcx' , 1960),

Galleria mellonells (Stairs, 1965_1_9_), the African armyworm, Spodoptera

exemota (‘cfa.lker) (Brorn ana Qwaine, 1965), Betrovis erevusculorin (Schiff)

P s e

(Morris, 1967) and Trichoplusia ni (Vail and Hall, 1969_@). The pupa of

T. ni has also been found to be susceptible to a CPV (Vail, Hall and
Gough, 1969).
Among the iridescent viruses, Day (1665) found thet final-instar

G, mellonella larvae inoculated with SIV pupated, and died from SIV as

pupae. Chapman gt al (1966) observed that most mosquito larvae infected
with MIV died before pupation, but a few pupated and died as puipase. Snith

et al (1961) Tound that many larvae of Porthetris disper and Pieris braseicae

inoculated with TIV in a middle instar, did not die from TIV infection
until after pupation. In P, digpar this camsed the legs and wing buds to
atrophy and exhibit iridescence; electron micrographs of sections of
infected pupae revealed large emounts of virus in the wing buds, legs and
head. The effect of TIV on prepupae and pupas of P. brassicae was less
markeé.. Some TIV-~infected sillwvornm larvae are able to spin thin-lavered

cecoons, but they do not undergo the pupal moult (Hu}:uhara, 1964),
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Silkworm pupae, however, can be infected with TIV, and iridescence can be
observed in many orgens (Fukuhara end Zashimoto, 19652).

Ahmed (1968) found a TIV-infected Tipula pupse in the field; it had

deformed wing buds, and was displaying iridescence. He also successfully

infected T. paludosa pupae with TIV in the laboratory. During the present

investigations, several larvae which had been inoculated with TIV pupated.
Some of the pupae resezbled that described by Ahmed (1968), having deformed
wing buds and displaying iridescence (Fig. 21); sore appeared to be
normel pupae, but iridescence could be observed internally upon dissection;
in some the pupa was apparently normal, both externally and internzally,
but a TIV infection was debected by the latex test. In no case did a
pupa displaying iridescence give rise to an adult, but several zpparently
heal thy pupae, derived from larvae which had been exposed to TIV, gave
rise to TIV-infected adults (see Experiment 19).

The following techniques used by Ahmed (1968) to inoculate T, paludosa
pupae were used for T. oloracea pupae:
a) The pupa was subnerged in a TIV suspension for 3 min,
b) The pupe was pricked with a sterile fine pin, Jjust behind the wing buds
on the ventral side, then the wound was brushed with TIV suspension.
c) The pupa wag injected with C,005 ml TIV suspension just belo: the
integument in the ventral thoracic region.

Control pupae received similar treatments, but ISA was used in place of
the TIV suspension. Pupae were treated as they became available, over a

period of about 9 months., The TIV suspension (approximately 1.0 x 108

LD50 units/ml) was stored at -16° over this period. Zach treatrent was
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TIV-infected not infected TIV-infected,
recently
pupated

Fj;-". 21. TIV-infected and healthy oleracea pupae

Scale : mmr
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carried out with 100 pupac, and each control gfoup gl so consisted of 100
pupae. All pupaz and adults which did not develop iridescence were tested
for TIV by the latex test.

Results

" The rumbers of insects becoming infected (Table 30) indicate that

the three inoculation techniques can be placed in the follorins order of

efficiency: c¢>b>a.

Mable 30, Munbers of pupae beconins infected after inoculation with TIV

by three different methods.

Number of insccts beconing
Treatment infected (out of 100)
a (submerged) 8
b (pricked) 52
¢ (injected) 89

The percentages becominﬁ infected are probably greater than these figures,
because they do not take into account deaths which occurred in the first
few days due to the travma of inoculation, It is sometimes difficult to
determine vhether pupae are dead, as, unlike larvee, they do not always
respond to touch.

There were 3 possible fates for each pupa: it could die as a pupa;
an adult conld vartly emerge; en adult could fully emerge. Table 31, vhich
breaks down the results into greater detail, shosrs that the munber of deaths

of control pupae in treatments b and ¢ was quite high. Treatments b and ¢
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also appeared to sffect the ability of many adults to émerge Mlly from
the pupal case. o control pupae developed a TIV infection.

Anmong those partly-eirerged and fully-emerged adults in which TLV was
detected were both males and femeles. One male and one female were
displaying diridescence; the other infections were detected by the latex
test.

