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ABSTRACT

The inclusion body (I.B.) structure ani bilological properties of
8ix occluded insect viruses were studied comparatively. The viruses
chosen were five baculoviruses and a cytoplasmic polyhedrosis virus (CPV)
which are pathogenic to the larval stagesyof several lepidopterous pests
of temperate agriculture. The baculoviruses included two granulosis
viruses (GVs), tWo nuclear polyhedrosis viruses with multiply enveloped

virus particles (mIFVs) ani one singly enveloped LFY.

The viruses were partly characterized by electrophoretic analysis
of RKA genome segments (CFV) or restriction enzyme digzests of viral Dia
(baouloviruses). Virus particle and I.3. polypeptides were zlsc examined.
Four of the viruses hal not been rrevicusly analysed by these technigues,
which are essential for identification of inocula ant progeny virues in
cross=transmission tests. Compzrison of tliree Zurorean isélates of one

of the viruses (igrotis seretum NPV) revealed that two isolates wers

identical and the third cbmpletely distinct. Serological tests confirmed
these relétionships anl, when applied to the other viruses, surported the
accepted subgrouping of IFVs andi CGVs. Packaging arrangements of
micleocapsids and virus éarticles within I.3.s showed wile wariations.

4. Sezetum mIEV (Znglish isolate) had the lzrgest number {670} of
macleocapsids per I.5. of the baculoviruses tested. DTespite the large
variations in this characteristic, the oral L3550 of mest viruses to

1

neonate larvae of the homologous host was about 10 I.5.s. The main

s Y + R toda) 4’
exception was A. se~etum GV with an cral L350 of 10 " cagpsules to

Ae Segetum neonztes.



The host range of each virus was testel in seven liost species ami
in most cases the irfectivity was exemined. The CFV wuas the cnly virus
infecting both larval families tested (loctuilae ani Fierilae).

Mamestra brassicae IFV had the widest host range amongst the bvaculoviruses.

In gensral heterologous infections had a higher Li50 value.

Dissolution of I.3B.s was compared in vitro and studied in vivo
using radio-labelled virus. The rate anl extent of virus particle

release from I.B.s did not appear to limit infectivity.

Blectron microscopical examination of larval gut secticns after

virus feeding sugsested that virus particle uvtake at the gut epithelium

may be a limiting factor in infection.



ACKNCULESGRTNTS

I would like to thank my supervisor, Dr. Chris FPayne, for helpful
advice, stimulus and guidance on all aspects of this study, and
Frofessor M. J. Way for his encouragement and general guidance. I also
wish to acknowledge the help of other members of the G.C.R.I. staff,
notably Dr. N. IZ. Croock for discussiocn anl advice on biochemical
techniques, lire P. T. Atkey for training in the technigues of electron

microscopy, and Dr. R. White for statistical advice.

The work was funded by an Agricultural Research Council advanced

studentship.



ABSTRACT

ACKIIOHLEDGEMENTS

TABLZ OF CCLTEITS

LIST OF FIGURZS

LIST OF TABLIS

INTROJUCTICN

TABLZ OF CCLTINTS

CEAFTZR 1  LIT3RATURE REVISW

(1)
(2)

(3)
(4)

THR CCCURRIHCE OF CCCLUSZD VIRUSIES
PHYSiCAL, CEZMICAL AKJ AUTICENIC FROFIRTIZS
a) BACULOVTRUSES (i) STRUCTURE
(ii) RILATICNSHIFS BOTWZaN
AXD WITHIN SUBGRCUES
D) CYTOPLASMIC FOLYHIDRCSIS VIRUSES
c) ZEHTCHCFCXVIRUIES
INCLUSICK 3CDY DISIGN

FATECLCCY OF IMFSCTICH BY CCCLULE

]
<
-
th
7]

a) INCLUSICH BCDY DJISZCLUTICH
b) VIIUS SURVIVAL IF THS GUT LULES
c) THI FIRITRCFEIC IIR3RANE AS 4 BRI

TO IIFSCTICH

F.iG3

13

7

18

22
23
25
25

27

32

33
38
38

40



CHAPTER 1

CEAPTER 2

(4) d4) ATTACHIZT AMD PENETRATICH
@) PATHWAYS CF REFLICATION
(i) BACULCVIRUSES
(ii) CYTOPLASHIC
Poimmnosxs VIRUSES
f) LATINCY
(5) HOST RANGE
(6) ORAL LiFECTIVITY
a) DCSE STUDIES
b) TIME CCURSE STUDIZS
c) RESISTANCE TO VIRAL IXF=ECTION
(7) VIRUS ECOLCGY
a) NATURAL IKCILENCE

b) TRANSHISSION AID SURVIVAL

MATZRIALS AND METHODS

.(1) DECONTAMINATION PROCZDURES

(2) THE INSECTS
a) SPECIZS STUDIZED AND ORIGIK OF STCCKS
) MAILTENANCE OF InSECT STOCKS
c) OIET COMPOSITION |
(3) TEE VIERUSES
(4) PRODUCTION AND FURIFICATION OF VIAUSES
a) OCCLUDED VIEUS PREPARATICES |
b) SEPARATION AID FURIFICATICH CF BACULCVIRUS

VIRUS PARTICLES, GRAKULIN AND PCLYEEDRIN

m
13
14
14
4
7
78
78
78

g2



PAGE

CHAPTER 2 (5) LIGHT NICROSCOFY | 83
a) BUIFLENT 83

b) COUKTING INCLUSION BODIES 83

c) MEASURING POLYHEDRAL JIAlETIRS &4

d) EXAMIFATION OF LARVAL SHZARS 84

(6) ~ELECTRON 1MICROSCOFY &
a) SPZCIMEN PRSPARATION FOR THEIN SECTIONIIG &

b) SECTIONING AND EXANIFATION OF THIN SECTIONS 86

c) KEGATIVE STAINE) FREPARATICNS ‘ 8

d) SCANKING BLECTRON HICROSCCEY 85

(7) BIOCHENICAL ANALYSES 87
a) SDS-PCLYAGRYLAMIDE Gil ELECTROFHORESIS OF 87

POLYPZPTIDES
b) XNUCLEIC ACID FURIFICATION - 88
c) RESTRICTION ENDONJCLEASE DIGZSTION CF 89

BACULOVIRUS DI

d) AGAROSE GZL ELECTRCPECRZSIS OF KUCLZIC 90
ACIDS
e) FPOLYACRYLAMIDE GEL ELECTROPHCRESIS OF 91

NICLELIC ACICS

(8) SEROLCGICAL ANALYSES 92

a) PRAFARATION OF ALNTISZRA 92

b) DHLUNCDIFFUSION 93

c) PHEEPARATICH OF - §~GLCEULIN 93

d) ENZYNE-LIVKED DdUROSORBENT ASSAY 93
(ELISA)



FAGEH

CHAPTER 2 (9) IIFZCTIVITY ASSAYS 9%
a) DOSIKG 1ETHOD Sa
'b) ESTINATION OF LOSE VARIABILITY ON LEAF %
DISCS USING S2P-LABELLED VIRUS
(10) PRODUCTION AND COUNTIKG OF S2P— AND 97
SH-LABELLED VIRUS
CHAPTZR 3  BIOCHSIICAL ﬁ.m SEROLOGICAL ANALYSIS OF THE VIRUS 100
ISOLATES
(1) ELECTROFHORETIC PROFILES CF RISTRICTION 101

ENDONUCLEASE DIGESTS OF 3ACULOVIRUS DNA'S

a) TEREE EUROPEAN ISCLATES CF A. SEGITUN NPV 101
b) M. BRASSICAR NFV 104
c) A. SEGETUM GV 106
d) P. GAMNA SNFV and milPV 107
(2) ELECTROPHORETIC FROFILE CF P. GalMli CFV S AN

GENCHE SEGHNENTS
(3) SDS-POLYACRYLANIJUZ GZL ZILICTROPHORISIS CF 113
STRUCTURAL POLYPEFTIUES FROL THREZ SURCPEAN

ISOLATES CF A. S&GETUL NFV Alu li. BRASSICad LEV

a) FOLYHEDRINS 113
b) ’}IRUS PA.RTICLE STRUCTURAL PCLYFZPTIVES 118
(4) SEROLEGICAL ANALYSIS CF THZ BACULCVIAUSES 120
a) SPECIFICITY CF ARTISERA 120
b) ANTIGZNIC RELATICNSHIFS BETWiil THE 124

BACULOVIAUSES, USTARMINED BY INDIRECT ELISA

(5) DISQUSSIOW 125



PAGE

CHAFTER 4  INCLUSION BOJY STHUCTURE 132
(1) INCLUSION BODY NCRPHOLCGY 133
(é) ILTERVAL STRUCTURE OF INCLUSION BODIES 137
(3) CALQULATION OF INCLUSICN BOUY VOLUMS 150
(4) CALéULATION F NﬁMBERs CF LUCLECCAPSIDS ‘ 155

AND VIRUS PARTICLES WITHIN INCLUSICHN BCDIZS

a) KUMBER OF KUCLZOCAPSIUS PER VIRUS 156
PARTICLE
b) NUIB&R OF LUCLZOCAFSIUS AND VIRUS 158

PARTICLASS PER I.B.

(5) DbIScUSSION 161
CHAFTER 5 HOST RAKGE STUDIES 184
(1) INFECTION TESTS WITH NEONATE LARVAR | 165
(2)  IDENTIFICATION OF PRCGENY VIRUS IN 165

CROSS-IINFECTION TESTS

a) BACULOVIRUSZS 166
b) CYTOPLASNMIC FOLYHEDROSIS VIRUSE 173
(3) SUSCEFTIBILITY CF . BRASSICAZ TO THRES 176

ZURCPZAN ISCLATES CF A. SEGETUM NFV

(4) DISUSSION 177
CHAPTER 6 STUDIES OF VIRUS ILIFECTIVITY 175
(1) LD50 4SSAYS | ' 180
(2) LT50 CaLCULATICHS 186
(3) VIRUS PRGUUCTION ASSAY 180
(4) ovIScussIon 189

- 10 -



CHAFTZR T

CHAPTZR 8

SULIMARY

APPENDIX 1

INCLUSION BODY DISSOLUTION

(1) IN VITRO DISSOLUTION

(2) DISSOLUTION QF R4DIOLABELLEZD I.B.'S IN VIVO
(3) ELECTRON MICROSCCPIC EXAMIFATION CF |

DISSOLUTION I VIVO

(4) DISCUSSION

GENZRAL DISCUSSICN

(1) IiFECTIVITY OF VIRJS PARTICLES AlD
FUCLEQCAPSIDS

(2) I.B. STRUCTURE 4l IIFECTIVITY

(3) I.B. POFULATION ECOLOCGY

(4) PHYSIOLCGICAL ASPZCIS OF INFZCTION

(5) THE SIGNIFICANCE OF INFECTION P.ARANEIERS

FOR HICROBIAL COLTROL OF IiSECT PESTS

A CCHPARISON CF THE ELACTROPECRETIC MCBILITIZS OF
VIRAL ds-RNA SEGHIENTS AND ds DNA RESTRICTICN

INDCHUCLZASZ FRAGMINTS, CON TEREZm Gzl SYSTILS

(1) CEV AND P. CERYSOGENUH VIRUS ds REA SEGHENTS

(2) BACULOVIRUS AND A PHAGE LNA FRAGISITS
(3) EFFECT CF CHANGES IN GEL BUFFSR SYSTIIS

(4) DISCUSSICH

- 1] -

PAGE

194
195
196
22

209

21

212

215
218
220

221

223

226

227
233
234

234



APPENDIX 2 STATISTICAL APFENDIX TO CHAFTIR 4

BIBLICGRAPHY 240

- 12 -



241

31

3.2

3.3

35

3.6

3.8

3.9

LIST OF FIGURIS

Bistogram of bioassay dose distribution.

Flectrophoretic profiles of DN, digested with HZcoRI,

from three Xurorean isolates of A. segetum ¥FV.

Electrophoretic profiles of Dli, digested with hird III,

from three Zuropean isolates of i. seretum 1FV.

Zlectroplioretic vrofiles of DNA, digested with ZcoRI,

from li. brassicae XNFV and A. sesetum GV.

Blectrophoretic profiles of L4, digested with EcoRI,

from P. zamma mUFY and A. californica KEV.

Electrophoretic profile of DJIA, digested with IcoRI,

from P. gamma s¥FV.

Electrophoretic profiles cf F. camma CFV and 3. mori

. CEV genome segments on 3% acrylamide gel.

. Polyacrylamide gel electrophoresis of golyhelrins,..

Co-electrophoresis of i, brassicase IFV ani

A. sezetum (B) IFV polyhedrins.

[ = S A

Blectrophoresis of polyhedrins, showing varying degrees

of alizaline protease breakioun.

Ilectrophoresis of virus particle structural

rolypeptiies from il. brassicae IrV and three Zurorean

isalates of 4i. segetum 1iFV.

-13 =

102

103

105

109

110

112

119

116

117

119



311  Immunodiffusion tests of antisera specificitye. 122

3«12 Reaction of ki, brassicae FFV antisera with dissolved IFV 123

I.3.'s tested by double antivody sandwich ZLISi.

3.13  Reaction of LFV antisera with dissolved NFV and GV - 126

I.B.'s, tested by irdirect SELISA.

3.14 Reaction of A. segetum (Z) WFV antisera with dissolved 127

WPV and GV I.B.'s, tested by indirect ZLISA.

3.15 Reaction of ¥V and GV antisera with aissolved TV and 128

GV I.B.'s, tested by indirect ELISA.

4.1 Scanning electron microscopy of viral inclusion bodies. 134
4.2 rhase contrast microscoﬁy of A. segetum (Z) ¥EV I.B.s 136
4e3 Thin sections of A. segetum GV I.3.'s. | 139
4.4 Thin sections of A. segetum GV, aberrant I.B.'s. | 140
A:Sf Thin sections of P. brassicae GV I.3.'s. 14
4.6 Thin sections € F. gaemma sEFV I.B.'s. 142
4.7 Thin sections of F. gamma miiFV f.B.'s. 143
4.8 Thin sections,of . brassicae NEV I.3.'s and 144

A. segetum (F) I'F7 I.B.'s.

4.9  Thin sections of i. segetum (3Z) IFT I.3.'s. 145
4.10  Thin sections of P. gamma CFV I.3.'s. 146

- 14 =



4.12

4.13.‘

4414

5.1

52

Te1

7.2

licgative staired preparations from alizaline dissolved I'TV

I.B.'s,.

llegative stained preparations of E. gamma sITV,

partly dissolved I.B.'S.

"Isopycnic sucrose gradient centrifugetion of dissolved

L. brassicee LEV and A. segetum (B) LFV I.B.'s.

Relationship between I.B. volume and protein contemt

for six I'PV preparations.

Zlectrophoretic profile of . brassicae LIFV virus particle

polypeptides, groun in A. segetum, M. brassicaes ard

A. exclamaticnis.

BElectrophorssis of baculovirus inocula and progeny IEA,

ZcoRI digests on 1% agarose gel.

Phase contrast microscopy of smeared larvae: NEV

infection of M. promuba and CPFV infection of P, gamma.

Zlectrophoresis of CFV inocula and progeny RIL segments

on 3% acrylamide gel.

Zlectrophoresis of CFV inocula and progeny 3ii segments on 10

acrylamide gel.
Alkaline dissolution of baculovirus I.B.'s in vitro.

Dissolution of S2P-labelled 4. segetum (3) LFV I.3.'s

in vivo.

- 15 - .

148

149

154

169

170

172

174

175

197

199



1.7

7.8

T+9

A.1

4.2

.‘"1.03

AJd

Dissolution of 3H—labelled I.Be's in vivoe

I.B. dissolution

I.3..dissolution

1

i

=

vivoe. Thin sections.of larvaee.

vivoe Thin sections of larvae.

lidgut sections of I, brassicae neonates fed

. brassicae NFV, showing undissolved I.Z.'s.

lidgut of li. brassicae neonates fed M. brassicee LFV.

Hidgut of i, brassicae neonates fed li. brassicze NFV.

Haemocoel: of F. rapvae reonate infected with F. brassicae

GV.

Eléctrophoresis
Zlectrophoresis
Tlectrophoresis

Zlectrophoresis

polyacrylamide.

of

of

[8]
Hy

nucleic ageids
micleic acids
nucleic acids

racleic acids

- 16 =

é
on 1% agarose.

on 1% agarose.

on 3% polyacrylamidle.

on 10% discontinuous

FAGE

200

203

204

205

206 .

207

208

229

230

23

232



2.

3.

S5e

6e

Te

8.

10.

LIST CF Ta3LaS

The lepidopterous species studied.
Origin of virus isolates studied.
Polyhedral size measuremepts.

Distribution of no. nucleocapsids per virus particle in

A. segetum (Z) NPV, A. segetum (F) NEV aml li. bressicee IFV.

Wo. virus particles and nucleocapsids per inélusion body .
Virus host range.

Complete results of 12050 assays.

Comparative L550's.

LT50 results,

LD50's for virus infections, in necnate larvae, comverted
t0 equivalent numbers of virus particles (CPV) and

micleccapsids (baculoviruses).

-17 -

FAGS

75

19

152

157

160

162

182

184

187

213



INTRODUCTION

Three virus families, the Baculoviridae, Reoviridae and
Poxviridae include some members in which the infection cycle terminates
in the production of oc‘c,;ltid.ed infectious viruse Here the virus
particles are enclosed within a protein crystal of viral origin (the
inclusion body or I.B.). These crystals appear to be the main vehicle
for virus ’cra.nsmiséion to new host individuals. Other viruses in these
three families are not occluded in this sense, notably the vertebrate

reoviruses ard poxviruses.

The hosts of occluded viruses are almost exclusively larvae of the
insect families Diptera, HymenoPtera; Coleoptera and, most frequently,

Lepidoptera.

Considering the divergent characters of the viruses_involved, it
is probable t‘ha.t the I.B. is a feature of convergent evolution. However,
its function is poofly understood. It is commonly believed that the I.B.
hag a role in protecting vims particles while outside the host.

Indirect evidence for this hypothesis is provided by studdes oﬁ the
persistence of non-occluded aml occluded viruses (Chapter 1, Section 7(b)).
The fact that occluded viruses mainly infect larval stages of
holometabolous Insecta also adds ci rcun'lstantial.support to0 the protection
hypothesis, for in these species the virus must survive for periods when
there are no available hosts (Chapter 1, Section 1). There is some
evidence thé:t thé I.B. may reduce degradation of virus pa.r'ticlc;s during
the process of oral infection but this is inconclusive (Chapter 1,

Section 4(b)).
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If either or both of these factors are important they are still
only explanations of the presence of thé I.B., not the structural
variations which it exhibits. Most occluded viruses enclose more than
one infective unit in each I.B., which therefore acts as a 'package' of
inoculum. Perhaps this is the main role of the I.B., and forms with only

one virus particle in each I.B. (notably grarulosis viruses and some
~cytoplasmic polyhedrosis viruses) might be special cases of the general
condition. Very iittle work has been done to compare the structural
forms of occluded viruses or explain the variation fourd. While it is
known that the number of occluded infective units per I.B. varies
markedly between different viruses (particularly among leﬁidopteran
baculoviruses), there have been no studies on the relationship between
this characteriétic and the virus'® biological properties. In particular
it is not known how infectivity relates to the number of virus particles

occluded within the I.B.

It is the purpose of this study to examine this relationship by
»analysing inclusion body structures of a range of occluded viruses, and
their infectivity to different hosts. Five baculoviruses were chosen
which exhibit the three major forms of virus packaging: two granulosis
vifuses (GV), one muclear polyhedrosis virus in which all the nucleocapsids
are singly enveloped (SKPV) and two nuclear polyhedrosis viruses where
one or more micleocapsids are fourd in each virus particle (mNFV). A
cytoplasmic polyhedrosis virus (CPV) was examined in comparison. A
method for measuring the numbers of nucleocapsids in each type of inclusion
body was developed amd the structures of the viral I.B.'s were compared.
This comparison was then related to the viruses' biological propertiés

of infectivity and host range.
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The viruses used were originally isolated from important agricultural
pestse In this study an examination was made of their infectivity to |
seven pest species including the original hostse. By measuring infectivity
at a standard larval stage (neonate), the results using different species
are directly comparable. Two criteria were used in chogsing species for
this analysis. First, they exhibit a variety of taxonomic relationships,
which is useful for host-range sfudies. Second, they have overlapping
geographical ranges and are often found on the same food plants (Table 1).
The viruses are therefore in a position to compete for the same hosts.

The host range ‘study shows how each‘virus is adapted to a specific niche
within this ecosystem. Such an analysis is useful in the assessment of
viral agents for pest control, particularly where one pest is susceptible
to several viruses. The host spectrum of a virus must be thoroughly
studied to determine its possible value in controlling several pests and

for its effect on non-target species.

The mechanisms for differences in virus virulence in homologous
and heterologous hosts are unknown. It . is clear that I.B.'s of different
viruses require more or less extreme'conditions for dissolution, possibly
as an adaptation to conditions in the host gut. Whether the rate or
extent of diésolution in: altermative hosts limits infectiviiy has not
been examined. In this thesis a quantitative method was devised to
examine this question. If the I.Be. functions as a bag of infectious
partici;s which are released equally in differemt hosts, the virulence
differences may reside in the survival of virus in the gut lumen, or in
. the rate of uptake at the gut epithelium. These possibilities were
examined together with the data on absolute infectivity to see if a clear
pattern emerged. Clearly, virulence may be influenced by other molecular

characteristics, but studies of these did not form part of the present
investigation.
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For the results of cross-transmission studies to be valid it is
essential to identify the inoculum and progeny viruses. Published
studies are often meaningless because they have not fulfilled this
oriteriqn. In this project identification was achieved by electrophoretic
analysis of RINA genome segments (CPV) or DNA fragments produced by
restriction emdonuclease digestion of the viral genome (bacgloviruses).
Relationships between viruses were examined using serology and
polypeptide electrophoresis. Recently, workers have shown that virus
isolated from one species in different geographical areas may exhibit
genomic and biological variation (Chapter 1, Sections 2 and 6). In this

study one of the major pest species examined was Agrotis segetum, the

turnip moth. Three european isoclates of NPV isolated from this species

-

were examined to determine their relatedness and infectivity to A. segetunm.
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CHAPTER 1

LITERATURE = REVIEW

(1) The Occurrence of Occluded Viruses
Harrap anmd Payne (1979) list eight groups of viruses which contain

members pathogenic to insects and other arthropods.

FAMILY OR GROUP OTHER NAMES ABBREVIATION NUCLEIC ACID
1) BACULOVIRIDAEM '
SUBGROUP A NUCLEAR POLYHEDRCSIS NPV ds DNA

SUBGROUP B GRANULOSIS GV ds DNA
 SUBGROUP G ORYCTES VIRUS GROUP . as A
2) REOVIRIDAE  CYTOPLASMIC POLYHEDROSIS CPY ds RNA
3) POXVIRIDAE  ENTOMOPOXVIRUSES PV ds DNA
4) IRTDOVIRIDAE IRTDOVIRUSES | ds DNA
5) PARVOVIRIDAE DENSOVIRUSES : ss DNA
6) RHABDOVIRIDAE ss RNA

7) SMALL RNA
ss RNA

VIRUSES

8) 'UNCLASSIFIED' E.G. DROSOPHILA X ds RNA

Occluded viruses occur only in groups one to three. Within these
three groups non-occluded viruses may also occur, notably the Oryctes
virus (Huger, 1966) and some. putative baculoviruses of crustaceans
(Pappa:\hxdo-:&:B.éﬁa@i,‘ 1979 Sano et al., 1981). The relative abumdance of
the occluded viruses can be judged from the report by Martignoni and
Iwai (1981). This is summarised below as modified by the comments of

Rohrmann et al. (1981) ard Payne (1981d).

* A variety of parasitoid wasps have viruses associated with their ovaries
(Stoltz and Vinson, 1979). These are probably not baculoviruses (Krell a
Stoltz, 1981) and are not included here. ‘



Numbaer of Reports of Infections by Occluded Viruses

? indicates the report is dubious

VIRIS

HOST CLASS/ORDER BACULOVIRUS
CPV EPV

NPV* GV
~ CRUSTACEA :DECAPODA 1 - 1 -
INSECTA :ORTHOFTERA 52 - - -
NEUROFTERA 22 22 - -
COLEOPTERA 22 - 27 17
DIFTERA 21 - 17 5
LEPIDOFTERA 337 103 163 18
TRICHOPTERA 1 - - -
HYMENOPTERA 25 1? 7 -

The figures in this table are to some extent a reflection of the
amount - of research effort which has been put into each host order as a
resuit of its pest status. Many workers have failed to positively
identify the virus involved and so some reports involve the same virus in

several different hosts.

The occurrence of occluded viruses is limited to arthroped hosts
of which the majority are holometabolous Insecta. Of the insect orders
in the table above only the Qrthoptera is hemimetabolous. In other words
most of these viruses infect the larval stages of insects where the adult
stage is considerably different in structure and habits. Such a host is
only available to the virus for limitedfperiods of time between which it

must survive outside the host system. In this context it is interesting

* NPV's may be singly or multiply emveloped (sNPV or mNFV) as described
in Section 2(2)(i) and 3. mNPV's are only found in lepidopterous hosts.
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t0 note that the non-occluded baculovirus of Oryctes rhinoceros infects

adult as well as larval beetles and so has a contimuous supply of hosts
(Section 7(b)). The only known baculovirus found outside the insects is
the NPV of the shrimp Penaeus duorarum (Couch, 1974). There is
insufficient information on the ecology of this virus to decide if it muét
survive outside the host in the same way that insect occluded viruses

must .

Nearly all entomopathogenic wiruses from the families Baculoviridae,
Reoviridae and Poxviridae are occluded, suggesting that this is a
successful adaptation to insects as hosts. However it is possible that
more non-occluded viruses from these families remain to be discovered,

particularly if they produce sub-lethal infections.

The widest range of structural forms is found among baculoviruses
of Lepidoptera. There are no definite reports of GV or amNPV outside this

ordere..

(2) Physical, Chemical and Antigenic Properties

Most attention will be paid to the baculoviruses and to a lesser
extent the CPVs, as these are the virus groups examined in the present
study. The literature on entomopoxviruses (EFV's) is very limited and

will be mentioned briefly where it is of comparative interest.

a) Baculoviruses

(i) Structure. The structure of these viruses has been
comprehensively reviewed by Harrap and Payne (1979) and Summers (1977). |
The mucleocapsid is rod shaped, with dimensions of 30-50 nm by 220-320 nn.

It may be somewhat compressed within the viral envelope (Brown et al., 1977).

The virus particle dimensions vary widely. One or more nucleoccapsids
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may be enveloped together, mﬁltiply enveloped forms being found ma.l.nly

in the mNPV's but also in some GV's (Section 3). In addition dimensions
of the virus particles differ when oécluded. as opposed to alkali-liberated
virus is measured (Harrap, '1972(‘9}‘); Figures ranging from 40-140 nm by
250—406 nm are commonly foﬁrd. The enclosed ds DNA is in the form of a
covalently closed circle of molecular weight 80 -~ 100 x 106. A recent
study by Kelly and Brown (1980) suggests a ’somewhat' higher molecular

weight of 115 x 106 for the DNA of Mamestra brassicae NFV.

The wvirion contains 11-25 polypepﬁl,eé-“' when analysed by SDS
polyacrylamide gel electrophoresis and the nucleocapsid 4-8, after
libveration from the lipoprotein envelope by the action of non-ionic
detergent (Harrap anmd Payne, 1979). Results of gel electrophoresis vary
due to the action of oné or more alkaline proteases which are present in
virus‘ produced in larvae. These enzymes are not fourd in tissue culture-
" derived virus (Zummer and Faulkner, 1979) and so are presumably not of
viral origine The infectivity to larvae of tissue culture-derived and
larval-derived NPV has. been shown to be the same, suggesting that the
proteaée is of no importance in infection (Faulkner and Henderson, 1972;
Vail et al., 1973; Ignoff.o et _a._l_.,1973‘(3,))'. The release of virus particles
from larval-~derived I.B.'s by the action of dilute alkali fesults in the
degradation of some polypeptides due to the proteases. This is one
explanation of the d.ifferent profiles found on gel electrophoresis of viral
Qolypeptides where I.B.'s have been dissolved under different conditions.

Examples bf-this are the electrophoretic profiles of M. brassicae NPV virus

particle polypeptides foundl by Kelly ard Brown (1980) and Maskos and

Miitenburger (1981).
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: Baculovirﬁses of subgroups A and B produce an occluded form of virus
towards the end of the infection cycle (Section de). The I.5. acts as the
unit fér the transmission of virus by oral infection of further host
irdividualse It consists of a paracrystalline protein with polyreptide
subunit molecular weight 25 - 31.4 x 103, in which the virus particles
are embedded. This protein, knoun és granulin or polyhedrin in the case
of GV's and HPV's.reSpectively; has been shown to be virus specified in
Autographa californica NFV infection (Van der Beek et al., 1980). The
evidence for a surface mewbrane on the I.3. is summarised by Summers (1977).

This appears to consist mainly of carbohydrates (liinion et al., 1979).

(ii) Relationships between and within subgroupse The division of
Baculoviridae into three subgroups is based almost emtirely on the pfesence
or absence and structure of the I.B. as discussed in Section 3. Detailed
examination of biochemical and serological data shows little evidence that
viruses within subgroups are mcre closely related than between subgreups
and this evidence is considered here.

Upholt (1977) notes that differences between polypeptideé can be
analysed by three technidues depending on the scale of difference

(1) electrophoretic comparison for closely related polypeptides,
(2) antigenic similarity for moderately close relationships,
(3) amino acid sequence for distant relationships.
Sven where very similar phenciypes are produced there may ve significant
gengtic variation due to genetic drift at the third (variable) codon bases

N . .
or in repeated ani not-transcribed base sequences. Genetlic analysis can

therefore be useful for discrimirating between very closely related viruses
and as suéh comes before the electrophoreiic comparison of polypeptides
in the above list.

"The information provided by each of these four techniques when

applied to baculoviruses will be considered in order to throw light on the

interrslationsiips of the viruses in this group.
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W dmu%mpxdnc ;ifbi"’:j.}éé of restriction enzyme digests of
baculovirus genomes show little or no similarity between viruses
(Rohrmann et al., 1978; Smith and Summers, 1978). Genomes with 15% or
more base substitutions will show less than 10% conserved fragments
(Upholt, 1977), so this merely irdicates that most baculoviruses are not
very closely related. On the other hand some baculoviruses show very
high levels of sequence conservation by this ﬁethod, e.g+. Several

geographical isolates of Mamestra brassicae NPV and Heliothis armigera NFV

(Viak et al., 1981); variamts of Pieris spp GV (Crook, 1981 (%));
Autographa californica NPV and the related NPV's of Rachiplusia ou,

Trichoplusia ni and Galleria mellonella (Smith and Summers, 1979).

Similar results are found by homology studies using hybridisation
techniques notably Southern blotting. Vlak et al. (1981) showed little
homology (&€ 10%) between a range of sNPV's, mNFV'S and GV's either within
or between these groups, except in one or two cases where closely related
viruses had more than 80% homology. Jewell and Miller (1980) found very
low levels of homology (€ 1%) between five NPV's of which three were

multiply enveloped armd two singly enveloped.

The conclusion to be drawn from these studies of the viral DNA is
that some viruses are very closely related, with high levels of sequence
homology, and are probably genetic variants rather than separate viruses.
These variants appear capable of genomic recombination on multiple
infection (Croizier et al., f980; Croizier et al., 1981; Summers et QL.;
1980). XPV's contain multiple genome copies in each I.B. and these can
consist of genetic variants. It is mnecessary to clone individual variants

for fine genetic analyses (Lee and Hiller, 1978).

Apart from these variant forms most baculoviruses exhibit low levels
of sequence homology. An exception to this is the study by Kelly (1977)

showing intermediate homology (15-40%) between isolates of Spodoptera sSpp.



The baculovirus subgroups cannot be distinguished by these methods
nor by information on base composition or DNA molecular weight (Harrap

ard Payne, 1979)'

SDS polyacrylamide gel electrophoresis of viral polypeptides often

- gshows variants in parallel with differences in restriction enzyme digest

profile, for example in a study of two isolates of M. brassicae NPV
(Groner, 1978; Vlak and Groner, 1980). Crook @9&@9} fourd that the virus

particle polypeptides of Pieris brassicae amd P. rapae GV's were almost

identical, small differences residing in the viral envelopes. These
viruses were clearly distinguishable by restriction enzyme anclysis
however. The I.B. polypeptide exhibits very small sige difference with
different viruses (Croizier and Croizier, 1977) which cannot usually be
used to discriminate viruses. Discrimination is possible however if a
protease is used to partially digest the polypebtide giving sPécific
d?gestion producfs (Viak et al., 1981). No systematic differences between
subgroup, viral or L.B. proteins have been found by electrophoretic

methods (Payne and Kelly, 1981).

Serological studies are often difficult to interpret due to the
variety of techniques for antiserum production and testing which have

been used. Hoops and Summers (1978) fourd that when antiserum was

prepared to Trichoplusia ni GV I.B. protein isolated without alkaline
prétease action, three precipitin lines were produced in gel diffusion
tests with the homologous antigen. Two of these lines formed a reaction
of identity with Spodoptera frugiperda GV granulin amd polyhedrin from
several mlPV's and a siiPV. However if protease degraded granulins and
polyhedrins were used as antigens with the same antiserum there were
fewer precipitin lines and greater specificity. Croizier and Meynadier

(1975) also founi cross reactions between several lepidopteran KFV's
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using imminodiffusion tests with antisera to NPV polyhedra or polyhedrins.

Virus particle components usually produce more specific antisera. Thus

although the very closely related Pieris brassicae and P. rapae GV's

could not be distinguished by immunodiffusion test using virus par%icle
ant;sera, they could be separated by double antibody sandwich ELISA (Crook,
19@%Q} _Harrap.gi,g;. (1977) could distinguish three biochemically related
NPVé from Spodoptera spp. by immunodiffusion using antisera t§
mucleocapsids. Similarly McCarthy and Lambiase (1979) showed that sKFV's
and mNPV's from plusiine hosts cross reacted extensively in immunodiffusion
using ﬁolyhedrin antisera but only sligitly with nmucleocapsid antisera.
Pritchett et al. (1979) also found that polyhedrins were antigenically

cross~reactive when testing lepidopterous mNPV's and slPV's, while virus

particle antigens were mainly virus specific.

Conversely virus particles from different subgroups can give cross
reactions on gel diffusion testing, for example Oryctes virus and NPV
virions (Payne et gL.,19Nﬁﬂﬁi However, polyhedrin did not act as a

group antigen when lepidoptercus NPV's were compared with Tipula paludosa

NPV by immunodiffusion (Guelpa et al., 1977).

Smith and Summers (1981) have adopted a new approach to this
problem; By separating baculovirus structural pdypeptides by PAGE and then
blotting them onto nitrocellulose, a radioimmuncassay can detect which |
individual polypeptides are antigenically cross reactive to a particular
antiserum. Using this technique it was fourd that miPV, sNFV and GV I.B.
proteins cross react extensively to amNFV polyhedrin antiserum. Using
antiserum prepared to purified virions there was considerable cross reaction
between viral polypeptides within the mNPV and sNFV subgroup, but much less

between the NPV anl GV subgroups. The authors mention that.homology
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studies (in press) support these conclusions. These results agree with
the morphological subgrouping among lepidcpteraus baculoviruses. Recent
work by Rohrmann et al. (1981) however, suggests that lepidopterous

NPV's may be more closely related to GV's than to dipteran or hymenopteran
NPV's. This is based on results of double antibody sandwich
radioimmunoassay using antisera to QOrgyia pseudotsugata mNFV polyhedrin.
The sNFV from the Speciés reacted with almost the same intensity as the

milPV. Pieris brassicae GV showed a weaker reaction but stronger than that

of Neodiprion sertifer and Tipula paludosa NPV's which showed very low

level reactions.

The serological studies to date have shown that group specific
antigens exist within the lepidopterous baculoviruses and these viruses
can be distinguished by serological methods from other virus groups
(Crook and Payne, 1980). While the lepidoptercus NPV and GV subgrouping
may have phylogehetic meaning, the position of hymenopterous and dipterous'

NPV's and the QOryctes virus subgroup is not clear.

Only a limited mumber of studies of amino acid composition have
been done on baculoviruses. Summers amd Smith (1976) found that the
N-terminal amino acid from I.B. protein of Autographa californica mKPV and

Trichoplusia ni sN¥PV was glutamic acid while that from Trichoplusia ni and

Spodoptera frugiperda GV's was asparagine. A subgroup difference may
exist here. Rohrmann et al. (1981) have done limited sequencing studies
on I.B. proteins from a range of baculoviruses. The results suggest that

Bombe_.'_ mori and Q. pseudotsugata milPV's are closely related to each other

but slightly less so to Q. pseudotsugata sNPV. P. brassicae GV,

N, Sertifer NPV and T. paludosa NPV are distinct from each other and from

the lepidopteran NPV's.



It is concluded that lepidopteran NPV's are a distinct group, the
sNPV's and mNPV's being closely related. GV's are similar but distinct
from these. Other baculoviruses including NPV's of Diptera amd
Hymenoptera should perhape be grouped separately from those of

Lepidoptera but here relationships are unclear (Payne and ﬁelly, 1981).

b) GCytoplasmic polyhedrosis viruses

Thesé viruses form a genus within the family Reoviridae
kMatthews, 1979). The naked icosahedral virus particle is 50-60 nm in
diameter and contains a ds RUNA genome of 10 discrete segments with
‘molecular weight totalling about 13 - 16 x 106 (Harrap and Payne, 1979).
On the basis of the electrophoretic profile of the ds RINA segements from
lepidopteran CPV's it has been possible to distinguish 12 virus 'types'
(Pagne and Rivers, 1976). The virus particle is composed of 3~6

3

polypeptides of molecular weight 30 — 160 x 10 and their electrophoretic

profile confirms the type classification (Payne and Rivers, 1976).

CPV's produce polyhedral I.B.'s ranging in diameter from less than
1-pm to 10 pm and there is no polyhedral membrane presemt (Payne, 1981(b).
The matrix protein has a molecular weight of 25 - 30 x 103 amd is virus
specified (Mertens, 1979). This polypeptide and the virus particle
polypeptides appear to be primary gene products of imdividuzl RNA

segments (Payne and Rivers, 1976; Mertens, 1979).

The different virus types are anbigenically unrelated in terms of
matrix protein and virus particle polypeptides but ,cross reactions between
closely-related viruses within one itype can occur (Payne et al., 1580).
The relationshiés between CPV's from different host orders or different

lepidopteran CPV 'types' are unknowne.
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¢) Entomopoxviruses

These are members of one genus in the family Poxviridae and can be
divided into three subgenera on the basis of virus particle morphology
(Matthews, 1979; Kurstak and Garzon, 1977). Harrap and Payne (1979)
summafise the limited amount of information available on the biochemistry
of this group. The genome is composed of linear ds DNA with molecular
weight 130 - 200 x 106 and up to 40 polypeptides may be present in a .

virus particls.

A recent study of DNA homology has shown little relationship
between viruses from the three different subgenera, whereas Amsacta

moorei and Buxoa auxiliaris EFV's from subgenus B have about 50%

homology. A. moorei EPV DNA showed no homology with Vaccinia virus INA

(Langridge, 1981).

(3) Inclusion Body Design

Most studies on occluded viruses mention the approximate size of
the I.B. but rarely is any further analysis undertaken. Where electron
microscopic analysis of thin sections has been done it has heen possible
to estimate the mumber of virus particles per I.B. where this is very
small, in addition to the mmber of nucleocapsids per virus particle for
multiply enveloped viruses. No attempts have been made to calculate the
mumber of virus particles in large I.B.'s from this data. It has become
clear, however, that a wide range of I.B. designs are found in baculoviruses

and CPV's. EFV's have received little attention.

Anopheline mosquitoes usually have small CPV I.B.'s occecluling one

virus particle. For example Anopheles cuadrimaculatus CPV has spherical

or cuboidal I.B.'s of about 150 nm diameter (Anthcny et al., 1973).
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These might be considered analagous to lepidopteran GV's which usually
have one virus particle in each I.B. Here the I.B. is termed a
‘capsule'. Both GV's and anopheline CPV's exhibit occasional 'aberrant!

I.B.'s containing several virus particles. A. gquadrimaculatus CFV

_produces some I.B.'s with up to nine virus particles (Anthony et g._l...;
1973). Although the authors ascribe this to coalescence of smaller
I.B.'s, they have no real evidence for this. It ibs more likely that the
large I.B. is produced de novo and randomly occludes several virus

particles. Plodia interpunctella GV also produces aggregations of this

sort (Arnott and Smith, 1968‘)';_':,7:;:‘ Up to five virus particles per

capsule have been found in Laconobia oleracea GV (Meynadier et al.,

1969) while two are common (Crock et al., 1982), and Pinnock and Hess

- (1978) found two virus particles in some capsules of Archips argyrospila
GV. Granulosis viruses also sometimes exhibit multiply enveloped virus
particles, with up to nine miucleocapsids per virus particle in

P. interpunctella GV (Armott and Smith, 1968)4;'». ., four in A. argzyrospila

GV (Pinnock and Hess, 1978) and two in Spodoptera frugiperda GV (Bergold,

1963). Other GV's show no apparent morphological aberrations of this typ.e.

No evidence of this was found in a study of Pieris bvrassicae GV, for

_example (Brown et al., 1977).

‘Culicine mosquito CPY I.B.'s are usually larger than those of
anophelines and several virus particles are occluded as the norm. Aedes

captator CPV I.B.'s range in diameter from 0.5 pam to 3 um (Andreadis,

1981) while those of Aedes sollicitans and Culex salinparius are 0.1 pm to

1 pm (Clark et 2l., 1969). The I.B.'s of these viruses are anzlagous to
those of NPV in design and in both cases any one virus preduces inclusion

bodies with a range of sizes known as 'polyhedra'. The size range may be

caused by polyhedra from different infected cells differing in size,
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presumably as a result of the number of polyhedral initiation sites within
each cell. Any one cell produces polyhedra of similar size (Vago and
Cayrol, 1955; Huber, pers. comm.). It is not clear therefore to what
extent polyhedrél sige is a virus specified feafure and how it may he
modified by host cell type. It does seem that polyhedral shape is

virus determined as itvis retained on passage both with CPV's (Payne and
Harrap, 1977) and NPV's (Harrap and Payne, 1979). While usually being
pentagonal, hexagonal or globular in outline some NPV I.B.'s are more
distincéive, notably the cubic I.B.'s of Autographa californica NPV (Vail

et al., 1973) and the pyramidal I.B.'s of Penaeus duorarum NFV (Couch,

1974). Such morphological features can be of diagnostic value
(Jurkovickova, 1979(a); Vail et al., 1973). It seems that I.B. size is
under less rigid viral control so that a virus isolate exhibits a

characteristic range of sizes (Jurkovickova, 1975(b)h

The number of virus particles occluded varies widely among the
larger polyhedral viruses, appearing to depernd to some degree on
polyhedral size. With NPV's both Morgan et al. (1956) and Bergold (1963)
have suggested that the virus particles are randomly embedded amd they
do not appear to disrupt the crystalline lattice. Hore recent work
confirms this except for one study on Orgyia pseudoisugata sNFV when
Hughes and Addison (1970) found some polyhedra with regular arrangement

of virus particles.

Some CPV's contain the largest numbers of occluded virus particles, -

with an estimate of up to 10,000 per I.B. in Danaus plexipvus CPFV

(Arnott et al., 1968). . Martignozi (Pers. Comm.) fourd up to 265 virus
particles per section of Autographa gamma CPV I.B. By partial dissolution

of NPV polyhedra it is possible to retain the virus particles within the
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polyhedral membrane and count them using electron microscopical
examination of negatively stained preparations. This technique is most
suitable for sNPV and small mNPV. Using this method Gregory et al. (1969)

estimated a mean of 26.4 virions per I.B. with Heliothis zea sNPV, the

results ranging from 15 to 38. Lipa et al. (1971) observed up to 40

virus particles per polyhedron of Agrotis segetum mNPV while Smirnoff and

Ackermann (1977) estimated up to 80 in Thymelicus lineola sNPV polyhedra.

With mNPV's the nmumber of nucleocapsids rer I.B. may be many times
greater than the number of virus particies due to multiple envélopment.
The distribution of nucleocapsids per vifus particle can be analysed by
isopy?nic centrifugation. of alkali liberated virions on sucrose gfadients.
However, this methéd often produces bands of viral degradation products
(Cibulsky et al., 1977; Jurkovicova, 1979(b)). Electron microscopy of
sectioned polyhedra is more suitable. The mode and distribution of

enveloped forms varies with different viruses. Orgyia pseudotsugata

NPV usually*has.Z to 15 mucleocapsids per bundle but up to 28 can be

found (Hughes and Addison, 1970). Bergold (1963) studied two Lymantria
sppe NPV's and one NPV from Spodoptera é@éﬁéenia; again few singly
enveloped nmucleocapsids wefe fourd and up to 19 were enveloped together.
A detailed study of these packing arrangements was made by Kawamoto am
Asayama (1975) in Buproctis similis XNPV. Certain arrangements were more
common presumably for reasons of stability. Hexagonal organisation of
transversély sectioned virus particles was fourd most often, with up %o
39 nucleocapsidé rer burdle. Not z2ll NPV's have such large virus bunlles.

Anticarsia gemmatalis NPV has small polyhedra (1.2-1.5 pm) with 43% of

virus particles singly enveloped while only 2% have more than 5
micleocapsids (Carner and Turnipseed, 1977). Similarly Vlak and Groner

(1980) founl 1-8 nucleocapsids per virus particle in two isolates of



famestra brassicae NPV amd Lipa et al. (1971) observed 4-8 mucleocapsids

per burdle in A. segetum NPV. Lymaniria dispar NPV has 2-7 nucleocapsids

per virus particle (Morgan et al., 1956).

It is probable that these arrangements aré stable during virus
passage. Tomkins et al. (1980) fourd only very small changes in the
mmber of virus particles per NPV I.B. section and the number of

mucleocapsids per virus particle when Heliothis-armigera ard Rachiplusia

- ou mNPV's were passaged several times in alternative hosts.

Kawamoto and Asayama (1975) suggested that the limiting factor
for virus particle size might be the envelope size into which the
micleocapsids pack. If so it would indicate a mechanism for viral control

of this feature.