Discussion

It has been demonstrated that T. olerscea pupae are susceptible to
infection with TIV. Usually the pupa is killed by the virus, but an adult
may emerge; this adult may show signs of infection or it may be a.pparéntly
heal thy, but infected at a low level with TIV,

T V-infected Zipulsa pupae occur in nature (Ahmed, 1568), but these
probably arise mainly from the pupation of infected larvae. Perhaps
occasionally a pupa might receive a wound in an environment with a high
level of PIV, and thus become infected., Another possibility is that

pupae might become infected with TIV via thelr respiratory horns.,
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Experiment 19, TIV dnfection in adulis.

Introduction

The adult stages of a number of insects, as well as the pupae
(Experiment 18), have been found to be susceptible to virus infection,
A nunber of instances have been observed where viyrus-infected larvae or

pupae gave rise to infected adults, e.g. WPV infections of Colias eurviheme

(Sager, 1960), Feodiorion swainel (Smirnoff, 1961), Galleris mellonclle

(Stairs, 1965b), end Diprion hercynise (leilson and Elgee, 1968); CPV

infections of the ermyworn, Pgsendaletis unipuncta (Faworth ) (Tanada and

Chang, 1960), Trichoplusia ni (Vail et al, 1969) and four Lepidoptera SDD .

(Heilson, 1965); in the field crickets Teleogryllus oceanicus and

Teleo~ryllus comiodug infected with a nonoccluded virus (Reinganum,

O'Loughlin and Hegan, 1970); and in Drosophils infected with sigma virus

(Plus, 1954).
Adult insects of several species have been successfully infected by
inoculation with viruses, e.g. MPVs in T, ni (Vail and Hall, 1969b) and

Peridroms saucia (Hibner) (lartignoni, 1964), sigma virus in Drosophilsg

(Plus, 1954), sacbrood virus in the honey bee (Bailay,'1969), and several
arboviruses in their insect hosts (Chamberlain, 1968).

Day (1965) obtained SIV-infected adults of G. mellonella by
inoculating them dirvectly with SIV, or by inoculating punas, which then
emerged as infected adults. Mitsuhashi (1967) cbserved that the green rice

leafhopper, Nevhotettix cincticeps (Uhler), infected with CIV could moult,

and some individuals could becone adults. Linley and ¥ielsen (1968a)

ocbserved that a feyw ledes teeniorhvnchus larvae inoculated wvith IV

developed symptons of the disease very late, and were able to »upate and
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give rise to adults. TIV infection hss been observed in Pioris brassicae

adults (Smith, 1963), and TiV-infected crene-flies can emerge from tipulid
pupae inoculated with the virus (Ahmed, 1968; Lxperiment 18). The
folloying is a reco:c;d of the infected adults encountered drring the
present investigations, and the results of TIV assays perforiecd on two o
then,

Records of TIV-infected T. olerzcea adults,

TIV infections were detected in 57 adults of both sexes (Table 32).
The bulk of them were derived from pupae which had been inoculated with
TIV, Although a number of inoculated larvae gave rise to infected pupae,
very few gave rise to infected adults; amongst those which did, mosi
larvae had become infected with TIV pegr os, and only one had been infected
by injection. All pupae vhich gave rise to infected adults were apparently
heal thy; no pupa which developed iridescence gave rise to an adult,
Amongst those adnlts displaying iridescence none had fully emerged from
the pupal case; dridescence could be seen along the sides of the abdomen,
vhich was swollen. Amongst those adults which were not disolaying
iridescence; but in which a TIV infection was detected by the latex test,
some had not fully enmerged from the pupal case, while others had emerged,

and were apparently normal, healthy adults.

Ltegey of GOV din dinfectod edvlits

The TIV in 2 of the infected adults (see Table 32) was assayed by
the response time method. Kach adult was ground in distill ed water, using
a pestle and mortar, and svhjected to 1 cycle of low—/high«speed
centrifugation., In both cases this resul ted in the blue pellet

characteristic of TIV. 7The pellet was suspended in 1 ml IS4, and decinal
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dilutions in ISA were prepared %o 1077, The 10™F and 1077 dilutions
were assayed, using 20 larvae for esch dilution. The adult from Ixperiment
14 was found to contain 3.6 x lO7 LD50 units TIV. The larva from vhich
this adult weas derived had been inoculated with 4.8 x 105 LD50 units IV,
s0 an increase in TIV of aporoxirately 100-fold had occcurred. The adult
from Experiment 11 was found %o contain 2,3 x 105 LD50 unite TIV. The
larva from which this adult was derived had fed upon the 1TV-infected
cadavar af another larva, so the size of the inoculum in this case is
not known,
Discussion