ﬁy combining data on mumber of virus particles per I.B. and size
of virus bumiles it would be possible to calculate thé mmber of viral
genome copies per IL.B. for mNPV's. Unfortunately both pieces of data
are rarely available for one virus. It is clear that mNPV's may have
sevéral hurdred mucleocapsids in each I.B. Hughes (1979) estimates that

Orgyia pseudotsugata mNPV has about 1600 while Q. pseudotsugata sNPV has

about 670.

I{ can be concludedAthaj as a result of alternmative packing
arrangememnts, CPV and baculovirus I.B.'s can enclose one to several |
thousand genome copies. Similar data for EPV's is lacking. Milner and

Beaton (1979) estimated that Oncopera alboguttata TPV contains about 80

virus particles per I.B. Kurstak and Garzon (1977), however, claim that
the mumber of virus particles occluded by each spheroid (ZPV I.B.) varies

in different tissues and in different hosts.
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(4) Pathology of Infection'bx¥Occluded Viruses

The me jor pathway for infection by occluded viruses appears to be
via feeding on material contaminated by i.B.'s. The T.B.'s dissolve in
the insect gut to release virus particies: These inféct the midgut
initially, (solely in the case of CPV's and some baculoviruses) but also
a range of other tissues in infeﬁtions by EPV's and lepidopteran
baculoviruses. The replication cycle is completed with the production of
more occluded virus which may be released with the frass by CPV infected
larvae, or at death (which is associated with rapid tissue breakdown) in
baculovirus infections of Leéidoptera. These processes are considered in

detail below, concentrating on the initial stages most pertinent to

this study.

a) Inclusion body dissolution

| Most studies of dissolution have examined the process in vitro.
It is fourd that most baculoviruses ard CEV's dissolve readily in carbonate
buffer of moderately high pE to produce'particles infective by haemocoelic
injection (Paschke and Summers, 1975; Payne, 1981(b)). For example
Pieris brassicae GV dissolves rapidly in 0.1 M carbonate buffer at pH 9.8
but not at pH 8.95 (Ripa, 1978). Egawa and Summers (1972) demonstrated

that the process had three phases using Triohoplusia ni GV. These are the

lag, exponential and slow phases of dissolution. It was suggested that
the first is caused by the presence of a protective surface structure which
ruptures rather than dissolving. The last phase is due to the presence

of resistant I.B.'s in the population.

Tipula paludosa NPV shares with the entomopoxviruses the necessity
for reducing conditions to dissolve I.B.'s in vitro. Bergoin andvGuelpa

(1977) used 0.125 M sodium thioglycollate with 0.125 M sodium bicarbonate



at pH 10.5 to release intact virus particles by dissolution of T. paludosa

NPV I.B.'s, Oncopera alboguttata ZEFV I.B.'s require carbonate/thioglycollate

at pH 12 for dissolution (Milner and Beaton, 1979). It is probable that
in these cases disulphide bridges are imvolved in the matrix structure
(Bergoin and Guelpa, 1977), in contrast with weaker ionic bonmds for

most baculovirus inclusions (Bgawa and Summers, 1972). Early suggestions
that the matrix of lepidopterous baculoviruses might be held together by
a silicacecus framework (Faust anl Adams, 1966), have now been largely

discounted (Padhi and Chase, 1976).

The situation in vivo is more complicated. Paschke and Summers

(1975) suggested that crystal dissolution does not need carbonate ioms or
high pE in vivo. Faust and Adams (1976) found that dissolﬁtion of three
NPV's in Bombyx mori midgut juicevoccurred at a slower rate after heat
treatment of this juice, suggesting some role for enzymes in the
dissolution process. Gut juice dialysed against borate buffer pH 8.5
retained proteolytic activity but could not dissolve poiyhédra, so pK is

also important.

Milner aml Beaton (1979) note that the gut of 0. alboguttata is

probably not at the high pH required for dissolution in vitro (see above)
50 presumably enzyme action is also involved here. On the other nard the

midgut pH of Pieris brassicae larvae is certainly suificient to dissolve

its gramlosis virus (Ripa, 1978), and three species of iedes mosquitoes
have gut pH high enough to dissolve Aedes NFV (Stiles amd Paschke, 1980) )
Broome and Coons (1978) speculate that enzymic degradation of ihe

heteropolyséccharide polyhedral emvelope of Heliothis virescens NPV may

be necessary before action of protease on the matrix.
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wWhere the dissolution process has been observed in vivo it appears
to be a rapid process both for CFV anl baculovirus. 4 CFV from Loctua
pronuba entered the midgut 5-6 minutes after feeding and then dissolved

rapidly (Vago et al., 1959). Heliothis zea KPV I.B.'s dissolved almost

completely within one hour in H. zea larvae (Granados, 1978(a)), while
Autographa californica NPV dissolved within 15 minutes post-infection

in fourth instar larvae of Trichoplusia'gl (Granados and Lawler, 1981).

Paschke and Summers (1975) show that in many cases baculovirus dissolution
is not a specific process in infection but occurs in insects other than

the natural host.

b) Virus survival in the gut lumen

_The midgut epithelium seems to be the main site of initial
penetration for baculovifuses, CFV's and EFV's (Paschke and Summers,
1975) . Limitations to infection at this point include degradation of the
free virué before reaching the attachment site, a process exacerbated by
barriers to free movement of the virus, notably the peritrophic membrane
(Section 4¢). 1In addition, attachment to the cell membrane presumably
involves specific receptors and their presence anl density will be

important in determining the level of infectivity (Section 4d).

Virus degracdation in the gut lumen is a common phenomen. while

Granados (1973(a)) failed to observe degralation of Heliothis zea LEV in

H, zea larval midgut, Langridge (reported in Granados, 1980) found almost 100%
inactivation when this virus was exposed to H. zea gut juice for 60

nimes at 26°C in giisg; as measured by intrahaemocoelic infection

potential. Summers (reported in Faschke and Summers, 1975) estimated that

P

at least 50-00j of Trichoplusia ni GV and Spodoptera frugiperda GV are

degraded in the lumen oi larvae of the homologous host. However, in these
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cases sufficient wvirus Eurvives to infect the larvae. When the non—occluded
mosquito iridescent virus was studied in Aedes taeniorhynchus larval gut

it was found to be degraded shortly after entering the midgut (Stoltz

ard Summers, 1971). S. frugiperda GV was used as a marker and although

it dissolved completely, no degradation of virus particles was noted.

It is possible however that loss of infectivity may be prpduced without

gross structural modifications of the sort amenable to electron microscopical

analysis,.

From these and similar studies it appears that the gut is an
environment hostile to virus survival. Ripa (1978) has proposed a general
positive relationship between gut pH and oral LD50 for many virus host

interactions. Whether this is a causal relationship was not established.

It is possible that the I.B. provides some protection to virus by
reducing its eippsure to gut juice, and perhaps acting as a buffe: or
protease block after dissolution. Several workers have shown that CPV
alkali liberated virus particles may have little or no infectivity per os

(Payne and Harrap, 1977). Watanabe (1966(a)) found that Bombyx. mori

CFV virus pérticles were much more infective when injeéted than when
administered orally. B. mori strains showing a variation in susceptibility
to oral infection did not eihibi‘t: this variability on injection, sugzgestirg
an inhibitory mechanism in the gut. The pattern is less clear with

baculoviruses. Ripa (1978) dissolved Pieris brassicae GV with buffers and

gut juice at pH 9.9-10.0 for 1 mimte amd thereby reduced the oral
infectivity to secomd instar larvae to 0.01% of untreated I.B.'s. Stairs
(1980) found the same level of reduction of oral infectivity to third

instar larvae of Galleria mellonella when virus particles were released

from G. mellonella NPV I.B.'s by treatment with 0.007 M sodium carbonate
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for ome hour at 2400. Arif and Brown (1975) on the other hard, producéd

Chorjstoneura fumiferana mNPV virus partiéles which were infective to

sixth instar larvae per os. In this case the LD50 value given was

1 pg of virus particles. This would be roughly equivalent to 107 PIB
(Chapter 4) which is in the usual range of PIB mumbers required to infect
f£inal instar larvae (Segtion 6(a)) sﬁggesting that little degradation
occurred. The data of Volkmann and Summers (1977) is more easily
quantified. They used a very careful dissolution method and foumd that
the oral LD50 of Autographa californica NEV to Trichoplusia ni mid-fourth
instar larvae was 2.3 x 104_geﬁome equivalents of released virus particles
or 120lundissolved whole polyhedra. They estimate 36 genome equivalerts
per I.B., so 120 I.B.'s correspords to 4.3 x 103 genomes. This would
make urndissolved I.B.'s only 5 fold more infective than releaggd virions.
In fact 36 seems a low estimate for genomes/I.B. (see Chapter 4) in which
case the difference in infectivity is smaller still. It is possible
therefore that many studies have inactivated virus particles during
artificial dissolution and that degra@ation in the larval gut is not

important. Vail et al. (1979) dissolved A. californica NFV with larval

gut juice ob‘hained from Estigmene acrea and found that only 0.0025-0.0050
polyhedral equivalents (approximately one virus particle) were required

to infeet T, ni tissue. culture cells. The infectivity started to fall

after 8 minutes'of digestion. This suggests that virus particles can

survive degradation for a significant period of time when I.B.'s are dissclved
in gut juice. The evidence points to the limited importance of I.B.'s as
protective structures in the larval gut. This view receives indirect

support from thé fact that many non-occluded insect viruses alsc infect

mainly by the oral route (Scotti et al., 1981) ani yet have developed no

analagous 'protective! structure.
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¢) The peritrophic membrane as a barrier to infection

Attachment of all insect viruses studied so far occurs at the midgut
epithelium. This is the endodermal part of the insect gut amd as such is
not lost at the larval moult. It is the major site for absorption
(Smith, 1968). Food entering the midgut is contained in a protein/chitin
membrane secreted by the ﬁidgut. This is the peritrophic membrane (PM)

ard its function is poorly unierstood (Richards and Richards, 1977).

It is often suggested that the PM may limit passage of virus
particles to the midgut epithelium (Paschke and Summers,'1975). However
‘the real effect of this has been difficult to quantify. The membrane.
often appears contimicus with no pores, for eiample in Aedes

taeniorhynchus (Stoltz and Summers, 1971). In healthy Qrgyia

pseudotsugata larvae three layers could be discerned of which the inner
was smooth and free of pores (Branit et al., 1978). However Adang and
Spence (1980) studying the same species noted that there were pores of two
sizes the larger being up to 660 nm fhrough which baculovirus virions
could pass ;lowly, The FM does appear to act és a barrier to passage of

iridescent virus and baculovirus virions in A, taeniorhynchus larval gut

(Paschke and Summers, 1975)f In Apis mellifera larvae, sacbrood virus
particles aggregated around. the membrane preventing free movement
(tussen and Furgalz, 1977). Orihel (1975) considers that the PN may
generally limit the degree of infection of invertebrate vectors by

parasites.

On the other hand, some studies with baculoviruses suggest the Fi
is of limited importance in this context. Tanada et g&._(1975) showed

that small polyhedra and virus particles of Pseudgletia unipuncta NFV

could penetrate the PM of this species. Both GV and NPV virus particles
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readily penetrated the membrane in Trichoplusia ni and Spodoptera

frugiperda larvae (Stoltz and Summers, 1971).

It seems that the effectiveness of the PM as a Barrier to infection
depends on the species involved, perhaps being less important in
lepidopterous larvae than dipterous larvae. The origin of the membrane
differs in these two orders, being secreted as a series of layers by
the whole midgut in Lepidoptera but as a homogenous tube produced by
anterior gut cells in Diptera (Wigglesworth, 1965). This may explain

the differences in penetrability which are fournd.

To summarise the data on the gut environment as a defence to
infection, it seems that in most cases and notably bvaculovirus infections
of Lepidoptera, a large proportion of virus particles can survive.  In
some other hosts and viruses for example iridescent virus infections of
Diptera, a severe reduction in infection potential can occur at this
stage. In these examples there is imdeed a 'gut barrier' in the sense

discussed by Tinsley (1975).

d) Attachment and penetration

Little is known about the specific receptors for attachment of
insect viruses. That this attachment stage may be a limiting factor in
infection is indicated by the work of Tanada and co-workers. A protein

.isolated from Pseudaletia unipuncta GV I.B.'s increases the infectivity

of P. unipuncta NPV anml other baculoviruses (Tanada and Hara, 1975).

This 'synergistic factor' has an affinity for the viral envelope
(Yamamoto and Tanada, 1980) and appears to act at the microvillar
membrane (Tanada et al., 1980) resulting in increased uptake of

nucleocapsids (Tanada et al., 1975).



Uptake of viruses may occur by several mechanisms. The CPV's are
taken up by viropexis, probably with no disruption of the virus particle
which would inactivate the virus associated RNA transcriptase (Payne,
1981(b)). The enveloped baculoﬁiruses and poxviruses are usually taken
up by membrane fusion (Summers, 1971; Kawaniéﬁi et al., 1972; Granados,
“1973; Paschkevand Summers, 1975), although viropexis may sometimes occur
(Granados, 1978(a))s Direct invasion into the naemoccel along columnar
cell boundaries has been suggested by Tanada and Leutenegger (1970), but

is probably not commonplace {Granados, 1980).

Fusion of baculoviruses occurs soon after reaching the midgut
(Granados, 1978(b)) and in the case of multiply enveloped virus particles
the mucleocapsids remain associated while in the microvillus ard
separate on reaching its base (Granados and Lawler, 1981). Tke mechanism

of movement of nucleocapsids within the cytoplasm is unknown.

e) Pathways of replication

(i) Baculoviruses. This group exhibits a variety of replication

sites both at the tissue andl cell level. Lepidopteran infections usually
start at the midgut, but mature polyhedra are rarely produced here,

being found in a variety of other tissues seccrdarily infecied by virus
particles produced in the initial midgut infection cycle (Harrap and
Robertson, 1968; Adams et al., 1977). Hymenopterous NPV replication is
usually limitéd to the midgut (Harrap and Payne; 1979). Penaeus

duorarum NPV infeéts the hepatopancreas and midgut of its crustacean host

and, unlike most insect baculoviruses, it does not usually cause death

(Couch, 1974).

Granados (1978a) summarises the literature on baculovirus replication

in Lepidoptera. Trichoplusia ni GV uncoats at the nuclear envelope while
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Heliothis zea and Autographa californica IFV's uncoat within the nucleus.
The first cycle of infection is complete by 8-12 hours post‘infection
ard is completed as the virus becomes enveloped by budding through the
plasme membrane into the haemocoel. The membrane-budded virus rapidly’
infects the other tissues where I.B. formation starts as early as 18-22
hours post infection. In granulosis virus infections the muclear
membrane breaks down during the infection cycle whereas with nuclear
polyhedrosis viruses it remains imtact until_the completion of polyhedra
formation. Whether this is a true difference between the subgroups,

or just a reflection of the few studies which have been done, remains to

be seen.

The membrane-budded virus has‘distinctly different properties from
the occluded virus (Summers, 1977) which produces its envelope de novo
in the mucleus (Adams et al., 1977). IiIembrme-Mded virus is much more
infective to cultured cells (Volkman et al., 1976) anl intrahaemocoelically
to larvae (Volkman and Summers, 1977). However, it has much lower oral
infectivity than alkali-liberated occluded virus particles (Volkman ard
Summers, 1977; Stairs, 1980). It is reasonable to suggest that occluded
virus is adapted fo optimally infect midgut columnar epithelial cells and
perhaps to resist the gut conditioﬁs found there (ngarabaté and
Aratake, 1978). The non-occluded virus produced in the first replication
cycle is efficient at infecting a range of other tissues., Thisvinitial
multiplication stép followed by rapid colonisation of other susceptible
tissues gives synchrony to the development of inclusion bodies. The gross
rathology in lepidopterous larvae involves sudden development of sympioms
and death several days after infection. Before the final stage there are
often few symptoms. Lysis of cells in many tissues often including the

~ hypodermis results in liquefaction of the cadaver and rapid spreading of



the I.Be'sse The more limited gut infection in Hymenoptera does not

produce such sudden changes in symptomatology.

(ii) Cytoplasmic polyhedrosis viruses. Payne (1981(b)) has

recently reviewed the p;a,thology of these infections. They are always
limited to the midgut in Lepidoptera although there are reports of fat
body being involved in one dipteran host. The gross pathology is
variable but usually involves reduction or cessation of feeding with
relateci slow grch'v}th rate. "Death may occur after variable lengths of

" time probably dependent on the dose received. Infected inlividuals may
pupate é.nd. emerge as adults, but often these stages are deformed

(Harrap and Payne, 1979)« In Choristoneura fumiferana anl Malacosoma

disstria the infection has progressively less effect as the larvae age
although the infectivity does not decrease much (Bird, 1969). Andreadis
(1981) notes that CPV infections of mosquitoes usually imvolve a limited
infection which is not fatal and produces few symptoms. However Aedes

cantator dies when infected with its CPVe.

The midgut epithelium is not infected synchroncusly. As the
disease progresses both mature polyhedra ahd. virus particle are released
into the lumen ami the latiter infect further cells (Payne, 1981(b)). A
reduction in gut pH associated with the infection allows release of a
contimious stream of infectivAe polyhedra (Vago et al., 1959). This
contrasts with the sudden outﬁut of inoculum at death in baculovirus

infections (Section e(i)).

f) Latency

The possibility that occluded insect pathogenic viruses are able
to persist in the host cell in an inapprarent form (without causing overt

infection) has often been suggested in the literature. The phenomenon of
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latency is well known in bacterial and animal viruses such as the
temperate phages and Herpq;;Qiridae.' If such persistence is possible this
could mean that the overt infection is of little importance to viral
survivale. In that case it would be difficult to argue that the inclusion
body is unmder strong selective pressure to maximise survival and
infectivity. A close study of the literature shows that most workers

who claim to have observed an apparent infection imduced from a latent
source have probably been dealing with contaminated insect stocks or

" virus inocula. For example Longworth and Cunningham (1968) fourd that

when Aglais urticae and Lymantria (Porthetria)dispar were fed the NPV of

the other species they died of their homologous NFV. An examination of
their data shows maieratg mimbers of NPV deaths in control larvae as well
as death by CPV and other pathogens in all tests. These levels of

contamination prevent serious consideration of the authors' conclusions.

Similarly Jurkovicova (1979(a)) studied Adoxophyes orana and Mamestra
br#ssicae NPV's and found that apparenf cross=transmission to the alternative
host resulted in production of that host's homologous virus. He suggested
that there had been stimulation of a latent infection. Again, howevef,

there are virus deaths in control insects and the total mortality in tested

insects was only about 10% despite high inoculum concentration.

McKinley et al. (1981) in a superficially convincing paper, show

that Spodoptera littoralis larvae infected with Heliothis armigera NFV always

produced S. littoralis NPV as the progeny virus. The LI50 for this.
response was assayed and the necessary inoculum contamination level which
would be required to produce this LD50 was calculated. The result appeared
to vary by more than 100 fold between assays using the same inoculum which
would make contamination an unlikely hypothesis. Recalculation of the

results presented in fact shows that the necessary contamination level
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varies only 10 fold which is the level of variation often fourd in large

series of assays. In another experiment the authors show that the LC50

ratio between H. armigera aml S. littoralis NPV for differemt stocks of

S. littoralis is different. Rather than being due to differemt inheremnt

levels of latent virus this could be explained by a difference in relative
feeding rate on the high virus protein levels in the H. armigera LC50

tests.

Experiments of this sort have been carried out with CPV's and
here the conta.miﬁation problems can be more difficult (Payne, 1981(b)).
The low-level chronic infections often eihibited by CPV's make it too
easy to introduce con‘ha.mina.ted adults from the field into the laboratory
stock. The wider host range of these viruses (seé Section 5) together
with slow development of infection increases the chance of mixed infections
and therefore of contaminated inocula. In fact the major interest of the
studies described above, where progeny virus has been identified as
different from inoculum, is to cast doubts on all cross-transmission

literature where this identification has not been done.

To demonstrate latency conclusively it would be necessary %o
identify the virus in its latent state and study its reactivation. This
work has not been done aml it must be concluded that there is no good

evidence for latency of occluded viruses.  Recently a persistent infection

of Heliothis zea cells by a baculovirus-like particle has been observed
in vitro (Granados et al., 1978; Kelly et al., 1981). This appears overtly
at low levels and so is not in the 'lz;.tent' state, but it indicates that

low level persistent infections of baculoviruses may exist.
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(5) Host Range

The literature on virug-host range is often aifficult to interpret
as identification of inoculum and progeny viruses has not been carried
out. Usually, there has been no precise dosing of hosts making
comparison of results impossible and this is compournded by the arbitrary

choice of insect species tested.

Ignoff;'(1968), reyiéwing specificity of occluded insect viruses,
recognised these problems but decided to accept all data in the literature
at face value. He concluded that granulosis viruses were the most
specific group tested, with only 10% of cross-infection tests heing
successful. There was only one example of a av infecting a species from
a different family.> This was the transmission of an unknown cutworm GV
to Pieris rapae (Smith gﬁ al., 1964). The virus could not be transmitted
to six cutworm species and i% seems probable that the P. rapae larvae
died of contaminating P. rapae GV, a phenomencon fourd once in the present

study (Chapter 5).

Nuclear polyhedrosis viruses of Lepidopters had a wider host range
with 30% success in cross—transmission tests. Twenty per cent of tests
to hosts from alternative families were successful and there were three
reports of cross-transmission to non—lepidqpterans, notably the

neuropterans Chrysopa perla and Hemerobius stigma which wers suscerptible

to Lymantria dispar NPV.

CPV's had the widest host range with 65% successful cross—transmissions
ard 46% of trans-familialvtests succeeding. Vanessa io CEV infected the
same two neuropteran hosts mentioned above and these were the only
trans~ordinal reports. The pattern established by Ignaﬁﬁ‘s review has

generally been confirmed by more recent work.
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Huber (1978) founi only limited cross-transmission of Cydia

(Laspeyresia) pomonella GV ard then only to members of the same subfamily.

The GV of another tortricid Adoxophyes orana infects A. fasciata but not
five tortricids from other genera (Yamada and Oho, 1976). Philip amd
Jacob (1979) noted that the GV of an arctiid Pericallia iigigi is
species-specific, ‘A slightly wider host range was fourd by Tanada and |
Omi (1974) in a study of unidentified GV's from four noctuid species.
These each infected all four species but did not infect the pierid

Colias eurytheme.

It is interesting to loock at-NPV cross—-transmission data in the
light of recent characterisation studies mentioned in Section Z(a).
Autographa Californica NPV has the widest established host range of all
the baculoviruses studied. A fairly complete list of its hosts is given
by Capinera and Kanost (1979) which includes members of the families
Npctuidaé; Geomgtridae; Saturniidae; Arctiidae; Lasiocampidae; Lyonetidae;

Yponomeutidae; Pyralidae. NFV's have been isolated from Trichoglusia ni,

Rachiplusia ou and Galleria mellonella which show a high degree of

homology with A. californica NPV (Smith aml Summers, 1979). Several
studies on the T. ni NPV suggest it has a similar host range (Tanada and -
Omi, 1974; Reichelderfer and Benton, 1974; Beegle and QOatman, 1975;
Harper, 1976). It seems that thése miPV's form a complex of variants
with wide host range among the Lepidoptera. Presumably the variants have
developed as a result of the wide geographical ard ecological distribution )

this wide host range allows.

Similar complexes may occur in the old world. For example the NPV
of Mamestra brassicae infects many hosts within the family Noctuidae

(Groner, 1978; Ignoff o ard Garcia, 1979; Vlak and Groner, 1980), but not
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other families (Burgerjon, 1973). Geographical variants of the virus are
also found, including the mNFV of Heliothis armigera (Vlak et al., 1981).
Again there seems to be an association ﬁetween the ability to infect a
rahge of hosts covering a large area ard variety of habitétg and the
existence of several variants of the virus. More characterisation work

on other viruses will be necessary to support this pattern.

sNPV's can be difficult to grow in cell culture (Volkman, 1978;
Kelly et al., 1981), although unlike GV's it is possible to do this
(Granados, 1976). This may be associated with a smaller in vivo host
range of these viruses. Tests by several wofkers have shown that
Heliothis sp. sIPV only infecis members of this gemus (Ignoffo and Couch,

1981). However some sNPV's have wider host ranges. Fseudoplusia

includens sNPV infected two other genera of noctuid s and Syngrapha
selecta sNPV four genera in a study by Harper (1976). Watanabe et al.

(1975) infected the pyralid Chilo suppressalis with BombyX mori

(Noctuidae) sNPV by haemolymph injection.

Lepidopterous baculoviruses usually infect a very limited range
of species within the same family and occasionally in other families.,
Where wide ranging tests of‘infeétivity to other arthropod classes or
non—arthropods have been carried out, there have been no successful
cross—infections (Ignoffo, 1968; Burges gg al., 1980). HNon-lepidopteran

baculoviruses appear to be generally gemus specific (Burges et al., 1980).

The CPV's exhibit transmission between families quite frequently.

Tanada and Cmi (1974) infected four noctuids with a CFV isolated from the

pierid Colias eurytheme. The reciprocal transmissions were also successful,

although the same virus may have been involved as there was no

identification. Several workers have founi that BombyX mori CFV can




infect members of other families (Yamaguchi, 1979; Tanaka, 1971).
Similarly a CPV isolated from the nymphalid Inachis io infected members

of the Pieridae aml Noctuidae (iilson, 1981).

The limited data on EPV's suggest they are quite specific.

Buxoa auxiliaris EPV typsin treated virions infected the homologous host
by injection but not four other noctuids, two pyralids or an arctiid
’(McCarthy et al., 1975). The EPV of the melolonthine scarab beetle
Dermolepida albohirtum did no% infect five other species of this subfamily

(Goodwin and Roberts, 1975).

Although CPV's have a.slightly wider host range than the cther
occluded viruses it is still @uch smaller than that of many of the
non-occluded insect viruses. For eiample gg;;é iridescent virus appears
to infect a centipede (Chilopoda) amnd a pill millepede (Crustacea) (Ohba
and Aizawa, 1979). Cricket paralysis virus can infect Drosophila

melanogaster (Diptera), Galleriz mellonella (Lepidoptera) amd Gryllus

bimaculstus (Orthoptera) by injection (Plus et al., 1978). Compared with -
these examples the occluded viruses must be seen as having a limited host
range. The host range of these viruses in cell culture may differ from

that in vivo, but this is not the concern of the present study. The

subject is reviewed by Granados (1976) and Kmudson (1978).

(6) Oral Infectivity

a) Dose studies

Two classes. of method can be distinguished which have teen used for

gtudies on dose-related infections=

(i) Concentration assays. These estimate the median lethal

concentration (LC50) or the median infective concentration (IC50).
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Here the virus is mixed with or smeared on the larval food. The absolute
dose acquired by the test insect is a function of feeding rate ami
behaviour as well as virus concentration. Hesults are only comparable

when the same stage of one species is dosed umder identical conditions.

(ii) Discrete dose assays. These estimate the median lethal dose

" (LD50) or median infective dose (ID50). Here an accurately measured dose
ig given to each insect over a relatively short time period and different

stages or species can be compared.

~“Most of the literature concerns: baculovirus infection of lepidopterous
larvae. It is usual to consider infectivity in terms of the number of
TI.B.'s required rather than the quantity of virus particles despite the

large variation in I.B. size (Section 3). Comparative infectivity of

alkali released virus particles has been considered in Section 4(b).

Few I.B.'s of any virus may be required to cause death particularly
in young larvae. McKinley (1979) calculated an LD50 of less than one

polyhedron for one to three day old Spodoptera littoralis larvae infected

. with the homologous NPV. Similarly the NPV of Heliothis zea has an LD50

of nine polyhedra for three day old larvae (Allen ard Ignoffo, 1969). The

LD50 for first instar Cydia pomonella with its GV was 5 capsules (Sheppard

and Stairs, 1977).

CPV infections do not always lead to death but are often chronic

in nature (Payne, 19814). Orgyia (Hemerocampa) pseudotsugata fourth instar

larvae required eight polyhedra of the homologous CFV as the LD50
(I-«Iartignoni et ala, 1969). However the LC50 for the CPV infection of
neonate Pectinophora gossypiella was about a thousanmi fold greater than

the IC50 (Bell and Kanavel, 1976).
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Within.a. population at the same stage of development there is a
normal distribution of susceptibility to virus infection and this is the
ﬁajor c;n/étituent of the dosage-response slope. The slope is typically
low for virus infections, being approximetely 0.8-2.5 due to the
imdependant action of the individual pathogens (Burges and Thomson,
1971). It can be increased ’cov greater than 3.0 by artificial selection
of a homogenous test population (EVans,1981(é))‘,- The significance .of this
variation in nature is that some individuals are susceptible to a

fraction of the LD50 dose and so0 can be importamt in initiation of an

epizootic. For example Sheppard and Stairs (1977) assayed C. pomonella

GV in fifth instar larvae and found that the LD50, at 49 capsules, was

ten fold greater that that for first instars. The slope of the response

was much shallower for the older insects however, so that both for first
and fifth instar larvae 25% mortality would follow from ingestion of one

capsule.

In most studies it has been found that the LD50 increases rapidly
with age, this increase being proportional to the weight of the insects
tested. H. zea NPV LD50 for eight-day old larvae was 250 fold greater
than for three-day o0ld larvae and this was mainly explained by increase
in body weight (Allen amd Ignoffo, 1969). Similarly, Evans (981)) foumd

that 90% of the observed variation in LD50 to different M. brassicae

instars of the homologous NPV was related to weight. A similar
conclusion was reached by Payne et al. (1981) for the infection of

Pieris rapae with P, brassicae GV and by Boucias and Nordin (1979) with

the CPV infection of Hyphantria cunea., The sawfly Gilpinia hercyniae
also shows decreasing susceptibility with age, in this case the fifth
instar is ten fold less susceptible than the first instar (Entwistle,

Adams and Evans unpublished; reported in Evans arnd Harrap, 1982).
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Changes in susceptibility may not necessarily, however, be
directly proportional to weight. NFV and GV infections of H. cunsa
were studied by Boucias and Nordin (1977(a)), who fourd that in both
cases the fifth instar LD50 was 50-100 fold éreater than that for secord
instars after weight had been accounted for. In the study by Sheppard

and Stairs (1977) on C. pomonella GV, the difference in interinstar

susceptibility was less than expected on the basis of weight. Bird (1969)
showed that the increase in resistance with age was more extreme in

NPV than CPV infections of Choristoneura fumiferana and Malacosoma

disstria.

In the few cases where LD50 values have been converted into
mumber of virus particles involved it has been apparest that this
figure may vary widely. Clearly low LD50 values for capsules of GV
infectiéns correspond to similarly low numbers of virus particles.
Allen and Ignoi‘fo.(1969), calculated that the LDSO of H. zea sIKFV for
three~day old lafvae was 250 virus particles (9 polyhedra). A4s miiPV's
may have hurdreds or thousands of nﬁcleocapsids per I.B. (Section 3),
at least this many must be required for infection of even the most

susceptible larvae.

Where NPV and GV have been isolated from one species the relative
infectivity of these viruses shows an interesting pattern. In a study
on H. cunea (Boucias and Nordin, 1977(a)), between 150 and 1000 fold more GV
capsules than NPV polyhedra were required as'the L1050 for secord, fourth
or fifth instar larvae. As each<§olyhedra contains 25-30 virus particles
each with 2-12 nucleocapsids (Nordin, 1971), it is probable that the
mumber of nucleocapsids is fairly constant for LD50 of both viruses to a
particular instar. In the same way Paschke ¢t als,. (1968) found that the

LD50 for Trichoplusia ni ¥PV to T. ni fourth instar larvae was 1.23 x 103
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poiyhedra while the GV LD50 was T.79 x 16-6 mé capsules. Assﬁming each
capsule is about 0.03 pg (Chapter 4), this corresponds to 2 x 105

GV capsules or a 150 fold greater number of capsules than polyhedra.
The only other reported comparison of the infectivity of a GV and NPV
to tﬁe same species is by Whitlock (1978). Calculation of LC50's from
his data; using the sa;me capsules per mg relationship, shows that
100-1000 fold more GV capsﬁles than NPV polyhedra are required for the

LG50 to Heliothis armigera seven-day old larvae.

These studies suggest that where a species is infected by

' homologous NPV ard GV infections the GV is much less infective in terms
of number of inclusion bodies. Where a GV infection only is known to
occur naturally, the virus is often much more infections. For example
Cydia pomonella GV (Sheppard and Stairs, 1977) and giggié 8pp. GV's in

P. rapae (Crook, 198123)).

The significance of multiple as opposed to'single nucleocgpsid
envelopment is not clear. Ignoffo et 91,09PK%D found that T. ni larvae
were‘equally susceptible to gg;g;,mKPV and sNPV as well as Autographa
californica miFV. Volkman féﬁﬁféﬁgng:(1976) studied aikali—released

virus particles from A, californica mNPV and fourd that singly and

amultiply—enveloped virus particles had identical infectivity to T. ni
cells. Further studies of these different forms in vivo will be

necessary to see if there is a real difference in biological properties.

Where a virus infects several species it is often less infectious
for hosts other than that from which it was originally isolaxed.
Diacrisia virginica GV is ten fold less infective than Hyphantria cunea
GV for H. cunea second instars (Boucias and Nordin, 1977(a)(b)). The

LC50 of Mamestra brassicae NPV for ll. brassicae, Flusia gamma amd

- 57 -



Trichoplusia ni was similar but 100 fold greater for two Agrotis spp.

(Burgerjon, 1973). Payne (1981@) however, estimated that the LD50 of

Cydia pomone]ié.GV'ibr neonates of the closely related species C. nigricana

was only two to three fold greater than for C. pomonella neonates., A

Gv ori‘ginally isolated from Pieris brassicae is more infectious to

P, rapae (Payne et 2l., 1981). This virus appears to be one of a set

of variants all of whi;:h infect P. rapae more successfully than P. brassiae
"(Cmoﬁ, 18%)) and it is probable that the latter species is not the most

frequent natural host of the GV. TIts original isolation in P. brassicae

may therefore be considered anomalous.. -

Several studies have examined variation in the infectivity of virus
isolates or closely related variants from different geographical areas.
Shapiro and Ignoffo (1970) tested 34 isolates of Heliothis sppe NPV and
found a 56 fold variation in LC50 to a standard H. zea larvdl stocke.
However the identity of the isolates was not checked. When Teakle (1979)
also examined a range of Heliothis SPP. NPV's from Africa, North Arﬁerica.
and Australia he found very similar infectivity. This is the more usual
result. Brown anl Evans (1980) assayed two distinct strains of West

European M. brassicae NPV in M. brassicae third instar larvae ard found

only a three fold variation in infectivity. Similar results were found
by Vlek et al. (1981) with isolates of this virus including some from

Zastern Europe. The NPV's of Lymantria monacha and L. dispar which are

closely~rslated but distinct by polypeptide analysis and serology, show
very similar infectivity for. the homologous and heterologous hosts
(Zethner et al., 1979). Similarly in an examination of four very

closely related isolates of Pieris spp. GV, Crook (1981() found that their
infectivity to third instar P. rapae varied only four fold. However the

LD50 of these variants for P. brassicae were much higher with greater than
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10,000 fold variation. The non—-occluded baculovirus isolated from

Oryctes rhinoceros exhibits a moderate (seven fold) variation in

infectivity between ten isolates from the Philippines and iestern Samoa

(Zelazny, 1979).

Where susceptibility of insect populations from different
geographidél areas has been tested, small to moderate variations have

usually been found. Two isolated populations of Zeiraphera diniana had

the same susceptibility to homologous GV infection (Benz, 1962).

Similarly, when the NPV of Phhyganidia californica and the GV of Fieris

rapae were tested in two populations of the homologous host of each, the
LD50 varied by less than 2 fold (Martignoni and Schmid, 1961). When

Ripa (1978) assayed Pieris brassicae GV in four West Zuropean populations

of P, brassicae he found a ten fold variation in LD50. A §lightly larger
difference was shown in GV suséeptibility of sixbteen fieldl populations of
Phthqrimaea operculella which varied 15 fold (Briese and liende, 1981).
Large differences are sometimes found when populations extensively reared
in the laboratory are compared with those recently acquired from the field.
Klein and Podoler (1978) showed that two field porulations of Spodoptera
littoralis were about 15 fold more susceptible to IPV infection than a
laboratory culture of this species. Similarly Briese et al. (1980) showed
that two field populations of Epiphyas postvittana were 50 to 160 fold
more susceptible_than a laboratory populatién. The authors attribute this
large difference to endemic NPV infection in the stock population which,

over several generations, selected for more resistant individuals. David

(1978) reported than an increase in resistance of Fieris brassicae to GV
infection occurred over two years of laboratory rearing a population.
However, Payne et al. (1981) showed that after rearing this species in the

laboratory for 15-20 years it showed similar GV susceptibility to that of a

ne

field population. Watanabe (1965) founi a very lerge difference in the

- 59 -



susceptibility of two Bombyx mori strains to CRV infection. Here the

-

difference in LD50 was over 300 fold, but this can be ascribed to the
fact that these populations were not natural but extensively reared by

man with considerable selection pressures.

In summary, the geographical variation in the infectivity of
viruses and the susceptibility\of their natural host'bopulations is not
great. Where populations of insects have been extensively reared in the
'laboratory there is a risk that they will be less susceptible to infection
than their wild counterparts, particularly if virus contamination of the

stock insects-is a problem.

There seem to be several complexes of virus variants and related
hosts, particularly among the Noctﬁiiae, and here the viruses often have

similar infectivity regardless of the original species of .isolation.

b) Time course studies

Most calculations in the literature of the median lethal time for
&irus infection have been inaccurate due to two main sources of errore.
there lethal times are estimated from an assay where there is continuous
feeding on the virus contaminated diet, higher doses will apparently give
shorter lethal times, but this is really a reflection of the time taken
to acquire a lethal dose. This point is illustrated and discussed oy
Payne (1981&). ZEven where acquisition time is limited, this effect may
be important. Boucias and Nofdin (1979) assayed a CPV in Eyphantria curea
larvae using a 48 hour feeding periocd and therefore incorporated a

difference of up to two days in lethal time between high and low doses.

More important has been a common misconception of the method for

calculating median lethal time by regular checking of assays set up to
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estimate the dosage-mortality response. Theoretically, this data cannot
be used to calculate the LT50 using probit analysis as the mortality after
each time interval is dependent on that at.the previocus time. However,

in these assays a plot of the logarithm of time against probit mortality
usually gives such a good fit when drawn by hanl that this is the most éi)
appropriate method (Litchfield, 1949). However, data used to measure the
dosage-mortality response usually resulis in less than 100% mortaiity at
most doses. ‘-Several workers have applied the truncated results method of
Litchfield (1949) to deal with these results. They have failed to realise
that 'truncated! in his sense means that a 100% response will occur but
has not yet done so. With dosage-mortality data at low and intermediate
doses the data set is complete with no further response expected.

Assuming that the dosage-response disﬁfibution of a population exposed to
infection is indeperdent of the distribution of time-response, then it is
reasonable to consider that the maximum mortality achisved at a particular
dose covers 100% of the time-response distribution. Thus the correct
method is to multiply the dosage-reéponse %4mortality by a factor giving
100% maximum mortality. The fact that the time mortality curve.is

sigmoid where maximum mortality is low, and the curve can be made linear
by log/probit transformation, confirms the imdependence of the two
response distributions. Using the incorrect method, the time taken to
achieve 50% mortality at the L9250 dose is theALTSO. In fact this is an
overestimate of fhe true LT50 which should be the time taken fo reach

50% of the total mortality; or 25%. The result of this misinterpretation
is that many authors have found that LT50 is dose—dependent whereas this
result is an artifact of the calculation method. Ignoffo (1964)
calculated the LT50 fqr Trichoplusia ni larvae infected with T. ni LFV

as 4.5 days at a dose of 1500 polyhedra/ml ani 8 days at 350 polyhedra/ml.

Recalculation from his data shows that the values should be 4.2 ani 4.9
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days, rospectively. The slight LT50/dose rzlationship remaining is
particularly obvious at extremely high anmd low doses and is probably due
solely to the continuous feeding method used. Boucias and Nordin
(1977(a); 1979) aléo found dose-related LT50 using the incorrect method.
Magnoler (1974) suggested that LT50 was dose-related when he examined the

NPV infection of third instar Lymantria‘dispar larvae. In this case

recalculation gives an LT50 of 11-12 days at all doses except at 100 fold
and 1000 fold greater than the LD50 when the LT50 is reduced to 10 ard 8

days respectively. While it might be expected that low doses would give

similar LT50's as a result of the massive multiplication potential of

the virus, presumably extrémely high doses could slightly reduce the

time for infection of all susceptible tissues. Alternatively, such high

~doses might disrupt the larVgl physiology so that resistance is lowered

and viral development is faster.

Payne et al. (1981) also used the wrong method for LT50 calculation,
but by calculating LT50 from the LD90 dose only, the errors were

negligible. The LT50's for Pieris rapae and Pieris brassicae first instar

larvae with-P. brassicae GV were similar at 5.7 and 6.2 days respectively

at 20°C. Fourth instar larvae took longer to die with LT50's of 7.4 and

8.9 days respectively. Ivans (1981) found that Mamestra brassicae final

instar larvaze took longer to die than earlier instars when infected with

. brassicae FPV. The LT50 was about 9.5 days for fifth instars and 6.5

days for instars one to four at 22°%.

Temperature differences can make ccmparison of results difficult
as species are usually assayed at their optimum rearing temperature.
Studies have shown that while the LD50 is independent of assay temperature,

the LT50 is inversely proportional to temperature (Ignoffo, 1966;
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Boucias et al., 1930). Thus reanalysis of Charpentier's data (1980)

gives an LT50 for Agrotis segetum GV in first instar larvae as 10 days at

17°C and 5 days at 27°C.

There are some systematic differences in LT50 between different
types of virus. In general CPV infections have a long LT50. Crgyia
(Hemerocampa) pseudotsugata CPV infection in fourth instar larvae had an
LT50 of 15-20 days (Martignoni et al., 1969). This is similar to the time
fourd by Boucias and Nordin (1979) for a CFV infection of Eyphantria
cunea larvae. Baculovirus infections‘ usualiy have shorter LT50's as
indicated a.'bovel. Among some of the noctuid infections the homologous
GV can take longer to kill than the NPV. This is the case with
Trichoplusia ni where the LT50 was 7 days for the KFV and 12 days for
the GV at the LDSO dose of each (Paschke _e_‘ls__a_t_l_t,’ 1968). A similar
difference was found in Heliothis armigers with values of 6=7 days and
22 days respectively (Whitlock, 1974). The relationship between LT50
and inclusion ty.pe may exterd to the type of virus particle envelopment.
Harper (1976) showed that plusiine sKFV's generally took longer o kill

their hosts than miPV's.

It should be noted however that some GV infections have short

lethal times, for example F. brassicae GV (Payne et al. 1981) and Cydias

pomonella GV (Payne, 1981Q)). It is imberesting that these are highly
infectious viruses with low LD5C0's, and that no homologous NPV has been

observed in these species.

»

c) Resistance to Viral Infection

Evans (1981(5.)7 points out that very little is known of the mechanism
governing resistance and susceptibility to virus infection in insectis.

_VWhile insects do not have a frue immune system (Tinsley, 1975), the gut
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in particular may act as a site mediating infectivity (Section 4(b)(c)).
It is noted above that susceptibility to infection decreases with age, a
phenomenon often called 'maturation resistance'. zZvans (1981(a)) fourd

that the LD50 of . brassicae NFV for li. brassicae larvae increased at a

faster rate in old larvae than expected from the linear LDSO/weight
relationship fournd with younger larvae. He argues that these old larvae
are showing 'true' resistance. In fact there is no evidence that the
link between weight and LD50 is other than circumstantial. It does not
exist in all species amdl where the relationship breaks down it merely

confirms thdat we do not know the mechanism of maturation resistance.

When differences are founl in resistance to infection vetween

larval populztions, they appear to ve genetically controlled. Briese

et al. (1980) produced hybrids from Epiphyss postvitians populations which

differed in susceptibility to Z. postvittana NFV by 100 fold. The hybrids
éhould intermediate éusceptibility. The silkworm sirains Jaizo and

Okusa exhibit a 2.5 log difference in susceptibility to Bombyx mori CPV.
ﬁere cross—breeding suggesté that a dominant major gene may control the
effect (iiatanabe, 1965); In this species the resistance mechenism is
general in effecty.as a significant relationship exists vetween interstrain

suscertibility to LEV and CFV (Watanabe, 1966(v)).

By exerting a selection pressure cof greater than 605: CFV mortality
per generation over five generations of B. mori, iiatanabe (1967) produced
a population with 16 fold lower susceptibility to the disease. This
confirms the genetic control and ?opulation lability of resistance. ihen
thitlock (1977) attempted to produce NFV and GV-resistant populations of

Heliothis armigera by similar selection he failed. Zowever, in this
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case the selection pressure was not constant and averaged only 54%

with NPV and 64% with GV. A close examination of the results ghows that
the level of mortality oscillated from generation to generation,
suggesting that selection could have occurred in one generation producing
more resistant larvae. These suffered low mortality at the same virus
dose and due to this lowering of selection pressure the susceptibility
increased in the next generation. This interpretation is supported by
the larger oscillations with GV caused by the greater mean selection
pressure. It is possible that a continuous selection pressure rather

than continuous dose would have produced a resistant population.

In the natural enviromment virus selection ﬁressures will often
be too low to cause resistance selection (section 7(a)), except in the
epizootic situation. The high susceptibilities commonly found in natural
populations may be a result of this low selectioh pressure, a point
argued by Boucias and Nordin (1979) to explain the high infectivity of

Hyphantria cunea CPV in its host. Payne et al. (1981) note that a

bopulation of Pieris brassicae reared in the laboratory fdr 15-20 yeafs
had “the same susceptibility to GV infection as a field population. This
suggests that this nptural population is not under significant viral

selection pressure.

(7) Virus Ecolozy

a) Natural incidence

The incidence of a virus disease can be separated into two components s
the mumber of populétions infected and the infection level within
populations. Few stu@ies have attempted to do mofé than estimate the
level of infection within a population. However Harcourt (1966) did a

key factor analysis on all causes of mortality in Fieris rapae populations




in Canada. He found that ths GV was the key factor for generation
survival. This virus was also present at high levels in P. rapae

populations in Australia (Hamilton, 1979).