The observation of Ahmed (1968) that T. paludosa adults are suscentible
to infection with TIV has nov been confirmed for Z. oleraces. It has also

been shom that the fabt body of Z. paluvdosa larvae, pupae and adults is

ES
- P=ASEL

susceptible to infection with a rickeitsia (Huger, 1959). Ahmed (1968)
dbserved that none of the larvae or pupasz displaying iridesoence; which

he collected from the field, gave rise to adults, During the present
investigations it was found that larvee which devel oped iridescence nearly
élways died ss larvae; occaslonally a late fourth-instar larva develoved
iridescerce and was able to pupate, although the resulting vupa wes
invariably deformed and iridescent, and soon died. An inoculated
fourth-instar larve might not develop iridescence until after it pupated,
in vhich case again it died as a pupa. Those inomlated insects which
gave rise to infected aduits showed no signs of TIV infection either

as larvae or pupae.
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Ahmed (1968) olso inomlated T. paludosa adults with TIV, end claimed
that they becanme infected, but the only evidence to supnort this was that
- their bodies became swollem. It would be interesting to inoculate tipulid
adults with TIV, and determine whether there was any increase in TIV.
Crane flies only live for a few days, so if TIV replication occurs at the
same rate as in the lorva (Experiment 2) thore will not be any vast
increase in TIV.

It is unlikely that crane flies in nature become. infected with TIV,
except by emerging fron infected pupse, Crane flies do not feed, although
they may occasionally drink water (Barnes,. 1937; Coulson, 1962), which

is unlilely to contain large amoaunts of TIV,
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Bxperiment 20. To test whether TIV czn be vertically trensnitied via the

adilts.

Introduction

It is important for a parssite to possess an efficient mechanisa for
vertical treansmission, i.e. tranmission to the next generation of its host.
There is evidence that many insect viruses are passed on to the new
generation directly via the adults, If the virus is inside the egg,
transmission is referred to as transovarial, but if the virus is only
present on the egy surfsce, transovun transmission-.is said to occur
(Smith, 1967).

Conte (1907) was the First to suggest transmission via the egg, in
connection with the silkworn viruses, This has been confirmed for the CPV
of the sil%worm (imkuhara, 1962), and also for many other insect/virus

systems, e.g. MPVs of Colias ourythene (Thompson and Steinhaus, 1950),

Teodiprion svadined (Smirnoff, 1961), the western tent caterpillsar,

Iialacosoma vluviale (Dyar) (Wellington, 1962), the cotton leafworn,

Prodendia litura (Fabrioius) (Harpaz and Ben Shaked, 1964), Svodoptera

exannta (Swaine, 1966), and Porthetris disper (Doane, 1969); the CPV of

C. eurvthene (”anada_gg_gl, 1964); the granulosis virus of Ieridroma

nargaritosa (Steinhaus, 1947); and sigma virus of Drosophila (Bregliano,

1969).
Many insect vectors of plant viruses support viwms replication, and
transmission via the egg is cormon (Haramorosdh, 1963), e.g. clover club-leaf

virue in the leafhopver, Lralliopsis novells (Say) (Black, 1949). It

aprears thet arboviruses may be transmitted transovarially in ticles, but

not in moscuitoes (Burgdorfer and Varma, 1957).
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Among the iridescent viruses Day (1965) bred from SIV-infected

Galleria mellonells adlts, wut none of the progeny developed an SIV

infection, Yoodard and Chapman (1968) demonstrated that tranzovarial

transmission of IV occurs in the mosquitoes Aedes taeniorhvnchus and

Psorophora iferox (}‘ 1z:zbold). Anderson (1970) found the iridescent virus

of Aedes stimulang in larvel ovarian tissue, and sugeested that it may be

transmitted trensovarially. The present experiment investigated the
possibility that TIV may be transmitted in this way.

llethods and Results

In a number of experiments, larvee vhich had been injected with
approximately 1 LD50 TIV survived and gave rise to adults, wvhile larvae
wvhich had been injected with an identical doss became infected with TIV
and died. It was considered possible that some of thesc adults night
have been infected sublethally, and that they might tranemit the virus
to their progeny. Fifty~eight of these adults, including males and females,
were mated with menbers of the opnosite sex which had not been treated
with TIV; 34 of these matings resulted in the moduction of fertile
eggs. The progeny were observed regularly for TIV syumptons, but they
were not found in any of the insects. Twenty-seven o the adults were
tested for the presence of TIV by the latex test after their eggs had been
laid, All of the adults tested, including some vhich produced fertile
egzs and some which did not, gave negative results.