The highest incidence levels are fourd during epizootics. These
are particularly common in forest pests where the insect population
often oscillates over a few years. Virus infections may be a major
cause of collapse of these populations, perhaps due to changes in population
resistance as well as density. An example of this rhenomenon is the
natural collapse of d;ggia pseudotsugata populations due to NFV infection
(Mason and Thompéon, 1971). A better estimate of the importance of virus
* diseases can be obtainei by studying insect populations at lowver m&re
stable levels. Moore et al. (1973) studied the incidence of NPV, GV and
EPV infections in the New Zealand pasture pest Wiseanz spp. The KPV
infections were most widespread being found in 37% of pqpulations compared
with 16% for GV ani very few fér ZPV. NPV was also fourd at the highest
incidence within populations. NMost insects at the infected siftes showed

NPV infection while fewer than 50% had GV or ZPV infections. Sherlock

(1977, 1978) fourd rather low leveIS'bf virus infection in Agrotis segetum
larvae sampled at 41 sites in Engiani. Wnile 25% of sites had some WPV
infection the overall incidence of this virus and A. segetum GV was 2%z,
The problem with such samples i; that larvee dying at a very early stage
will be poorly represented in the non-random sample. These individuals

may represent a large part of the virus mortality and the real incidence

will then be much greater than the estimate.

Sue to the wide variations in virus incidence which kave been
reported in the literature, it is not possible to generalise about the

importance of these infections as selective agents on insect populations.



McKinley (1979) noted that although Spodoptera NPV's are common in the
field he found no evidence of local differences in population resistance

or for the development of local virus strains.

b) Transmission and survival

Although vertical transmission of virus can occur by transovum
transmission urder artificial conditions (Evans ard Harrap, 1982; Payne,
E&&@;-it is not clear how important this mechanism is for the matural
survival ard sp&ead of insect viruses. Infection by most occluded viruses
usually results either in host death or, with CPV infections particularly,
reduced adult breeding potential (Pagne, 1981(t))« This would suggest that
direct vertical transmission of virus is uncommon. ZEizel and Falcon (1976)
for example, failed to find GV ftransmission from sublethally infected
codling moth larvae to their offspring. The main route for virus transmission
is probably horizontal, by healthy insects feeding on contaminated material.
It is also possible for transmission by vectors to occur. Hyposoter exiguae

is an ichneumonid parasite of Trichoplusia ni, and females can transmit

T, ni NPV during the oviposition process (Beegle and Oatman, 1975).
"Reardon and Podgewaite (1976) found a correlation between the incidence

of ¥PV infection in Lymantria dispar populations and parasitoid levels,

although there was no evidence of causality.

Where the major transmission route is via contaminated foliage,
virus survival outside the host will be important. In temperate climates
virus survival over séveral months may be required in order to infect the
-next generation. Baculoviruses are very susceptible to inactivation by
the ultraviolet component of sunlight. Most ultra~violet (u.v.)
radiation penetrating the ozone layer is near u.v. of wavelength 300-380

nm which can repidly inactivate NPV (Witt and Stairs, 1975). Purified
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Pierig brassicae GV on cabbage leaves was completely inactivated by one

day of strong sunlight (David et al., 1968). Similarly, purified

Trichoplusia ni NPV and P. rapae GV were largely inactivated within ten

days on cabbage (Jaques, 1972). Ignoffo et al. (1“9774?(5—)}".found that
Heliothis sp. NPV had a half-life of twé to three days on soybean foliage.
However, where impure virus is used it persists longer and trees, as
opposed to agricultural crops, retain their inoculum for some time

(Evans and Harrap, 1982).

Some attempts have been made to artificially select u.v. resistant

virus strains. Brassel and Benz (1979) produced Cydia (Laspeyresia)

pomonglla GV'which was twige as persistent in the field, usinz 315 mm
u+.Ve Selection over six virus passages. This might suggest that in the
field u.v. selection is not strong. However, when HWitt and Hink (1979)
selected Autographa californica NPV which was more resistant o near
UeVe, the infectivity to T. ni larvae was 50 fold less than that of wild
virus. In this case threre may be a balance between selection pressures
for u.v. resistance and infectivity in natural populations. Survival of
virus may occur mainly at shielded sites such as in semi-decompései
larval corpses or bird droppings (Entwistle ard Adams, 1977) or in the
soil and om tree bark (Podgewaite et al., 1979; Jacques, 1974; Jagues

and Harcourt, 1971). '

It is generally held that the I.B. aids virus persistence (Zvans
ard Harrap, 1982). This is supported by work showing that non-occluded

viruses such as QOryctes baculovirus or Panonychus ulmi virus (baculovirus—

like) are rapidly inactivated umler conditions similar to those in which

these viruses naturally occur (Zelazny, 1972, Putman, 1370).
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A range of studies on persistance of occluded baculoviruses
suggest that these can survive for longer periods. under natural conditions
(Anderson and May, 1981). It is interesting to note that the Oryctes
rhinoceros virus exhibits an extensive gut infection in adults as well as
a lethal disease in larvae (Gorick, 1980). These life stages can infect
each other at the breeding sites and so there is no need for prolonged
virus survival away from the host. ‘The lack of an I.B. in this case may

indirectly support the protection hypothesis.

The reproductive potential of occlgded viruses must exceed their
degradﬁtion rate 6utside the host in order for the virgs to survive.
NPV_in?ecfions of Lepidoptera can produce up to 1.5 x 1010 polyhédra
per larva, . while those of Hymenoptera up to 2 x 108 (Zvans and Harrap,
1982). vThe amount produced is related directly to larval weight, for

exaﬁple the NPV disease of Operophtera brumata produces 2 x 107 polyhedra

per mg for all instars (Wigley, 1976).

Larval death and tissue breakdown, seen particularly in
.baculovirus infections, must be.considgred advantageous to these viruses
which are usually transmitted orally. These proceéses result in rapid
virus dispersal for further infection of the population. Virus spreading
between populations may be performed by p:edators which usually do not
dissolve or destroy inclusion bodies as they pass through the gut
(Entwistle et al., 1977; Crawford and Kalmakoff, 1978; Capinera ami

Barbosa, 1975).

The massive virus inoculum produced by population infection is
gradually lost during the interlarval period. The level of Gilpinia
hercyniae NPV falls by around 500,000 fold in the overwintering period

(Zvans ard Harrap, 1982). Successful multiplication in the next
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generation will depenl on optimising infectivity to neonate larvae as
soon as they appear. This will cause an initial inoculum increase,
allowing widespread infection of older larvae and consequent massive

increases in inoculum.
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CHAPTIR 2

MATERIALS AND METHODS

(1) Decontamination Procedures

For precise studies of the infectivity and host range of insect
viruses, it is necessary to observe strict procedures to prevent virus

contamination of stock insects or experimental insects.

Virus inactivation on used glassware was carried out by soaking
overnight in a 5% solution of 'Chloros' (Imperial Chemical Industries
Ltd;) followed by washing and drying at 98°C. Contaminated plasticware
was discarded.. Reusablg plasticware was soaked overnight in 5%
'*Chloros' before washing. Centrifuge tubes were decontaminated by
soaking in 2% ﬁcrﬁaldehyde overnight and rotor buckets were fiiled with
this solution after use. All bench surfaces were swabbed with a 5%
solution of 'Domestos' (Lever Industrial Ltd.) before ani after

experiments,

Metal instfuments were placed in ah oven at 95°C overnight after
use. Where infected insects were handled individually, the instruments
used were heated, plunged into alcohol and flamed off betﬁeen each
handling. Paintbrushes and similar heat sensitive instruments were

decontaminated in a saturated formaldehyde atmosphere overnight.

Virus-contaminated disposable solid materials were incinerated
ard liquids were mixed with formaldehyde at a final concentration of at

least 2% before disposale.
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(2) The Insects

a) Species studied amd origin of stocks

Six noctuids from three subfamilies, ard one pierid were used.
These are listed in Table 1, together with details of their biology,

food plants and pest status.

A. segetum stocks were 6rigina11y obtained from Dr. F. Sherlock
(Rothamsted Experimental Station, Harpenien, U.X.). These were

supplemented with adults caught in a light trap at the Glasshouse Crops

Research Indtitute (G.C,R.I.). Initial stocks of M. brassicae were
supplied by Dr. H. Bvans (Institute of Virology, Oxford, U.K.), but

these were entirely replaced by locally caught insects with which most
work was done. All other noctuid species were obtained lqcally. The
light trap used'wés a Robinson trap with U.V. lamp (Reid, 1979). P. rarae
larvae were obtained frcm a contimicus culture of this species reared at
the G.C.R.I. for several yzars gni originating from a local population

(Payne et al., 1981).

b) Maintenance of insect stocks

Continuous rearing of the noctuids was carried out throughout

the study, with the exception of N. promuba. The adults of this species

aestivate if the day length exceeds 15 hours amd the preoviposition

period can be very long (Novak ard Spitzer, 1975).

All work with N. promuba was therefore done using the first
generation obtained from field collected adulis, reared with 14 hour

daylight periocds.

The other noctuids were maintained at 18 hour daylight in a room

where the relative humidity was 50% and the temperature 20°C.
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TABLE 1 THE LEPIDOPTZEROUS SPECIES STUDIED

Fanity| 50" | speorms comon BIOLOGICAL NOPES FOOD PLANTS, DISTRIEUTION AND PEST STUDIES
§ Agrotis Turnip 5-7 Instars. One
segetum Moth generation (or
( (Schiff.) partial 2nd) in Brit. _
Larval overwintering. Cutworms, Feed on foliage during early imstars,
g . then subterranean from 3rd instar omwards,
= A. Heart & 67 Instars. lide range of host plants including potatoes,
E eXclamationis | Dart Similar to above, swedes, turnips, oats, beans, carrots,
o (L.) Moth chrysanthemums. Fourd in Burope, Asia, N,
- Africa. A. segetum is possibly the most serious
Noctua Large T Instars, noctuid pest.
5 ronuba Yellow Similar to above.
A ( ( ZL.; Underwing
§ Mamestra Cabbage 6 Instars. One 'Omnivorous. Cabbage, turnips, lettuce, rape, peas
= brassicae - Moth generation (or letc., Common-in Burope and Asia., Serious pest in
g L. partial 2nd). Pupal |E. Burope & Russia. Occas. pest of glasshouse
fE‘ overvintering. carnations and chrysanthemums.,
2
g g ( | Laconobia Tomato 5-7 Instars. Ons Feeds on range of crucifers, mainly cabbage, swedes.
( ( | oleracea Hoth generation. Pupal Pound in Burope, Asia & N. Africa. Occas. pest of
( ( ZL.; overwintering. tomatoes under glass. '
2 Plusia Silver 5-6 Instars. Variety of vegs. inocluding cabbage, peas, beans,
(1 ELusIL anmna Y Immigrant. Not known {potatoes, onions, turnips. Found in Europe, Asia &
' ZL.S to overwinter in Brit.|N. Africa. Pest of chrysanthemums under glass.
—— e e
Pieris Small 5 Instars. Two Jlide ranging pest of brassicas, turnips, swedes,
FIER, ‘rapae White generations. Pupal muistard. World wide distribution includes Japan, N.
ZL.; Butterfly | overwintering, America, New Zealand, as well as BEurope. Probably
the most serious butterfly pest.
KEY: FPIER. = PIERIDAE; PLUSII. = PLUSIINAE.

References: Smith (1949); Cayrol (1972); Hussey et %1_ (1969)
919

Gomaa (1978); Bretherton, et al.,




Occasionally, higher or lower temperatures were used with particular
batches in order to regulate the developmental period. Adults were
sexed by examination of antennae (igrotis spp.), wing coloration
(N._pronuba) or external genitalia. DMost species were allowed to mate
in glass lamp-jars in which strips of tissue paper were fastened as
oviposition sites. N. pronuba adults were placed in a large brown paper
bag for thié rurpose and some batches of P. gamma adults were fourd to
oviposit mofe.efficiently in bags. The adults? foo& source was a

solution of 5% sucrose placed in a small pot with tissue paper wick.

BEggs were removed still attached to the pieces of paper on which
they had been layed. They were fumigated by exposure to an atmosphere of

12.5 mg formaldehyde dm >

for 6 hours (Bathon and Groner, 1977). The
eggs were then placed in plastic tubs (Borden U.X. Ltd.) together with
small lumps of semi-synthetic agar based diet (Section 2(c)). The 1lid of

each tub was slit for ventilation and a.piece of tissue paper was placed

under it to absorb moisturee.

Larvae intended for stocks were transferred individually to small
plastic pots (Mardon Illingworth Ltd.) when they reached third instar.
Here the lids were slit anl excess moisture absorbed by filter paper.
Separate rearing at this stage prevents the cannibalism which is often
fourd, particularly in the cutworms. Pupation occurred in these pots ard
the pupae were removgd ard placed on filter paper in a plastic tub.

P. gamma pupates in a cocoon which was removed to allow easy emergence.
This rearihg method was found to be successful with all the nocctuid
species tried. It is more convenient than most other systems which have
been used, for example with M. brassicae (Dayid ard Gardiner, 1966) and
A. segetum (Sherlock, 1979). There was no problem with death of

A. sezetum neonates caused by high humidity (Zethner, 1980(a)). Nor was



it necessary to use a pupation medium of peat or vermiculite (David and

Gardiner, 1966; Sherlock, 1979).

No overt signs of wvirus infection in the insect stocks were found
at any time. This contrasts with reports by other workers, for example
Martignoni et al. (1973) rearing P. gamma at the G.C.R.I.. The use of
dispoa;ble materials, particularly whehjrearing young insects, may be
an important factor in preventing outbresks of virus in insect stockse.
Very occasionally vestigial winged A. segetum adults were fouml. This did
" not appear to be related fo sublethal GV infection aé was suggested by

Charpenxier (1980).

Rearing of P. rapae was carried out using a more complex system

described by Payne et al. (1981).

c) Diet composition

A simple semi-synthetic diet was used for all the noctuid species.
It has been described by cuénnelon et al. (1981). A4s well as being
applicable to a variety of species, this diet is cheaper to produce than
ﬁany others (Payne,-pers. comm.) and is less prone to fungal anl bacterial

contamination despite the absence of antibiotics.

Composition of Noctuid Diet

Water 1000.0 g
Agar 26.6 g
Maize meal 19070 g
Wheatgerm 50.0 g
Yeast powder | 46.0 g
Ascorbic acid ' | 7.0 g
Benzoic acid : 3.0 g

Methyl para-hydroxy benzoate 2.3 g
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The diet was made by dissolving the agar in 600 ml H20, cooling to

70°C amd adding to the other ingredients, premixed in 400 ml H,O.

2

P. rapae was reared on an agar based diet described by David and
Gardiner (1965). This contains dried powdered cabbage to stimulate
feeding. The main sources of protein and carbohydrate are casein,
wheatgerm and sucrose. . A complex mixture of salts amd vitamins are

included.

Both diet types were prepared,in an area free from virus
contamination axd it was not necessary to add formalin. The same diet
batch could thus be used both for stock rearing and expefimental purposes.

Storage was successful at -20°C or 4°C.

(3) The Viruses

Table 2 lists the main virus isolates which were studied, together
with the country of original isblation (ﬁhere known) and supplier of the
isolate. In this study the convention of naming the virus after the
host from which it was originally isolated will be followed (but see
Chapter 8). Table 2, together with characterisation data presented in
Chapter 3, clarifies the origin and characteristics of the particular

variants which were studied.

. The virus isolates were passaged at least once at the G.C.R.I. in
the homologeus host (i.e. that from which the virus was originally isolated)

before experimental use.

(4) Production and Purification of Viruses

1

a) Occluded virus preparations

For production of baculoviruses or CPV's, late instar larvae of the

appropriate species were individually dosed with a suspension of I.B.'s
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TABLE 2 ORIGIN OF MAIN VIRUS ISOLATES STUDIED

COUNTRY IN WHICH REFERENCE TO
VIRUS ORIGIMALLY ISOLATED | ORIGINAL ISOLATION INOCULUM SUPPLIER NOTES
England Sherlock (1977) Dre. P, L, Sherlock,
Rothamsted Exp. Station, —_—
Harpenden, U.K.
A. segetum France Burgerjon et al. Dr. A. Burgerjon, Inst.
miPV (1975) Biologigal Comtrol,  ——
La Miniere, France.
Poland Lipa et al. Dre Jo J. Lipa. Inst.
(1911~ Plant Protection, —_—
' Poznan, Poland.
M. brassicae Gefmany GrBner (1976) Mr. Do A Brown. Passaged at Oxford U.K.
mNPV Institute of Virology, .
OXfOId' U.K,
P. gamma Unknown None Dr, H, F. Evans. 2 isolates obtained from Inst. of
sNPV Institute of Virology, Virology collection. Origin
Oxford, U.K. unclear. Fully described in Ch. 3.
A. segetum Austria Zethner (1980(b)) Dre. O. Zethner. Royal Passaged at Darmstadt F.R.G.
GV : ‘ Vet., & Agric. University,
Copenhagen, Denmark.
P. brassicae | England Smith and Rivers Dr. C. C, Payne. Passaged at Oxford U.K.
av (1956) G+C.R.I.
P. gamma England Martignoni et al. | Dre. C. C. Payne  ——
CPV ~ (1973) G.C.R.I,
KEY: wNPV = nuclear polyhedrosis virus with some multiply emveloped nucleocapsids; sNPV = muclear polyhedrosis virus

with all singly enveloped mucleocapsids;

GV = gramlosis virusj

CPV = cytoplasmic polyhedrosis virus.



in water. Several hundred larvae were used to produce the main virus
vpreparaxions used in this study, but one hurdred larvae or less were
sufficient for production of virus progeny for identification.in

cross-transmigssion experiments.

Baculovirus—-infected larvae were collected at death, pladed in
0.1% sodium dodecyl sulphate (S.D.S.) ard stored frozen at =20°C before
virus extraction. Dead larvae were used in preference to moribund ones
_from which less infective 'immature! I.B.'s may be obtained (Ignoffo and
Shapiro, 1978). CPV infections often do not lead to death in older
larvae (Payne, 1981(b)) and in CPV-infected larvae the guts were removed

approximately two weeks after the initial infection.

I;ﬁ.'s were released from larval material by treating for one
mimte in a 'Colworth Stomacher 80! (A. J. Seward, London), or in the case
of some CPV preparations by maceration in a groumd-glass tissue grinder.
The resulting suspension was filtered through two 1ayeré of muslin and
washed with 0.1% S.D¢S. Further purification was carried out by cycles
of differential; rate-zonal and isopycnic centrifuga¢ion. Low speed
centrifugation was done on a Sorvall RC-2 with SS 34 (angle-head) amd
HB4 (swing-out) rotors, or a Sorvall RC 5B with SS 34 or HS 4 (swing—out)
rotors. For ultracentrifugation a M.S.E. Prepspin 50 was used with
6x 16,5 ml or 3 x 70 ml aluminium swing-out rotors. Glycerol.gradients

were formed using an M.S.E. gradient maker.

The. following schedules were used for purification of GV or
polyhedral I.B.'s: (K = 10° TeDoeMe)

NPV/CPV ' qv

(1) Removal of large contaminants:

1 X briefly 2K 5 mimtes

repeat with pellet; combine = supernatants, discard pellet
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NPV/CPV oy
(2) Removal of lipid and small.
contaminants:

5 K 10 minutes 10 X 30 minutes

retain pellet, discard supernatant

(3) Rate-zonal gradients:
30-90% glycerol (v/v) in 30-80% glycerol §/v)in
0.1% $.D.S. 0.1% S.D.S.
"3".5 ‘K 8 m:i:nutes 10 K 40 minutes

retain virus band amd pellet it

(4) Isopycnic gradients:
45%-60% sucrose (w/w) layers in 0.1% S.D.S.
. 20K 1 hour
Re‘f:ain I.B. bard and recover by low speed centrifugation

Wash twice in distilled water

- The rate zonal stage was often fourd unsatisfactory with the polyhedral
viruses, partly because of variation in I.B. size within any isolate.

Unless very low loads.of polyhedra were used, poor separation was

achieved, with I.B.'s a’ggrega.fing ard pelleting. Omitting this stage did

not appear to reduce the purity of the final preparation as julged by phase
contrast microscopy. This is probably due to the ease with which contaminants
are removed from polyhedra by differential centrifugation. GV capsules

were suécessfully purified on rate—zonal gradients due to their size

homogeneity.

I.B. preparations were stored as suspensions in water at -20°¢ for

long-term storage, or at 4°C for short periocds. Previcus siudies have .
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shown that occluded viruses can be stored urder these corditions for
several years with little or no activity loss (Dulmage and Burgerjon, 1977;

Lewis and Rollinson, 1978).

The protein concentrations of I.B., virus particle and granulin

or polyhedrin preparations were estimated by the method of Lowry et al.

(1951?.

b) Separation ard purification of baculdvirus virus particles, gramulin,

and polyhedrin
I.B. suspensions at between 5 and 20 mg/ml were dissolved by addition

of an equal volume of 0.1 M Nazcos for 20 mimtes at room temperature,
or for 30 minmutes at 4°C where endogenous proteolytic activity was to

be reduced.. Dissélution was stopped by lowering the pH with an equal
volume of O.QS M tris/Hcl buffer at}pH 7.8. Any undissolved I.B.'s were
removed by low speed centrifugation. The supernatant was then placed on
30-65% (wAw) sucrose gradients buffered with 0.05 M tris/Hcl pH 7.8.
Centrifugation t0 equilibrium was achieved at 25,000 r.p.m. for 3 hours.
.Polyhedrin or gramilin was removed'from thé‘top of the gradient and
dialysed against disfilled water or buffer. Virus particle bands were
pooled and pelleted twice in distilled water. Bbth compoﬁents were

stored at -20°C.

Virus particle degradation is reduced by using buffered gradiemts
ard lowering the pH after a limited dissolution period (McCarthyand Iiu; -
1976). Good yields of virus particles were obtained, approximately

2.5% of total NPV I.B. protein being recovered as virus particle protein.
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(5) Light Microscopy

a) Equipment

Zeiss standard R.A. microscopes with 2x Optovar magnification
changér were used with a planapo 100x oil immersion objective for
critical observation of dried smears of wviral I.B.'s. A Zeiss camera
body was used for photography, and exposure was determined with a .

photocell aml Zeiss four stage photometer.

b) Counting incluéion bodies -

Various methods for counting purified I.B. preparations were
tested. Haemocytometer counting with 0.01 mm armd 0.02 mm depth Thoma
ruled slides (Gelman-Hawksely Ltd., Lancing, Sussex) anl dried smear
counting (Wigley, 1980) gave comparable results with polyhedra. Dried
smear counting was found to be unsuitable for GV capsules, however, as
their small size prevented them from.being clearly distinguished.
Therefore haempcytbmeter counting was adopted as a stamdard method for all
I.B. types. The 0.02 mm depth chamber was uéed as it gave less variable
results than the 0.01 mm chamber. This is probably because the major
source of error is variation in chamber depth between counts (Burges and
Thomson, 1971) which is proportionately less important as depth
increases. 0.1 mm depth chambers were too deep to allow counting of
I.B.'s without continuous refocusing. The 0.02 mm depth chamber was used
with phase conﬁgéﬁfoptics in the case of NPV I.B. counting, or dark field
optics for GV's. The stock suspension was diluted so that about 5-10
I.B.'s lay in each small square ruled on the haemocytometer. About 2 pl

of suspension were put on the slide which was gently moistened by

breathing to improve coverslip adhesion (Bﬁrges and Thomson, 1971).
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I.B.'s were counted in squares on a diagonal acfosa the slide until
at least 400 had been counted. The number of I.B.'s in the original
.suspension was then calculated. For each suspension two replicate
dilutions Qere made and each counted twice. If there was a large
variation in the counts, further replicate counts were done. The final
result was taken on the mean of these counts. The slide and coverslip

were washed in alcohol between each count.