A nurber of pupas inoculated with TIV also gave rise to aohparently
healthy adults (Sxper:i.ment 18), 31 of vhich were mted wth untreated

insects., Sixteen of these matings resulted in the production of fertile
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eggs, and again none of the insects which hatched developed a TIV
infection., All of the adults which were mated were tested by the latex
test, and two gave positive resmults, One of these was a female, vhich
died without laying any eggs. The other was a male; the female with

which it was mated lald egzs, btut they did not hatch,

Discussion

Ho evidence was obtained for thes trensmission of TIV from adult
tipulids to their progeny via the egg. Rivers (1966_‘9), too, found no
evidence for the ftransmisgesion of TIV in this way, although the I'PV of
Mipula has been observed in the progeny of crane flies vhich had survived
experiments with PV, which sugrests thet this virus may be egr~trensmitted
(Rivc)rs, 1966_@_).

In contrast .to TIV,. the transmigsion of MIV via the eg» seems _to be

well established, and it has been suggested (L:‘Lnley and MNielsen, 1968_19_)
that this may be the most important meens whereby the virus is trensmitted
from one generation to the next.

All of the adults from which progeny were obtained in the present
experinent gave a negative result in the latex test. It woald be
interesting to determine whether adults which are latex-~positive are able

el

to produce fertile egms, and if so vhether any of the progeny are infected

with TIV,
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D, E¥RECTS CI TEIPERMITRE OF TIV TIVENCTICH 17 LR THURJACIETS

Introduction

The effects of both constant and fluctuating temveratures on NIV
infections in T. oleraces vere studied in an attempt to pain sone
understending of how the disease might develop in the field at different
tines of the year. Information on the effects of temperature on the
probability of the insect becoming infected, the replication of the virus,
and the time to kill the host is essential if TIV is to be considered
as an agent of biological control.

Bxperiment 21, =Iffects of congtent temperatures on TIV infection in

leatherjackets.

Introduction

Virus infections are narkedly affected by tempersture. Dutky (1959)
pointed out that each virus has an optimun temperature, and upper and
lower temﬁeraﬁxre limits. These critical temperatures for the virus may
or may not coincide with those of the host, although Stairs (1968)
suggested that both virus and host probably have the same optinum
temperature. Gravell and Granoff (1970), after studyvieg the effeocts of
temperature on frog polyhedral cytoplesmic deoxyribovirus, suggested that
the viruses of poikilotherms replicate with meximum yield over a broader
range of temperature than do the viruses of homeotherms, this possibly
beigg due tq the fact that the host enzymes function over a wider range
of temwerature.

The temperature limits and optima of severesl insect virises have

been studied. Pieris rovze has been found to be unaffected by its
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. . o} o . .
granulosis vims at %6 (Tanada, 3.95:>), Diprion hercynine by a NPV at

29.40 (Bird, 1955), Uncrocteles faoscifrons by aster yellows virus at '520

(I"ia:camorosch, 1955:9‘), and Trichoplusia ni and Meliothis zea by NPVs at

e nen

390 (Thompson, 1.959). The optimum temperature for aster yellows virus
replication in M. fascifrons was found to be 25° (Karamorosch, 1955b ),
and Pimentel and Shapire (1962) found that the optimum temperature for

Gzlleria mellonells WPV is 27°,

The time talken for a virus to kill its host is dependant upon
temperature (Bergold, 1953%), and Dutky (1959) has suggested that with
many insect viruses the time to death approximates e hyperbolic function of

terperature. A decreasing survivsl tine with increasing temperature was
L : &

found with FPV infections of Colias curvtheme (Thompson ond Steinhaus, 1950),

-

- Feodiprion sertifer (Krieg, 1955), I. ni (Drake and McBwen, 1959), H. zea

(Ignoffo,'z 1966) end with the fusiform virus of the cockchafer, llelolontha

nelolontha (Linmeus) (Hvrpin, 1968). Temperature has also been found to

affect incubation period (time from inowlation 4o appearance of symptoms).
A decressing incubation pericd with increasing temperature was found in
sillworn pupae inoculated with NPV (Aizawa, 1953) and in Feodiprion

syainei larvae infected with NPV (Smirnoff, 1961).

The susceptibility of the insects to infection does not eppear to
vary much with temperature within the temveratire limits of the virus.
Similar mortalities at different tenperatures have been recorded for

C. eurviheme (Thompson and Steinhans, 1950), G. mellonells (Pimentel and

Shapiro, 1962) ard 4. zes (Ignoffo, 1966) inoculated with HIVs, and for

4

3 . ' A J k] e 2 - . o
. nelolonthz inoculated with the fusiform vimis (--urpln, 1968 ).




Some effects of temperature upon the iridescent viruses have been

studied. Day and ilercer (1064) inoaulated Sericesthis oruinocs and

G. nellonelle larvee with SIV, and incubated them ot 11, 16, 22 and 280;

they reported that virus replication proceeded normally at 16 and 220,

very slightly at 110, and not at all at 28°. he optinmun temnerature for
SIV varies with different host species. In cell cultures of .nthersea
eucalvoti it was found to be 20° (Bellett, 1965), vhile Day and Dudzinski
(1966) found it +o be 22% in 5 host species, and 250 in 3 others. The
optimum temperature of SIV in S. pruinogsa, its natural host, was 250,

the same as the optimum for the insect, whereas the optimum in G. nellonella
was 220, although the optinmunm for this insect iz about 350. Little B3IV
replicetion occurred at temperatures above 280. : '

Little work has been done on the effects of temperature on CIV

infections, but the virus is known to replicate readily in Chilo supiressalis

larvae at 25° (Iitsuhashi, 1966) and in G. mellonells larvee at 28°

(Cunninghem and Heyashi, 1970). Yooderd and Chapman (1968) Tound that

an increasing percentage of fedes taeniorhvnchus larvae became infected

po

with IITV with increasing tempereture over the renge 20 - 300, which
contrasts with the findings for some other insect viruses (see sbove), and
also with the results of Linley and Nielsen (1963@), who found no significant
difference in infection rate between larvae incabated at 200 and 300.

Tanada and Tansbe (1965) studied the effect of temperature on TIV

. : . . o

infection in G. mellonella lervae. Inoculated larvae incubated at 23 -~ 25
. . . s 0

died of TIV infection, wherszs those incubated at tenperatures gbove 30

survived and oroduced afulis. Oliveira and Ponsen (1966) found that TIV

replicated readily in haenocytes of Pieris brassicee incubated at room

‘

temperature (10 - 200).
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The precent studics were designed to obtein infarmation on the
temperature limits and optimum for TIV, and ‘o investigate vhether

temperatire affects the susceptibility of the leatherjackel to infection.

. . . . 0 O
a) Comparison of TIV irfection in T. olerscen af and 20
A preliminary experimert compared the development of the disease at
o 0 . . . . :
5 and at 207, Decimcl dilutions of a TIV suspension (appr031ﬁately 9.6 x

7

10" IDBO units/ml) to 10—8 were prepared, and injected into T. oleracesn
larvae, each dilution being injected into 6 larvae. Three larvae
from each dose-group were incubated at 50, and % at 20°,

The numbers of insects becoming infected (Table 33) indicate that the
incubation temverature did not affect the larval susceptibility fo
infection, but there was a marked effect upon incubation periods (Table %4)
‘and survival tines (Table 35). Incubation periods were roughly 2.5 to 5.0
times longer snd swrvival times 1.2 to 2.4 times longer, at 50 than at 20°,

The temverature also affected the rate of develoonent of the insect.
The tive for lervae to pupate (among those which did not become infected
with TIV) was increased at 50, compared with 200, by a factor similer to
the increase in incubetion period. Two adults which emerged at 50 did so
23 and 25 days after pupating, whereas the time from pupsation to the
emergence of the adult at 20° is abaut 7 days.

b) Comparison of TIV infection in T. oleracea at five different

temperatures

. R ‘s . 2
Ten larvae, each of vhich had been inJected with approximately 10
LD50 units TIV, were incubated at each of the folloring temperatuzes:

5, 10, 15, 20 and 25°, %he n wbers of insects in which a TIV infection



Teble 33 . MNumbers of insects becoming infected with TIV at 5° and 20°

5.0 200
Percentage Percent ege
Dilution of No. becoming beconing No. becoming | becoming
TIV infected * infected imf ected # inf ected
107+ 2/2 100 3/3 100
1072 3/% 100 2/2 100
1077 2/2 100 3/ 100
1074 3 /% 100 1/1 100
107 2/3 67 2/3 67
1070 o/2 0 o3 0
1077 0/2 0 o/2 0
1078 o/3 0 0/2 0.