Using this method the stanmdard error (S.E.) of the count is the
' square root of the mumber of I.B.'s counted (Burges ani Thomson, 1971).
However, differences between replicéies are often larger than this would

suggest as a result of systematic errors.

¢) Measuring polvhedral diameters

Light microscopy can be used to rapidly measure large numbers of
polyhedra. .Bright field illumination is not satisfactory as it produces
a diffraction pattern at the edge of objects and judging the position of
the edges is impossible (Ross, 1957). Using phase.contrast illumination
of dried sméars this problem is elimirated since the polyhedra then have
sharp outlines (see also Section 5(d)). Polyhedra were measured using an
image~-splitting eyepiece (Vickers-i.E.I., England). This was calibrated

by reference to a stage micrometer with 10 pm ruling.

d) Examination of larval smears

A variefy of methods have been devised which are useful for
diagnosis of larval infections by light microscopy, uging either wet
mounts or stained larval smears (Payne and Kelly, 1981). Most of these
methods are too time consuming for rapid diagnosis of large numbers of
infections. In this study a simple but effective method was used which

was suitable for diagnosis of death or infection by cccluded viruses
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or bacteria. Phase contrast microscopy of dried larval smears was
‘used, with an oil immersion 100x objective. Baculovirus I.B.'s appéar
dark grey by this method, GV capsules being clearly distinguishable from
rickettsiae ahd otber similarly sized bodies. CPV I.B.'s are lighter in

appearance with a sharp outline and are distinct from NPV polyhedra.

(6) Electron Microscopy .

a) Specimen preparation for thin sectioning

Examination of thin sections was carried out both on purified I.B.
preparations (Chapter 4) and on neonate larvae which had been fed virus

(Chapter 7).

I.B. specimens: were prepared in polythene embedding capsules
(TAAB laboratories), the sample (0.2-1.0 mg) being pelleted in a bench
centrifuge af each fluid change. For optimum penetration of fixatives
etc. into neonate larvae it was necessary to remove the head and the
abdomen distal to the area to be examined. The remaining pieces were
transferred between fluids using glass tubes with stainless steel gauze

filters (Pegler anl Atkey, 1978).

The following schedule was used, with 0.2 M phosphate or

cacodylate buffer (pH T.2) as diluent and for washing, unless otherwise

stated:
(i) Fixation: 2% Glutaraldehyde, 2 hours
wash, 5 x 20 minutes
2% aqueous 050y ; 1% hours
wash, 5 x 20 minutes
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(i1) Dehydration: 25%; 50%; TO0%; 80%; 90%;
100% ethanol, 30 minutes each

100% ethanol, 2 further washes

(iii) Embedding: Using Spurr's resin (Spurr, 1969)

25% Resin in ethanol 1 day
50‘,;5 Resin in ethanol 1 day
75% Resin in ethanol 2-3 days
100% Resin in ethanol 2 days

100% Resin in ethanol harden in oven 70°C overnight

I.B. preparations were polymerised in polythene TAAB capsules.
Larvae were placed in small flat embedding moulds and orientated before

hardening.

b) Sectioning aml examination of thin sections

Resin blocks were trimmed with an LKB Pyramitome ani sectioned on
an LKB Ultramicrotome III using glass knives. Square sections were cut
'a:b a thickness of zbout 75 nm and colleqted on uncoated copper grids. They
were stained with uranyl acetate for 1 hour and lead citrate (Reynolds,
1963) for 15-30 mimutes. The electron microscope used was a Jeol JE{ 1008

operating at 80 kV.

c) Negative stained preparations

This technique was used to examine dissolved I.B.'s and virus
particles. The sample was placed on a carbon coated grid and stained with

potassium phosphotungstate at neutral pH.

d) Scennngz electron microscopy

A Jeol JSN-T20 scanning EM was used to examine I.B. morphology. A

drop of purified I.B. suspension was placed on the end of the specimen mount.
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This was coated with gold/palladium using an EM=-Scope sputter-coater.
Photographs were taken at an angle of 60° to the face of the specimen
mount .

(7) Biochemical Analyses

a.) SDS-polyacrylamide gel electrophoresis of polypeptides

A discontimious vertical slab gel system was used, with sample,
gel anml reservoir buffers specified by Laemmli (1970). The equipment
used was based on the design of Studier (1973), us‘ing glass plates ami
perspex spacers and combs. The iower gel was 10% acrylamide + 0.3% NBA
ard had dimensions of 15 x 12.5 x 0.15 cm. 4 3% acrylamide + 0.1‘,"5'1&1BA
gel layer was placed on top. This had a depth of 1 cm with 12 sample

‘wells separated by 0.4 cm wide gel fingers.,

Samples, comtaining O.1-5 jig protein per bamd, were added to
50-200 p1 sample buffer containing 0.002% bromophenol blue axﬂ. heated to
90°C for 2 mimutes. When cool they were‘applied to the gel which was run
at 15 mA until the bromophenol blue marker had completely entered the
lower gel. The current was then increased to 30 mA until the dye was
within 1 em of the lower gel edge when the run w'fis stopped. The total

ran time was around 4%3- hours.

Gels were stained in 0.05% Coomassie blue in methanol: acetic
acid: water (5:1:5) for 2 hours at 3"{00 or overnight at room temperature.

Destaining used T.5% acetic acid, 10% ethanol in distilled water.

The following molecular weight standards were used for calculation
of virus polypeptide molecular weights. (Crook, 1981(a) unless otherwise

stated.) .
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myosin (200,000); phosphorylase a (97,400) (Fletterick aml Madsen, 1980);
transferrin (77,000); bovine serum albumin (69,000); ovalbumin (45,000);
lactic dehydrogenase (35,000); carboxypeptidase a (29,000);

%~chymotrypsinogen (25,700); myoglobin (17,200); cytochrome C (12,400).

b) Nucleic acid purification

Both baculovirus DNA and CPV RNA were extracted directly from
purified I.B.'s without further purification of virus particles. FPhenol
extraction procedures were used in both caseé, the main @ifference being
the temperature conditions. Extraction with phenol at 60°¢c pH5, followed
by rapid cooling results in degradation and removal of DNA in the phenol
phase which is éuitable for RNA purifications (Scherrer, 1969. DNA is

purified with phenol at room temperature and neutral pH.

(i) Schedule for DNA purification-

Five to 20 mg I.Bs's in 0.5 to 1.0 ml water were dissolved by
addition of an equal volume of 0.1 M Nazco3 for 40 mimites at room
temperature. Virus particles were disrupted by the addition of SDS to a

final concentration of 1% and incubation for &0 mimites at 3700.

An equal volume of phenol saturated with 0.01 M tris/Hcl buffer
(pH 7.6) + 0.001 M EDTA was added to the dissolved I.B. suspension.
Gentle shaking for 5 mimates was followéd by low speed centrifugation
to separate the phases. The lower (phenol) phase was discarded but the
interphase was retained with the aqueous layer. FPhenol extraction was
repeated twice on which occasions the imberphase was also discarded. The
agqueous phase was then eithef dialysed extensively against 0.01M tris/Hcl
+ 0.001 M EDTA to remove traces of phenol and concentrated by dialysis against

polyethylene glycol, or the DNA was precipitated with alcohol. In the

latter case the aqueous phase was washed in two volumes of ether to remove



phenol, and the DNA precipitated by addition of 2 volumes of ethanol
at —20°C. This was left overnight' at -20°C and then pelleted by low
speed centrifugation, followed by washes in alcohol anl ether. The DNA
was then resuspendéd in a small volume of extraction buffer. DNA was
stored at a concentration of 100-200 p.g/ml (a.bsorbande of 2-4 at 260 nm)

‘ at 4000

(ii) Schedule for RNA purification

Five to 20 ing of CPV I.B.'s were suspended in 0.'01 M sodium
acetate pH 5.0, 0.05 i ‘sodium. chl'oride and extracted three times with
90% phenol at. 60°¢c (P-ayne and Tinsley, 1974). On each extraction the
miﬁure was left for three mimutes at 60°C and vortex-mixed four times
during this périod. It was then placed on ice for a few minutes before
separating the phases 5y low speed centrifugation. The interphase was
retained at the first extraction and discarded at the last two
extractions. The RNA was precipitated using the method described above
- for DNA. It was resuspended in a smell volume of Laemmli sample buffer
(Laemmli, 1970), and stored at -20°C. It was found that RNA samples in
this buffer could be successfully used on all the gel systems which are

described below.

¢) Restriction endomiclease digestion of baculovirus DNA

One to 2 pg of purifiéd. baculovirus DNA, or 0.5 pe of bacteriophage
A DNA, was digested in a reaction volume of 15 pl with 5-10 units of EcoRI,
Hind III or BamHI restriction enzymes (Miles Laboratories Ltd.) in the

appropriate buffer (all pH T7.5):

EcoRT Hipd IIT BamBET
tris/Hel 100 mi 6 mM 100 mid
NaCl 50 mi 50 mM —_

MgCl, | 10 mM 6 m 10 mM



Digestion was continued for 3 hours (EcoRI) or 4 hours (Hind III, BamHI)
at 37°C. The reaction was stopped by the addition of 2 pl of 0.1 K
EDTA, 20% Fidoll, 0.1% bromophenol blue aml heating at 60°C for 10

mimites.

d) Agarose gel electrophoresis of micleic acids

This was the main electrophoretic system uée@ to separate:
restriction endonmuclease fragments of baculovirus DNAs., It wes found that
CPV ds RNA genome segments could also be separated using this system which
was particulariy appropriate.for checking possible mixed baculovirus/CPV

infections (Appendiz 1)e

Agarose gels at concentrations 0.7, 1.0 or 1.4% were made up in
electrode buffers: 40 mM tris/ﬁcl; 20 mM sodium acetate; 2 mM EDTA pH 7.8.
Dissolvedﬂégarose was poured onto a 20 x 2070m glass plate to a depth
of 2.5 mm. Wells 7T x 1.5 mm x 2 mm deep were formed with a perspex
bmould 2 cm from.?hé end of the plate. Electrode 3uffer was run in until
flush with thé uéper gel surface. The apparatus was equilibrated by
running at 35 V for 30 mimutes before adding the samples. ZIZlectrophoresis -

was carried out at 35 V or 40 V for 16~24 hours.

Gels (DNA and RWA) were stained with ethidium bromide at 2 mg/ml
in electrode buffer and photographed unler short wave u.ve. illumination

(302 mn), using Ilford FP4 film and a Kodak Wratten No.4 (yellow)

filter.

DNA from bacteriophage )\mms digested with EcoRI or Himd III

restriction enzymes to provide molecular weight stardards.
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e) Polyacrylamide gel electrophoresis of nucleic acids

Two polyacrylamide gel systems were used for separation of CPV
ds RNA genome segments. Baculovirus and A Dya genome restriction enzyme

digest fragments were also tested on these systems (Appendix 1).

(1) 3% acrylamide

Payne a.ni Tinsley (1974) described a 3% continuous gel system for
CPV genome segment electrophoresis and this ié the main system wif:h which
the nugleio agid. of these viruses has been analysed since then. When
this method was adapted to vertical 15 x 13.5 x 0.15 cm slabs it was
fourd that the gel and electro&e buffer described above for a.garoée gel
electi'ophoresis was more suitable than that described by.Payne and
Tinsley (1974). ZElectrophoresis could be completed in a much shorter
time (13 hours at 60 v compared with approximately 45 hours) without
necessity for renswal of glectrode buffer. The results obtaine‘d were

the same using either buffer system.

The 3% g.els. were made up as follows:
10% of a stock solution of 30 a.cr&la.mide + 0.8% methylene bisacrylamide;
10% 0.4 M tris, 0.2 M sodium é.ceta.te, 20 mi EDTA ad justed to pH 7.8 with Helj;
80¢% H,0 + 0.02 g ammonium persulphate;

25 pl TEMED.

The concentration of methylene bisacrylamide is nalf of that used

by Payne and Tinsley (1974), but the same as that used by Laemmli (1970).

(ii) 10% Laemmli discontinuous acrylamide-

The Laemmli (1970) polypeptide electrophoresis system has been
applied to ds RINA segments from a range of segmented genome viruses, such

as Reovirus (Ramig et 2l., 1977) and Rotavirus (Rodger and Holmes, 1979).

-91 -



In this study the CPV ds RNA segments were analysed oh vertical
15 x 13.5 x 0.15 cm slab gels using the 3% acrylamide upper and 10%
acrylamide lower gel concentrations as described by Laemmli (1970).
Electrophoresis was carried out at a constant current of 20 mi for

15 hours.

Gels were stained and visualised as described in Section (d).

(8) Serological Anslyses

a) Preparation of antisera

. Antisera were prepared to virus particles, polyhedra and I.B.'s of
A. segetum NPV (English isolate) and M. brassicae NPV. Antiserum to
A. segetum GV capsules was provided by Dr. N. E. Crook and had been

prepared in the same manner.

Rabbits were immunised by intramuscular injection on days 1, 8
and 15 with 5 mg antigen (polyhedrin and I.B.'s) or 0.5-1 mg (virus
par¢iclés)...$hese were emulsified with Freund's complete adjuvant on
the first injection ard Freund's incomplete adjuvant for subsequernt
injections. Rabbits were exsanguinated 3 to 4 weeks after the final
ihjection, the exact time being dependént.on results of gel diffusion

tests of 10 ml bleeds at 2, 3 and 4 weeks after the final injection.

Blood was allowed to clot at 37°C for 30 to 45 mimtes and then
cooled to 4°C for 24 to 36 hours. Serum was removed anl centrifuged at
1000 repeme for 5 to 10 mimutes. Serum was stored at -20°C without

preservatives.
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b) Immunodiffusion

Five ml of 0.8% agarose in 0.02 M phosphate plus 0.15 M NaCl,
pE 7.4 (PBS) was pouréd into 5 cm diameter Petri dishes. Wells with a
diaméter of 6 mm were cut 4 mm apart and 50 pl of antigen or antiserum
added to each well. Antiserum was used undiluted in most cases. Where
the antigens were I.B.'s, these were dissolved with 0.1 M I\}"az(JO3 plus
1% Nonidet P40 amd brought to neutral .pH by dilution to 1 mg/ml with

PBS.

Gels were left for 24-48 hours at 4°C, washed with PBS and
visualised by dark ground illumination, or by staining with Gurr's

Brilliant Crocein using the method of Crowle and Cline (1977).

¢) Preparation of S-zlobulin

¥-globulin was purified from antiserum for ﬁse in enzyme-linked
jmmnosorbent assays (ELISA). Antiserum was diluted 10-fold and an
equal volume of saturated ammonium sulphate added to precipitate thé
»‘-globulin. After standing for 30 minutes the precipitate was pelleted
by low speed centrifugation and dissolved in PBS. | After extensive
dialysis against PBS the ¥-globulin was adjusted to 1 mg/ml (absorbance

at 280 nm = 1.38) and stored at -20°C..

' d) Engyme-linked immunosorbent assay (ELISA)

" Y-glovulin was conjugated with alkaline phosphatase (Sigma type
VII) by the method of Avrameas (1969) as described by Clark and Adams
(1977). Indirect and double antibody sardwich ELIS4 were carried out
essentially as described by Crook anl Payne (1980). For the indirect
method plates were coated with dissolved I.B.'s. These were prepared by

addition of an equal volume of 0.1 N Na2C03 for 20 mimites followed by

dilution to the appropriate concentration in PES. K—globulin was used
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at a concentration of 5 pg/ml, diluted in PBS plus 0.05% Tween 20
(PBS~Tween). For the double antibody sandwich method the plates were coated
‘ with 1 to 3 ;tg/nil E—globulin in PBS. The antigens were I,B.'s, dissolved

a8 described above and diluted in PBS-Tween.

p-nitrophenyl phosphate (Boehringher Corporation, London, Ltd.) was
the substrate, at 0.1% in 10% diethanolamine-Hcl, pH 9.8. After a 90
mimte incubation at room temperature, colour intensity was measured at

405 nm using a Beokman model 25 spectrophotometer.

(.9) " Infect ivity Assays

a) Dosing method
A standard method was developed for dosing larvae with virus both

in cross-infection tests amd dosage-mortality assays. It was found suitable
for all the species in this Hstudy ard it allowed défined doses to be fed |
to larvae of these species. The method involved spreading virus on a

large leaf disc from which small discs were cut for feeding to

individual larvae. An experiment using radiolabelled virus was carrieq.

out in order 'to check that the dose on each small disc corres;popded to the
'ca.lcula.ted value and that variation in this dose was small in relation to
total .dosage-mor'tality response variation. This experiment is described

in Section 9(b).

A cork borer was used to cut 10 mm diameter leaf discs from
cabbage leaves (cv. IM.ljay’"vExpress). Flat areas of mature leaves were
chosen. The dis;::s weré placed upside down on solidified 3% agar to hold
them in place ard prevent desiccation during virus application. 3Iach of
these discs cdrresponded to one dose/replica.te for 25 larvae., Tor

dosage-mortality assays four doses at half lo.g10 intervals were used in
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addition to controls for each assay, with {two replicates of 25 larvae at
each dose, Suitable virus dilutiéns were made using an aqueous solution
of O.2%vagar (0xo0id No.3), 0.3% Teepol as diluent. At this concentration
the agér remains fluid at room‘temperature but has no convection
currents during drying. -The teepol acts as a wetting agent. Five pl

of diluted virus was spread on a disc with a round~ended glass rod (3 mm
diameter), which was first wetted with the suspension to prevent net
removal of virus on the rod. When»the smear had dried, 25 discs of
0465 or 0.75 mm diameter were cut and imdividually placed virus upwards
on drops of solidified 3% agar in microtitre plate wells. A sharp
stainless steel or brass‘tube was used for cuttingbthese discs, with a
central wiré to push out the disc. Discs were prepared in order of.
increasing virus dose in order to obviate sterilisaiion of the cutter

between doses.

Larvae, within 24 hours éf hatching, were placed individually in
the microtitre plate wells whih were then sealed with 'Cling Film'
(Pa&ne Scientifiec, Lonion).~ The plates were inverted with all species
except Agrotis spp. in order to maximise the feeding rate. After 24
hours, larvae which had not finished feeding (usually because they had
suffered handling injury) were discarded. Those which had eaten their
diécs entirely were reared individually on formalin-free diet in square
plastic compartmentalised petri dishes. These were sealed with 'Cling

Film'.

During the bicassay larvae were maintained at 20°C with an 18
hour day. Assessment of mortality was carried out daily by smearing all

corpses and examining them as described in Section 5(d).
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32

b) Estimation of dose variability on leaf discs using ~ P-labelled virus

32

P-labelled A. segetum NFV polyhedra ﬁere produced as described

in section (10). A suspension of approximately 1.8 x 107 I.B./ml had an
activity of 2.83 x 106 counts per mimute (c.p.m.) per ml as measured

by Cerenkov counting (Section 10). A 50 pl-aliquot of this suspension was
centrifuged at low speed to pellet the I.B.'s which were resuspended in
50.p1 of 0.2% agar plus 0.3% teepol. Four portions of 5 pl were taken from

this suspenéion and smeared on four 10 mm cabbage discs from each of which
10 small discs were cut as described in Section 9(a). Fach of these was
homogenised in a tissue grinler ard the amount of radio-labelled virus

estimated by Cerenkov counting.

Results: The mean of the counts of 10 small discs from each oﬁ |
the 4 large leaf discs were as follows (after subtraction of backgroumd
count ) s

5T+23 58.4; 59.6; 72.0 c.p.me
The expected count pei small disc, based on the virus dose applied, was
57.0 c.peme. This shows that the smearing method used results in little
or no net gain or loss of virus on the small leaf discs, at least in
terms of mean dose per disc. The variation in dose per small disc was
assessed by combinming resulis from all 40 discs. It was found that the
log10 Cepems exhibited the frequency distribution shown in Figure 2.1.
This distribution was tested by the Kolmogorov-Smirnov non—-pazrametric
test (Meddis, 1975) and found ﬁot to differ signifiéantly from a normal

distribution (p>0.1).

The standard deviation of the distribution was 0.206, The effect

of this on the slope of the final probit analysis is given by the following

formula adapted from Finney (1952, pp.170-1T71) : b =h/\/1 + S%/S%



where, b is the final probit slope,
b is the probit slope if dose variation were zero,
S, is the variance of the probit mortality distribution,

S, is the variance of the dose distribution,

DO NN

.~ 52 = 0,206% = 0,042

If the true probit slope is 2, then sf = (-12-'-)2 = 0.25

‘.0 g = 1‘85

Thus, the slope is reduced by T.5%. Thé effect on probit slope is.

less as the true slope is reduced, being 4.4% at a slope of 1.5-and

2.0% at ‘a slope of 1.0. Variation in dose c;used by the dosage methcd
the?efore has a very small effect on overall dosage-response variability.

32

(10) Production ani Counting of 2“P- and 3H-Labelled Virus

Radio—labelled A. segetum NFV (English isolate) and P. brassicae
32 3

GV were prepared using ~ P-orthophosphate or “H~Thymidine. 3o0th radio-

isotopes‘were supplied by the Radiochemical Centre, Amersham, U.X.
32P-orth0phospha.te was supplied at 10 m Ci/ml in dilute Hel (pH 2-3)

and methyl-"H Thymidine at 1 m Ci/ml in 2% ethanol.

Radio-labelled virus was broduced in the homologcus host by feeding
third to fourth instar larvae on‘diet with which the isotope had been
incorporated. 32P was incorporated by mixing with liquid diet, at 45°C,
0.5 ml isotope with 10 mls diet (sufficient for 50 larvae). 3H—lThymidine
was spread over the surface of pieces of diet, 10.pl isotope per larva
being supplied. Virus inoculum was added at the same time as (4. segetum)

or one day after (P. brassicae) feeding on labelled diet began.
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Figure 2.1. Histogram of bioassay dose distribution.
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Radio-labelled virus was purified as described in Section 4(a).
The level of radiocative emission was measured using a Tracerlab (1-200
liquid scintillation spectrometer. 32P samples were dissolved or
susperded in 20 mls 0.1% SDS and the level of Cerenkov radiation measured

with the scintillation éounter on tritium settings (Clausép, 1968).
3H samples were dissolved or suspemded in 1 ml H20 ani.couAted in an
emulsion cocktail consisting of 10 mls of a 1:2 mixture of Triton X-100
and toluene (Patterson ard Greene, 1965). The toluene contained 0.4%
of 2,5 diphenyloxazole (PFO-primary scintillant) and 0.02% of |
1,4-bis (2-(5-Phez§yloxazoly1)) benzene (POPCP~secondary séi‘minant).
Triton F=10& toluene were supplied by BDH (U.K.) aml the scintillants by
Sigma (Lonioﬁ).“ The 1:10 volume ratio.” of sample to cocktail proﬁuced a

stable emulsion.(Paﬁie{'1976).

Samples were thorouéhiy.mixed and left for one hour in the dark
to stabilise before counting and to reduce photoluminescence effects.

The level of quench was determined using internal standards.

The techniques used 1o investigate the fate of radio-=labelled

virus fed to larvae are described in Chapter T
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CHAPTER 3

BIOCHEMICAL AND SFEROLCGICAL ANAﬁYSES OF THE VIRUS ISCLATES

The biochemical and serological vproperties of the viruses were
studied in order to provide criteria for identification of inoculae amd
progeny viruses in cross-transmission experiments. Three European
isolates of A. segetum NPV were examined in detail to determine their
relatedness as a preliminary to a study of their host range and
i.nfec'bivity. (Chapters 5 ard 6). In addition an examination of serological
relationships between all the baculovirus isolates was carried out to see

how these related to their biological properties.