* Bach result is expressed as the number of insects developing

iridescence, followed by the number injected less any which died

without iridescence before the day of the mean incibation period

for that dose-group.

142
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Table 34. Incubation neriods (in dayvs) of TIV—infected learvae at

5° and 20°

5° 20° I,

Dilution of Inabvation Incubation =
IV periods Tean ( T5) periods Mean (E O) Ioo
107" 21, 27 24,0 6, 6, 7 6.3 3.8
1072 21, 31.5, 34 | 28.8 3.5, 7 5.3 5.4
1072 22, 23 22,5 7, 8, * 7.5 3.0
1074 24.5, 27, 28 | 26.5 10.5 10.5 2.5
107 24.5, 29 26.8 8, 13 10.5 2.6

* Infection in the third insect of this dose-group was not detected
until the pupal stage, therefore an incubation period was not

recorded for it.
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Table 35. Survivel times (in davs) of TIV-infected lervae et 5° end 20°
50 500" fii_
Dilution of =
IV Survival times |Mean (SB) Survival times |Mean (§2O) 220
107t 3.5, 45.5 33.5 4, 24.5, 27 21.8  |1.8
1072 22, 56.5, 75 | 51.2 21, 27 24,0 2.1
1077 63.5, 72 67.8 24,5, 51.5 * 28,0  |2.4
1074 31.5, 51, 106 | 62.8 54 54,0 |1.2
107° 38, 45.5 41.8 10.5, 28 19.5 2.2

* Infection in the third insect of this dose-group vas not detected

until the pupal étage, therefore a survival time was not recorded for

it.



was detected, either by the appearance of iridescence or by the latex test
are shown in Table %6, The results suvggest that the larvoae were less
susceptible to infection with TIV at temperaturcs below 10° and above 15
but virtvally 211 those larvae which died without iridescernce did so
within a few days of being inoculated, so these differences may not be
significant. It eppecred that the larvae were unsuited to a teaperature
of 250, as the larvse hardly fed at all, ard died comparctively rapidly
at this tempersature.

The effects of temperature upon the incubation periods and survival
times are indicated in FPigs. 22 and 23 respectively. The most marked
effact was at 50, where both incubation periods and survivel times were
greatly prolonged. MNPV infections of leaﬁherjackéts appear to be
sinilarly affected by temwerature. It was reported (Annual Report of
Insect Pathology Uni%, Oxford, 1969), that low temperatures considerably
delayed the appearance of symptoms in FPV-infccted T. paludosa larvae,
and Smith (195%) noted that symptons apneared in about 14 days during
spring and summer, but took a month or more in winter.

It was shown that TIV can replicate throughout the termerature range
5 - 250, and that its optimum lies belween 15 and 250. ‘Gravell and Granoff,
(1970) sugrrested that viruses of poikilotherms roplicate within most of
their permissive tenperature ranges at a rate proovortional to the
incubation temnerature, the rate being fastest slightly below the upper
temperature limit., This spvears o be the case wwith TIV, althouv-h the
rate of virus replication at teaperatures belor the optimum is not

directly vroportional to the temverature. The Arrhenius plot (Fig., 22b)



Table 36, Numbers of insects becomine infected with TIV at

diff erent temveratures.

YNo. becoming Percentage becoming
Temperature (OC) infected * infected
5 6/7 85.7
10 8/8 100.0
15 10/10 100.0
20 8/9 89.9
25 6/10 60.0

Each result is expressed as the number of insects which were
TIV-positive, followed by the number injected less any which
died and were TIV-negative up to two days before iridescence

first began to appear in that treatment-group.
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Fig.22, Effect of temperature upon incubation period in TIV~infected T.oleracea iarvae.
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Fig.23. Effect of temperature upon survival time in TiV—infected T.oleracea larvae.
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is not a straieht line, thich suprests that the rate of renlication at
temperatures below the optimum is linited by more than one enzyme

reaction,
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Byxverinent 22, Zffects of fluctuatiags temperstvres on TLV infection in

leatherindzets.

Introduction

It has been shown ( Bxperiment 21) that temper vture hes a mariced effect
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