(1) Electrophoretic Profiles of Restriction Zndonuclease Digests of

Baculovirus DNA's

Profiles for the main baculoviruses studied are shown in Figures

3e1 to 3.5, with the exception of P. brassicae GV which has been recently

characterised by Crook (1981(a)). The molecular weights of DNA fragments
were calculated as the mean from two separate gel runs. Molarity of

fragment bands was assessed visually.

a) Thre;e European isolates of A. segetum NPV

| The EéqRI and Hind III digest profiles of the three isolates are
éhown in Figures 3.1 and 3.2 respectively. The isolates from Engla.nd._
(A. segetum (E) NPV) and France (4. segetum (F) NFV) appeared identical,
while only one or two fragments shé,red similar mobilities with those of
the Polish isolate (A. segetum (P) NPV). This indicated that at least
15% of the base pe.iré in A. segetum (P) NPV DMA differ from those in the

DNA from the other isolates (Upholt, 1977). No similarity was fourd
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Figure 3.1.

Electrophoretic profiles of DNA, digested with EcoRI, from three European

isolates of A. segetum NPV. Key:- A: A.segetum (E) NPV, B: A.segetum
(F) NPV, C: A.segetum (P) NPV. Fragment molecular weights are given x lO_é
: sub-molar fragment.
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Figure 3.2.

Electrophoretic profiles of DNA, digested with Hind III, from three European
isolates of A. segetum NPV. Key:- see Figure 3.1.

Note: fading of high molecular weight fragments in the A.segetum (E) NPV
profile did not occur on other occasions.



“between the profiles presented in Figures 3.1 and 3.2 and published

profilés qu."‘other baculoviruses.,

- The occurrencé of sub-molar bands in digests of A. segetum (P)
NPV DNA with both enzymes (Figures 3.1, 3.2) suggested that genetic

variants may exist in the virus population (Smith and Summers, 1978).

The total molecular weight of the fragments detected was as

follows (ignoring sub-molar fragments):

EcoRI Hind III
English/French 93.45  80.23
Polish 87.79 88.40

These estimates of the genome molecular weight of the isolates will be

underestimates, as fragments of molecular weight less than 0.8 x'106

have not been included. When the EcoRI digest of A. segetum (E) NPV

DNA was separated‘on a 10% polyacrylamide gel. approximately 10 extra

fragments were detected, with molecular weights down to 0.35 x 106

(Appendi;ﬁ). It was difficult to accurately estimate the molecular

weights of these fragments, but they totalled about 5 x 106. The true

genome molecular weight of both isclates appeared to be between 90 and

100 x 106m

b) M. brassicae NFV

The EcoRI profile of this isolate is shownvin Figure 3.3. The
molecular weights of the fragments corresponded closely to those given
by Vlak amd Groner (1980) for the same (German) isolate. Several
fragment bands had a greater intensity than ad jacent bands, suggesting that 
they represented the co;migration of two different fragments (Figure 3.3).

6

Those at molecular weights 6.53 x 106 and 2.44 x 10~ were not recognised
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Figure 3.3.

Electrophoretic profiles of DNA, digested with EcoRIl, from M. brassicae
NPV(A) and A. segetum GV(B).

Molecular weights are given x 1078



as double molarity bands by Vlak and Groner (1980), but were by Kelly
and Brown (1980) who also studied this isolate. The latter authors also
reported a fragment intermediate between the 6.53 x 106 and 5.32 x 106
fragments .éhown in Figure 3.3. This was not found ’5y Vliak and Groner

(1980), nor was it seen in the present study.

The total molecular weight of DNA fragments detected on 1% agarcse
gels was 96.86 x 106. This was in close agreement with the figure of
98.97 x 106 derived from the estimate given by Vlak amd Groner (1980)
by ad justment forA the two bands of double molarity which they missed.
Kelly and Brown (1980) however, gave a lower molecular weight of
91.41 x 106 ‘by EcoRT digestion (adjusted by subtraction of their extra
band)'. This difference was.due mainly to variation in the estimates of

molecular weights of the largest fragments.

Approximately 6 extra low molecular weight fragments were fourd on
polyacrylamide gel elec‘brophoresi:s (Appendiitﬂ). These had a total
molecular weight of about Ix 106, giving a total génome molecular
weight of approximately 100 x 106. It azppears that the estimate of
15 x 106 by Kelly and Brown (1980)‘, using electron microscopy and
reassocigtion kinetics, is an overestimate of the true genome molecular
weight. When jﬁécovicova et al. (1979) exé.miped the gehome of a closely

related M. brassicae NPV isolate from Hollarnd (Vliak and Gromer, 1580)

they estimated the molecular weight as 89 x 106 using electron microscopy

and reassociation kineticse.

c) A. segetum GV
The EcoRI profile of DNA extracted from this isolate is shown in

Figure 3.3. DRestriction endonuclease profiles of this isolate did not

appear similar to published EcoRI profiles of other viruses. The total
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molecular weight of fragments }0.67 b4 106 was 83.85 x 106.

d) .P. gamma sNPV and mNPV

An.isolate of P. gamma NPV was obtained by M. E. Martignoni, while
at the G.C.R.I. in 1972-73, from C. Vago (Station de Rechdrches de
Pathologie Comparéé, Saint-Christol-ies—AJks, France). This isolate
contained exclusively cubic polyhedra andl was used as the inoculum
for production of a larger'batch in P. gaqma, for further analysis. Tpg
progeny virus from this infection consisted of cubic I.B.'s of the mNPV
type when examined in thin section (Chapter 4). The electrophoretic |
profile of the EcoRI digesf of DNA extracted from this isolate is shown
in ¥igure 3.4. This profile was Qery similar to that of an isolafe of

Autographa californica mNPV obtained from C. F. Reichelderfer (University

of Maryland, U.S.A.) and also shown in Figure 3.4. The P. gamma mNPV DNA
digest had a submolar fragment at molecular weight 2.51 x 106 which was
not found in the A. californica NPV isolate. This fragment was also

found in an A. californica isolate examined by Smith and Summers (1978).

P. gamma NPV isolates were also obtained from the Institute of
Virology (Oxford, U.K.), being isolates No.88 and No.287 from the virus
collection maintained there. In neither case was the origin of the

isolate recorded.

No.287 appeared to consist entirely of cubic I.B.'s of 1=4 um
diameter when examined by phase contrast microscopy. iwWhen grown in
P, gamma the progeny virus was multiply enveloped as determired by
isopycnic sucrose gradient centrifugation. When the DNA was digested with
EcoRI the electrophoretic profile was again similar to that of

A. californica NFV ONA (Figure 3.4). Although the profile was faint, it

was possible to see an extra barmd at 5.19 x 106 which was not present in
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the A. californica profile. The NPV obtained from Galleria mellonella is

closely related to A. californica NFV but also exhibits an extra bard at

this point in its EcoRI digest profile (Smith and Summers, 1979).

Isola&e No.88 contained a high density of small polyhedral I.B.'s
of arourd 1 pm diameter, with some larger I.B.'s, when examined by phase
contrast microscopy. When grown in P. éamma larvae, some corpses contained
small polyhedral I.B.'s, some large cubic I.B.'s and others amixture of
these two I.B. forms. The corpses which apparehtly contained only small
I.B.'s were pooled aﬁd the I.B.'s weré purified. These appeared to coniain'
only singly enveloped virus particles when examined by hegative sfaining
of partly dissolved polyhedra (Chapter 4). This virus batch was used as
the inoculum for a further passage in P. gamma. A mixfture of polyhedral
types was again found in the progeny. Those corpses apparently corbtaining
only small I.B.'s were pooled. On this occasion an extra cycle of rate-zonal
gradient centrifugation was used in the I.B. purification. 4 30-80% /)
glycerol gradient was used at 3,000 r.p.m. for 40 mimites. These cénditions
had previoqsly been shown to cause the larger, cubic, I.B.'s to pellet.

The I.B.'s which had not pelleted were removed and purified. This
preparation now appeared to consist entirely of the small I.B.'s when
examined thoroughly by phase contrast microscopy. The electrophoretic
profile of the EcoRI digest of DHA obtained from this isolate is shown in
figure 3.5, together with the profile of a mixed batch of small and large
I.B.'s. Although the latter DNA sample apparently did not digest quite

to completion it was possible to detect bards of a profile similar to that

of A. californica NPV mixed with that of P. gamma siFV.

The P. gamma sKNPV profile was not comtaminated with A. californica

bands. The faint submolar band at high molecular weight (15 x 106) Was
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Figure 3.4. Electrophoretic profiles of DNA, digested with EcoRi, from P. gamma mNPV
and A. californica NPV. Key:- A: )\ DNA, B: P.gamma mNPV, from France,
C: A. californica NPV, D: P. gamma mNPV, isolate 287 from Oxford.

Molecular weights are given x 1078
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Figure 3.5. Electrophoretic profile of DNA, digested with EcoRl, from P.gamma sNPV.
Key:- A: P.gamma sNPV 4+ mNPV, B: P.gamma sNPV.

Molecular weights are given x 1076



present on an ad jacent digest profile of M. brassicae NFV (not shown)

suggesting that it is an artifact. The sNFV profile showed no similarity
with published EcoRI digest profiles of baculoviruses. The total molecular

weight of the fragments detected (down to 0.83 x 106) was 82,09 x 10°.

This P. gamma sNPV isolate was used in all further work. To
recurrence of larger cubic I.B.'s was fourd in infection tests, confirming

the purity of the isolate.

It seems that P. gamma populations may be subject to at least two
different WPV infections. OCne of these is an mNFV similar to members of

the 4. californica NPV virus complex. This is probably the isclate studied

by Vago and Cayrol (1955) who described a cubic I.B. of 1-5 pm. The sIFV
of Po_gamma is clearly distinct from this miPV. It is not known whether
this isolate is the same as the P. zamma sNPV used in infection tests by

Harper (1976) and supplied to him by A. Burgerjon (I.N.R.A., La Minidre,

France ).

(2) =Electrophoretic Profile of P. gamma CFV Genome Segments

The profile of P. gamma CPV ds RNA segments on 3% acrylamide is
shown in Figure 3.6. The molecular weights of segments wers calculated
by comparison with the Bombyx mori CFV segment molecular weights given by
Fujii-Kawata et al. (1970) as standards. The profile of the B. mori CPV

segments is also shown in Figure 3.6.

The P. gamma CFV profile was indistinguishable from that of a CFV

—————

extracted from Spodoptera exempta (Payne et éL-1197Kbi)o The molecular

weights of ds RIA segments calculated for both CFV's were almost identical.
It is probable that the P. gamma CPV, originally isolated in this species

by M. Z. Martignoni at the G.C.R.I., was transmitted to stocks of 3. exempta
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Figure 3.6. Electrcphoretic profiles of P.gamma CPV(A) and B.mori CPV(B) genome
segments on 3% acrylamide gel. Segment molecular weights are given x 107°



which.were being reared in the same department (?ayne, pers. comm.). The
segment profile of P. gamma CPV was similar to that of B. mori CFV and

these viruses also appeared to be antigenically related (Payne et al., 1980).
Close examina#ion of the profiles showed too many differences to allow the
P. gamma CFV isolate t§ be included in Type 1 (Payne and Rivers, 1976)

ard Payne et al. (Eﬂﬁiﬁ*classified the virus as type 12.

(3) SDS~Polyacrylamide Gel mlectrophoresis of Structural Polypeptides from

Three European Isolates of A. segetum NPV and li. brassicae NPV

The structﬁral polypeptides of the three Buropean 4. segetum mNFV
isolates were compared in order to confirm that the French and Ehglish
isolates were identical, amd to reveal any similarities between these and

the Polish isolate. M. brassicae mNPV was included in the comparison. The

electrophoretic profiles of polypeptides from this virus isolate have been

previously studied (Kelly anml Brown, 1980; Maskos and Milteﬁburger, 1981).

Molecular weight estimates calculated below were usually based on

the results of two separate gel runs.

a) Polyhedrins
Slight differences were found in the mobility of the polyhedrins
(Figure 3.7). The following molecular weight estimates were made for

polyhedrins:

¥. brassicae NPV 29,300
i. segetum (E) NPV 28,200
A. segetum (F) NFV 28,200

A. segetum (P) NPV 28,500
A, segetum () NFV and A. segetum (F) NPV polyhedrins appeared to have
identical mobility. A. segetum (P) NPV polyhedrin may have a slightly

lower mcbility (Figure 3.7) but it was not possible to separate its
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polyhedrin band from that of A. segetum (E) NPV by co-electrophoresis

(not shown). M. brassicae NPV polyhedrin could be separated from A. segetum

(E) NPV polyhedrin by this method (Figure 3.8).

The M. brassicae NPV polyhedrin molecular weight estimate was

slightly higher than that published by Kelly and Brown (1980) of 28,000
and Maskos and Miltenburger (1981) of 28,200. It was lower than the estimate
of 30,000 by Croizier amd Croizier (1977), who also estimated the

molecular weight of A. segetum (F) NPV polyhedrin as 29,400.

The use of a slab gel system in the present -study ailowed direct
comparison of mobilities of wiral polypeptides and molecular weight
standards, which should increase the accuracy of the comparative estimates.

M. brassicae NFV polyhedrin had a lower mobility than carboxypeptidase a

(Figure 3.8) indicating a molecular weight greater than 29,000.

In Figure 3.7 additional polypeptides were resolved at molecular
weight 25,000~26,000., These were breakdown products generaféd by the
action of endogenous alkaline protease on polyhedrin. In this case the
degradation was limited by dissolving polyhedra at 4°C. When dissolution
was carried out at room temperature, extensive polyhedrin breakdown
occurred (Figure 3;9). This figure shows the results of an examination of

allzaline protease activity in }M. brassicae NPV and 4. segetum (2) upv.

Tracks A, B, C and D show the polypeptide vrofile of whole polyhedra,
dissolved for 20 minutes at room temperature by addition of an equal

volume of Q.1 M NaZCO to the polyhedral suspension. In the case of tracks

3
A and C the polyhedral suspension was heated to 70°C for 30 minutes prior
to dissolution to inactivate any enzymes present (Summers and Smith, 1975) .

Tracks E and F show the profiles of polyhedrins purified after polyhedra

had been dissolved for three hours at room temperature without heat treatmente.
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Figure 3.7. Polyacrylamide gel electrophoresis of polyhedrins. Key:- A: M. brassicae
NPV, B: A. segetum (P) NPV, C: A. segetum (F) NPV, D: A. segetum (E)
NPV. Molecular weights are given x 1073
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Figure 3.8. Co-electrophoresis of M. brassicae NPV and A. segetum (E)NPV polyhedrins.
Key:- A: M. brassicae NPV + A. segetum (E) NPV, B: M. brassicae NPV,
C: A. segetum (E) NPV, D: Molecular weight standards (¢ = carboxypeptidase a).

Molecular weights are given x 103
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Figure 3.9. Electrophoresis of polyhedrins with varying degrees of alkaline protease
breakdown. For description see text (Section 3(a)).

Molecular weights are given » 1073



- Heat treatment considerably reduced polyhedrin breakdown
(Figure 3.9, tracks A and C), although polypeptides with molecular weights

of 20,000 (M. brassicae NFV) and 18,000 (A. segetum (E) NPV) were produced

which did not correspormd to virus particle polypeptides (Section 3(b)).

The heat treated samples exhibited bands at molecular weights 58,900

(M. brassicae NPV) and 56,900 (4. segetum (E) NPV). These values were
very close to twice the respective polyhedrin molecular weights and
probably represented polyhedrin dimers. Other faint bands in these tracks

corresponded to virus particle polypeptides.

Distinctive patterns of polyhedrin breakdown were produced when

polyhedra were dissolved without heat treatment (tracks B, D, E and F).

b) Vims particle structural polypeptides

" The electrophoretic mobilities ard molecular weights of virus

particle polypeptides from the three A. segetum NPV isolates and . brassicae

NPV are shown in Figure 3.10.

The bands marked with an asterisk appeared to be polyhedrin
contaminating the preparation rather than virus particle polypeptides.
They had the same molecular weight as polyhedrin and were variable in

intensity, being absent from some preparationse.

VTirus particle polypeptides of molecular weight approximately

13,000 were detected in preparations from M. brassicze NFV and A, segetum

(B) ¥PV. The other A. segetum isolates were not electrophoresed for

periods short enough for resolution of bamds below molecular weight 16,000.

Approximately 22 polypeptides were detected in the M. brassicae

NFV virus particles. The relative mobilities of these polypeptides

showed a similerity to the results published by Kelly and Brown (1980) and
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Maskos and Miltenburger (1981) although the molecular weights presented
differed somewhat in all three studies. The relative intensity of the
bands also varied from study to study so that, although the same isolate
was used, it was not possible to use the profiles for cénfident virus

identification.

A. segetum (E) NPV and A, segetum (F) NPV had almost identical
profiles, with approximately 23 polypeptide bands. A small difference in
two minor bamds is arrowed in Figure 3.10 but was not consistently fourd.
A. segetum (P) NPV virus particles contained approximately 20 polypeptides
of whicﬁ at least five (a-; in Figure 3.10) appeared to have the same
mobility as polypeptides from the other A. segetum NFV isolates. Thus
although A; segetum (P) NPV could be clearly distinguished from the -other
isolates it may share some similar virus particle polypeptides. The

location of these polypeptides within the virus particle was not determined.

No similarity was detected between the profiles of M. brassicae

NPV virus particle'polypeptides and those of the A. segetum NFV isolates.

(4) Serological inalysis of the Baculoviruses

a) Specificity of antisera

A study of antisera specificity was carried out to see if
serological testing could be used to identify virus isoclates. This study
used antisera to whole polyhedra and polyhedral components of i. segetum

(E) ¥PV ard M. brassicae NFV. The reactions of these antisera with

dissolved I.B.'s of six virus isolates were tested by immunodiffusion. In

addition, the M. brassicae NPV antisera were tested for specificity using

the double-antibody sandwich ZILISA.
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The following isolates were used as antigens in the immunodiffusion

tests: A. segetum (E) NPV; A. segetum (F) NPV;. A. sezetum GV; M. brassicae

NPV (isolate described in Table 2); M. brassicae NPV (Dutch isolate

obtained from J. M. Vlak; Dept. Virology, Wageningen, Holland);

A. californica NFV (origin described in Section 1(d)).

N

Antisera showed varioﬁs_degrees of cross-reaction with heterologous
NFV's but very few reacted with A. segetum GV. Some of tle results are
shoun in Figure 3+11. The most srecific antiserum was that prepared to
A. segetum (Z) NPV whole polyhedra. This formed a single precipitin line
with dissolved polyhedra of 4. segetum (E) NPV and A. segetum (F) NFV,

showing a reaction of identity between these isolates. i, brassicae wvirus

" particle antiserum reacted with M. brassicae NPV and A. segetum () ¥FV

and very weakly with M. brassicae (Dutch) NEV and 4. sezetum (F) NPV.

Antisera to M. brassicae NPV I.B.'s and to 4. segefum (B) ¥BV polyhedrin

showed cross-reactions with 211 NFV's ahd the latter antiserum also reacted

weakly with A. sesetum GV (Figure 3.11).

The extensive cross-reactions shown by antisera in immunodiffusion
tests indicated that this technique would be of limited value for virus

identification.

Double antibody sandwich ELISi is the most specific of ELISA
methods in general use (Crook and Fayne, 1980). The level of cross—

reaction of M. brassicae PV virus particls and‘polyhedrin antiserz with

A. segetum (Z) IFV dissolved. polyhedra was compared with their reaction

with M. brassicae IFV dissolved polyhedra using this technique. The

results (Figure 3.12) demonstrate significant cross-reaction, although

the homologous virus reacted more strongly. It is not clear why the

reaction with A. segetum XFV was diminished at higher antigen concentrations
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Figure 3.11. Immunodiffusion tests of antisera specificity.
Key to antisera:-
A: A. segetum (E) whole polyhedra antiserum.
B: M. brassicae virus particle antiserum,
C: A. segetum (E) polyhedrin antiserum.
D: M. brassicae whole polyhedra antiserum.

Key to antigens :-

segetum (E) NPV.

segetum (F) NPV.

segetum GV.

brassicae NPV (German isolate).
brassicae NPV (Dutch isolate).
californica NPV.
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Figure 3.12. Reaction of M. brassicae NPV antisera with dissolved
NPV |B’s tested by double antibody sandwich ELISA.
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in both cases, although a asimilar phenomenon was fourd by Crook and Fayne

(1980).

These ELISA results cénfirmed that serological methods were not
suitable for discrimination of the viruses used in this study, due to

varying levels of cross—reaction of antisera with heterologous antigens.

b) Antigenic relationships between the baculoviruses determined by

indirect ELISA

While Section (a).demonstrates that serological methqu were not
the most appfopriate for identification of the virus isolates, the
phenomenon of antigenic cross-reaction permitted study of relationships
between the viruses. This was based on the assumption that the degree of
antigenic cross-reaction is related to phylogeny (Upholt, 1977; Rohrmann

et al., 1981}«

In this study the indirect ELISA was used to analyse these
relationships. This ELISA method is iess specific than the double antibody
sandwich technique {Crook and P_ayne,' 1980). It has the advantagé that
testslusing different antisera can be performed with a standard conjugate

preparation.

Three series of experiments were carried out, using dissolved

I.Be's as antigens:

(i) Compared M. brassicae NPV, A. segetum (Z) NFV and A. segetunm

GV usinz antisera to virus particles,_polyhedrin ard

polyhedra of M. brassicae NPV and A. segetum (E) NEV

(Figure 3.13).

(ii) Compared all the main baculovirus. isolates including

the three A. segetum NPV isolates. Antisera to A. segetum
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(E) NPV polyhedrin and virus particles were used

(Figure 3.14).

(iii) Compared the main baculovirus isolates except A. segetum
, 4. Sezetum
(F) NPV ard A, segetum (P) NPV, using antisera to

M. brassicae NPV virus particles and A. segetum GV

capsules (Figure 3.15).

The results presented in Figure 3.13 demonstrated considerable
cross-reaction with heterologoustPV antigens. This confirmed the
pattern found in section 4(a). There was some cross-reaction with
A. segetum GV antigens, but this was at a lower level. A. segetum (E)
NPV.virus particle antiserum was the most -specific, while most other

antisera showed similar levels of reaction with both NFV'ss 4. segetum ()

NPV antisera to whole polyhedra reacted more strongly with M. brassicae
NPV than with the homologous virus. This suggests that the antigens

responsible for cross—reaction with this antisera are present at a

higher concentration in M. brassicae NPV I.B.'s than in A. segetum NFV
I.B.'s. This result contrasted with the gel diffusion test using this
antiserum (Section 4(a)), demonstrating the influence of test method on

the results of serological tests.

When antisera to A. segetum (B) NPV virus particles and polyhedrin
were tested against all the main baculoviruses of this study three levels
of reaction were found (Figure 3.14). A. segetum (E) NPV and 4. segetum
(F) NPV reacted with almost equal intensity, strengthening the belief that
they are identical isolates. A..segetum (P) NFV reacted to the same

extent as M. brassicae IFV and these both reacted less than the other two

A. segetum NPV isolates. A. segetum GV and P. brassicae GV exhibited the

least reaction, although i, segetum GV reacted more strongly than P. brassicae
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GV with both antisera. The P. gamma sNPV reaction was intermediate to
those of A. segetum (P) NPV ami A. segetum GV with antiserum to A. segetum
(E) NPV polyhedrin, but was similar to those of the GV's with the virus

particle antiserum.

A similar relationship between mNPV, GV and sNPV was found when

five viruses were tested with A, segetum GV capsule antiserum and

M. brassicae NFV virus particle antiserum (Figure 3.15). A. segetum GV
capsule antiserum was fairly specific, showing only weakvreactions with

heterologous antigens. Of these cross—reactions, that with P. brassicae

GV was strongest, the miFV's showing a weaker reaction ard P, gammajéNPV

a very weak cross—reaction. The reactions of M. brassicae NPV virus

particle antiserum with the two mNFV's and A. segetum GV are discussed
above. P. brassicae GV exhibited a. similar reaction to that of 4. segetum
GV while the Ps gamma sNFV reaction was intermediate between the mlFV's

and GV'se

(5) Discussion

Of the techniques used for identification of baculovirus isolates,
the electrophoresis of restriction enzyme fragments of viral DNA was the
most suitable. It was possible to compare the eléctrophoretic profiles
with those pﬁblished by other laboratories and sb confirm if the same
isolate was involved in a particular study. The electrophoretic profile
of ds RNA genome segments was similarly useful in the identification of

P. 'g;) amma. CPV and its comparison with other CFV isolates.

Electrophoresis of virus particle polypeptides was a useful
technique for distinguishing baculovirus isolates in this laboratory.

However the profiles produced were not identical with those found in other
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laboratories using the same isolate. This technique was not as valuable
as electrophoresis of restriction enzyme digest fragments for identification

of the baculovirqs isolates.

)

Antisera to whole I.B.'s or I.B. components exhibited varying
degrees of cross—reaction with heterologous antigens. This limited their
use in identifying viruses, but made them valuable for studying

relationships between isolates.

In the present study A. segzetum (E) NPV and A, segetum (F) NPV
could not be distinguished by any of these three techniques aml are
probably identical isolates. A _segetum (P) NPV appeared to share some
virus particle polypeptides of the same molecular weight with the other
A. segetum NPV isolates but was clearly different from these isolates in
terms of polypeptide and DNA fragment electrophoretic profiles. Serological
analysis failed to show any close relationship between this isolate aml
the other twoe The evidence suggests that A. segefum (P) NPV is a
distinet virus rather than a variant of A. sezetum (8) NPV: This example
illustrates the importance of identifying virus isolates. Both A. segetum
(P) NPV and A. segetum (F) NPV‘were isolated from the same host species
but are distinct viruses. Previous studies have failed to distinguish
between these isolates (Lipa et al., 1971; Burgerjon gt al., 1975).

It is interesting to note that while Vlak et al. (1981) found considerable

similarity between the EcoRI profile of M. brassicae NPV DNA and H. armigera

mNFV DNA, the M. brassicae NPV DNA profile shown in Figure 3.3 is not

similar to the H. armigera miPV DNA profile published by Smith and Summers
(1978). It is presumed that here again two separate viruses have been

isolated from the same host (H. armizera).




The results ofAthe indirect ELISA tests on éntigenic relationships
between the bacukWiﬁseé,confirmed the accepted baculovirus subgroupings.
Antisera to the mNPst reacted most strongly with the homologous virus
in most cases, aml cross-reacted most strongly with the heterologous
mNPV's. Reactions with the GV's were much less intense while the sNPFV
exhibited variable, sometimes intermediate, reactions. The A. segetum
GV capsule antiserum reacted most strongly with the GV's, moderately with
mNPV?s anl weakly with the sNFV. Similar results were fournd by Rohrmann
et al. (198f) who found that GV and mNPV I.B. polypeptides were distinct

both serologically and in terms of amino acid sequence.

As a result of the analyses presented in this Chapter, it was
decided to use electrophoretic separations of genome fragments (generated
by restriction enzymes), or genome segments, for identification of

progeny viruses in cross transmission experiments (Chapter 5)e
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CHAPTER

INCLUSION . BODY STRICTURE

The structures of the viral I.B.'s were analyséd 80 that figures
for oral infectivity (Chapter 6) could be converted into equivalent
numbefs of virus particlés and nﬁcleocapsids. This analysis also
allowed Qomparison of the different ways in which virus-particles

were 'packaged' in I.B.'s of the various isolates.

(1) Inclusion Body lMorphology

Figure 4.1 shows scanning electron micrographs of A. segetum GV,
‘A, sesetum (E) NPV, M. brassicae NFV, P. gamma sKFV and P. gamma CFV
I.B.'s. ?he GV I.B.'s varied little in size or shape, except for rare
abefrant forms some of which are arrowed in Figure 4.1. IFV I.B.'s
exhibited considerable size variations both between and within isolates.
Values for the mean diameters amd volumes of polyhedral I.B.'s are given

in Section 3.

The smallest ¥FV I.B.'s were those of P. gamma sNFV. These most
commonly exhibite& rounded tetrahedral symmetry (Figure 4.1).
M. brassicae VPV, A. segetum () NPV and P, gamma CFV I.B.'s were
polyhedral ard, in the case of the NFV's, almost spherical in shape.
A. segetum (Z) NPV I,B.'s, which were the largest of:those measured
(Section 3) were.often fused in pairs. These are shown by phase cqntrast

microscopy in Figure 4.2 and by thin section in Figure 4.9.

The main surface feature revealed by scanning electron milcroscopy

was the surface indentation of M. brassicae NPV I.B.'s. This phenomenon
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Figure 4.1. Scanning electron microscopy of viral inclusion bodies.

(continued on next page.)
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Figure 4.1. (Continued) Scanning electron microscopy of viral
inclusion bodies.

A: P. gamma sNPV, B: M. brassicae NPV,
C: A. segetum(E) NPV, D: P. gamma CPV
E: A. segetum GV (arrows indicate aberrant IB’s).
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Figure 4.2. Phase contrast microscopy of A. segetum (E) NPV,
showing some fused iB’'s.



" has been noted by Jurkovicova (1979(b)) who studied the closely related

M. brassicae NPV isolate from Holland (Vlak and Groner, 1980). The significance
of these indentations is unclear. They may represent sités for virus

- particle occlusion which have not been filled due to termination of I.B.
development, Alternatively there may have been some degradation of the

I.B.'s, and loss of virus particles, during I.B. purification.

No pits were fournd on the surface of P. gamma CFV I.B.'s. These have
been fourd by other workers on CPV I.B.'s (Jurkovicova, 1978(a); Mertens,
1979), and their absence in the present study may be due to the limiting

resolution of the microscope.

(2) Internal Structure of Inclusion Bodies

Thin sections of A. segetum GV, P. brassicae GV, P. gamma sSIPV and mNFV,

M. brassicae NPV, A. segetum (E) NPV, A. segetum (P) NPV and P. gamma CFV I.B.'s
are shown in Figures 4.3 to 4.10.- The baculovirus particles were typically
bacilliform, confaining one or more nucleocapsids surroundgd by a two=layered
membrane or envelope. lMeasurement of baculovirus mucleocapsids and virus
particles showed no systematic difference between the virus isolates except
that the diameters of multiply enveloped virus particles were variable and
greater than those bf singly enveloped virus particles. leasurements were made
of 10 virus particles from each sectioned isolate. Only virus particles which
possessed clear double membrane structure at both ends, and had therefore been
sectioned longitudinally, were used for length measurements. Nucleocapsids
measured 250-300 nm x 30-35 nm, while singly enveloped particles measured
300-350 nmbx 50-7T0 nm. Multiply enveloped virus particles ug to 240 mm in
diameter were observed in A. segetum (E) NPV. Alkali-released virus particles

from M. brassicae NFV and A. sezetum (8) ¥PV had similar dimensions to

occluded virus particles (Figure 4.11). These figures are in agreement with
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“those found by other workers (Harrap and Fayne, 1979). Virus particles of
P. gamme CPV have been previously examined by Martignoni (pers. comm.) who
found diameters of 60~70 mm. In most IfB. sections the crystalline
Vlattice,gf the matrix protein was evident. The distance between prdtein
units was 4-5 nm for baculoviruses and CFV I.B.'s. This is similar to the

figure of 4 nm given by Harrap (1972(a)) for the matrix of Lymantria

(Porthetria) dispar NPV and Aglais urticae NPV I.B.'s. NPV I.B.'s exhibited
a darker staining-bcﬁer.;n thin section. On alkaline dissolution the matrix
lattice breaks down releasing jirus particles and a bag-like membrane
(Figure 4.11) which may correspond to the’border éeen in thin sectione-
Partial dissolution'can 1e§ve fhe virus paffidles,ﬁfapped within this
membrane (Figure 4.12).‘ The presence of such a membrane has been reported
previously for NPV I.B.'s (Harrap, 1972(a); Jurkovicova, 1979(b)) but not
for CPV I.B.'s (Payne, 1981(b)). A. segetum (P) NPV I.B.'s were.unusual

in often having Se&eral membrane layers extefnal to and separate from the
polyhedral membfane (Figure 4.8). The significance of these structures was
unclear, but it is unlikely that they were artifacts as they have been

ineperdently observed by Lipa et al. (1971) in A. segetum (P) NEV.

The majority of GV I.B.'s contained one singly'enveloped virus
particle (Figures 4.3, 4.5). Very occasicnally, virus particles were
found containing two mucleocapsids in the case of A. segetum GV but not

P. brassiceeGV (Figures 4.4, 4.5). A. secetum (B) NFV, A. segetum (P)

NPV, M. brassicae NPV ard P, gamma mllFV I.B.'s contained singly and

mltiply enveloped virus particles (Figures 4¢7=4.9)e These could be
resolved into separate bands by isopycnic sucrose gradient centrifugation of
alkali dissolved I.B.'s (e.ge. Figure 4.13). 4. segetum (F) NFV also

produced multiple bands by this technique, while F. zamma sKFV and the GV's

s pn———
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Figure 4.3. Thin sections of A. segetum GV IB’s.



100 nm

100 nm

Figure 4.4. Thin section of A. segetum GV aberrant IB’s.



0 5um

Figure 4.5. Thin sections of P. brassicae GV iB’s, showing some
aberrant forms in the lower photograph.
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Figure 4.6. Thin sections of P, gamma sNPV IB’s.



Figure 4.7. Thin sections of P. gamma mNPV IB’s.



Figure 4.8. Thin sections of M. brassicae NPV IB’s (A) and
A. segetum (P) NPV IB's (B).
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Figure 4.9.

Thin sections of A. segetum (E) NPV 1B's,



Figure 4.10. Thin sections of P. gamma CPV IB’s.



Figure 4.11. Negative stained preparations from alkaline dissolved
NPV IB’s. A: Autographa californica NPV polyhedral
membrane. B,C: A. segetum(E) NPV virus particles.



Figure 4.12. Negative stained preparations of P. gamma sNPV, partly
dissolved IB’s.



Figure 4.13. Isopycnic sucrose gradient centrifugation of dissolved
M. brassicae NPV (A) and A. segetum (E) NPV (B).
45 - 65% Sucrose in tris/Hcl 0.05M, pH 7.8.



produced only one band (not shown).

P, gamma sNPV I.B.'s contained only singly enveloped virus
particles when examined by thin sectioning (Figure 4.6) or by negative
staining of partly dissolved I.B.'s (Figare 4.12). This isolate was,

therefore, clearly distinct from an mNFV isolated from P. gamma (Chapter

'3) which contained multiply envelbped virus particles in thin sections

(Figare 4.7). It is imberesting that P. gemma sNPV had a higher density

of  virus particles per I.B. unit section area than the mlPV's (Section 4).

In parallel with the scanning electron micrographs, thin sectiouns

of M. brassicae NPV I.B.'s showed surface indentations, as well as

internal cavities and cracks (Figgre 4.8). Brown and Kelly (1980) also
noted this pﬁenomenon when studying the same isolate. It was }areky
fourd in the other NPV's studied. P. gamma CPV I.B.'s exhibited small
holes of 30-50 nm; particularly on thé;surface, which may be the result

of virus particle loss (Figure 4.10).

(3) igglculaﬁign of I.Bs Volume

The mean volumes of NPV and CFV I.B.'s were calculated to estimate
the @ean mumber of mucleocapsids and virus particles within the I.B.'se.
This estimation also requires calculation of the number of nucléocapsids
and virus particles per unit volume (Section 4). Polyhedral diameters
were measured by phase contrast microscopy (Chepter 2). For the purposes
of this measurement the polyhedra were assumed to be sgheres. Smzll
errors resulting from this assumption were negligible in terms of the
large differences in mean volume fourd between differen% isolates (see

below).
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In most cases 50 polyhédra were measured. In all cases.the
distribution of diameters were not significantly different from a normal
distribution when tested by the Kolmogorov-Smirnov non-parametric test
(p‘>»0.05; Meddis, 1975). The mean volume of each isolaje was calculated

from the mean and variance of its diameter as described in Appendix 2(a).

 Table 3 lists the mean diameters and mean volumes of I.B.'s of the

six main polyhedral viruses in this study, and two additiomal preparations

of M. bragsicae NFV grown in A. segetum and P. gamma larvae. These

preparations were identified as M. brassicae NFV by restriction

endomiclease analysis (Chapter 5).

Polyhedral volumes had distributions which were not significantly
different from the normal distribution when tested by the Kolmogorov—
Smirnov fest (p )»0.05). The mean volumes of the isolates were compared
by Student's t-test (Snedecor and<Cochran, 1967). For thié purpecse each
baculovirus was only compared with baculoviruses immediately ad jacent in
order of size. TWhere there wefe significant differences in the variance
of the volumgs of isolates being compafed (as shown by an F-test of
variance equaiity, Snedecor and Cochran, 1967, p.117) the number of

degrees of freedom was halved (Snedecor and Cochran, 1967, pe114).

The mean volume of A. segetum (E) NPV I.B.'s was significantly
greater than that of A. segetum (F) NPV I.B.'s (p 0.001), which in turn

et ——————

was greater than that of A. segetum (P) NFV I.B.'s (p < 0.001).

M brassicae NFV I.B.'s grown in M. brassicae amd in i. segetum could

not be distinguished on the basis of mean size (p ) 0.05). However,

M. brassicae NPV I.B.'s grown in P. gamma were significantly smaller
than the other two preparations (p{( 0.005). P. gamma SKFV I.B.'s were

significantly smaller than those of the smallest of the miPV samples
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Table 3

Polyhedral . Size

Measurements

Mean

Diameter (pm)

" Standard Deviation

of Diameter (pm)

Mean

Volume (p.m3 )

95% Confidence Limits

I+

A. segetum (E) NPV 2,57 0.41 9.71 1.21
\

A. segetum (F) NPV 2.10 0.45 5454 ' % 0.88

A. segetum (P) NPV 1.72 0,24 2.82 % 0.32

M. brassicae NPV

grown in: (i) M. brassicae 1.66 0.27 2.60 ¥ 0.3
(i1) A. segetum 1.62 0.27 2.43 % 0.32°
(iii) P. pamma 1.43 0,31 1.80 I o0.28

P. gamma sNPV 1,05 0.1 0.65 ¥ o0.07

P, pamnma CPV 1452 0,30 2,05 I 0.30




(M. brassicae NPV grown in P. gamma) (p €0.001).

Previous studies of I.B. diameter have been carried out for two
of the isolates in Table 3, although only the ranges of diameter were

given. Vlak and Groner (1980) found that the diameter of M. brassicae NPV

ranged from 1 to 2.6 pm, while Lipa gt al. (1973;‘:; measured A. segetum
(P) NPY I.B.'s ranging in diaméter from 1 to 4.3 pm. These are similar
to the falues found in the present study. More convincing evidence for
the validity of the mean polyhedral volumes given in Table 3 is shown in_
Fiéure 4.14. Here the mean polyhedral volume for 6 of the NPV
preparations was plotted against the mean protein content per I.B. for
that preparation. .The latter value was calculated as the total protein
cdntent per unit volume of I.B. suspension divided by the concentration
of I.B.'s per unit volume.. A very good fit was obtained with the
regression line shown (correlation coéfficient, r = 0,99; p4£0.001;

Meddis, 1975).

It seems thax different batches of one virus may have different
mean I.B. volumes. This is probably due to variation in physiglogical
conditions in the batches of larvae used, rather than to selection of
certain I.B. size fractions during purification. Attempts were made to
artificially select for small A. segetum (E) ¥FV I.B.'s by removing the
upper fraction (approximately 10%) of I.B.'s from a 30~90% (v/v)
gL&cerol gradient after centrifuéation for 10 minutes at 3.5 b4 103 TeDoMMe
Although this fraction exhibited a mean I.B. diameter around 10% lower
than the starting preparation of I.B.'s, this is less than the difference
between A. segetum (F) NPV and A, segetum (E) NEV and it is unlikely
that normal purification procedures would result in selection of such a

biased I.B. sample.
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y = 1.14x + 0.55

y = Mean protein content per IB (pg)

2 —
-
lo
0 T I | T T | T |
0 2 4 6 8 10

x = Mean IB volume (Pm3)

Figure 4.14. Relationship between 1B volume and protein content
for six NPV preparations.

Key: 1, P. gamma sNPV; 2, M. brassicae NPV grown in M. brassicae;
3, M. brassicae NPV grown in A. segetum; 4, A. segetum (P) NPV,
5, A. segetum (F) NPV; 6, A. segetum (E) NPV



The mpst notable feature of mean I.B. volumes shown in Table 3 'is

the small range (1.8-2.8 pm}) shown by the M. brassicae IFV preparations,

A._segetum (P) NPV and P. gamma CPV. The A. segetum (E) ¥PV and A, segetun
(F) ¥V I.B.'s were considerably larger than this group, while P. gamma

sNPV I.B.'s were considerably smaller.

The I.B.'s of A. segetum GV and P. brassicae GV were measured using

thin sections. Length measurements were taken from I.B.'s where the
virus particle was in longitudinal section, and represented an average
value taken over the curved ends of I.B.'se. . The results were the. mean

e

of 5=-10 measurements in each case:

Diameter {pm) Length (pm) Volume»(pm3)*
As segetum GV 0.33 0.45 0.038
P. brassicae GV- 0.26 0.41 0.022

* calculated as (radius )2 x length x 7

Lipa and Ziemnicka (1971) described a GV of A; segetum with I.B. lenzth
0.40-0.50 pm and Brown et al,(1977) estimated the dimensions of

P. brassicae GV I.B.'s as 0.35 x 0.20 pme These figures are in reasonable

agreement with the values found in the present study. The protein contents

per I.B. of A. segetum GV and P. brassicae GV were 0.045 pg and 0.029 pg

respectively, confirming that A. segetum GV I.B.'s are the larger, The
protein contents per unit I.B. volume were 1,18 pg/'pm3 for A. segetum GV

and 1.32 pgApm3 for P. brassicae GV, results similar to those for the

NPVts (Figure 4.14).

(4) Calculation of Numbers of lucleocepsids and Virus Particles Within

Inclusion Bodies

This study was done with M. brassicae WPV, i. secstum (Z) NPV,

A. segetum (F) NPV, P. gamma sNFV and P. gamma CPV. The mean mumber of
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micleocapsids and virus particles per GV I.B; was very close to one, the

proportion of aberrant I.B.'s being very low (Section 2).

a) Mumber of nucleocapsids per virus particle

A. segetum (E) NPV, A. segetum (P) NPV and M. brassicae NPV I.B.'s

were examined by.thin section to determine the number of virus particles in
each size class. Only virus particles which had been sectioned transversely
were counted. Approximately 100 virus particles in total were counted for

. each virus. The results are shown in Table 4. In the case of 4. segetum ()

NPV and M. brassicae NFV but not A, segetum (P) NEV, the distribution of virus

pérticles among the different size ciasses was significantly different from a
normal distribution when tested by the Kolmocgorov-Smirnov test (p<0.05).

The lérge sample size permitted comparison of the means by Student's t-test
(Snedecor and Cochran, 1967, p.51).. While A. segetum.(E) NPV ard 4. segetum

(P) NPV were not significantly different by this test (p>»0.05), M. brassicae

¥PV had a significantly lower mean number of nucleocépsids per virus particle
than 4. segetum (P) NPV (p <0.001). Although the two A. segetum NFV isolates
had a similar mean number of nucleocapsids pei virus particle, the

distributions of virus particles among the size classes were different.

In the case of A. segetum () FPV and M. brgssic;g NPV, the different
distributions of virus part;cles within the size.groups was confirmed by the
pattern of virus particle bands foundl on isopycnic sucrose gradlients of
dissolved polyhedra (Figure 4.13). When A. segetum (Z) NFV and A. segetum (F)
NPV dissolved I.B.'s were run on parallel sucrose gradients, the virus particle
bands showed identical patterns (not shown). This suggests that the
distributions of virus particle sigze classes:within I.3.'s of these two
isolates are identical. Care must be taken, however, when analysing band

patterns on density gradients. The intensity of bands depends on the size and
concentration of virus particles within the bands. Some bands may e composed

of mixtures of virus particle size classes or of degraded virus particle
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Table 4

Digtribution of No. Nucleocapsids Per Virus Particle in

A. segetum (E) NFV, A. segetum (P) NPV and M. brassicae NFV

tf' . . . . .
Nucleocapsids/ % Virus Particles in Each Size Class

Virus Particle A. segetum (B) NPV A. secetum (F) NFV M. brassicae NPV

1 33 | 17 35
2 5 10 21
3 8 16 | 23
4 13 21 16
5 " . 16 , ;5
6 6 2

7 14 10 1
8 7 5

9 1

10 1

11 2

12

13 1

Number of Nucleocapsids/Virus Particles:

~ Mean 95¢% Confidence Limits
A, segetum (E) WPV 4.04 A T 0.56
A, segetum (P) NPV 3.89 + 0.42
M. brassicae WFV 2.40 T 0.26
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fragments (Cibulsky et al., 1977; Jurkovicova, 1979(b)).

When Vlak and Groner (1980) analysed two isolates of M. brassicae NPV

they found 1=8 nucleocapsids per virus particle, a similar range to that found
ig the preseﬁt study. However, when Lipa et al. (1971) examined the

A. segetum (P) NPV isolate they found 4—8 nucleocapsids per virus particle,
while in the present study 43% of virus particles had 3 macleocepsids or
fewer. The A. segetum (B) NPV isolate has not been previously studied in

this waye.

" b) Number of virus particles per I.B.

The mean number of virus particles per I.B. was calculated by a novel
method, from the number seen in thin séctioqﬁ. To perform this calculation
it was nééessa;y to know the mean I.B. volume (Section 3) and the volume of
the I.B. which was sa@pled by the thin section. The latter value was given
by the area of the thin section multiplied by the sample thickness which was
itself dependent on the dimensions of the virus particles. The calculation
is given in Appendix 2(b). The following walues were obtained for the sample
thickness for each isolate:

A. segetum (E) NEV 323 nm

A. segetum (P) NPV 312 nm
M. brassicae NPV 304 nm
P. gamma SNPV 285 nm
P._gamma CPV 145 nm

The number of virus particles per IL.B. section was counted in 25
sections for each virus and converted to mean number perpm2 for that virus.
Sections in which virus particles apreared to be non-randomly oriemtated

were not used. These occurred at the edge of the I.B.'s where the virus

particles often laid parallel to the surface. The distribution of numbers
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of virus particles per )1m2 was not significantly different from a normal

distribution when tested by the Xolmogorov-Smirnov test (p»0.05).

The following results were calculated for the mean number of

virue particles per pmz. The 95% confidence limits are also shown:

4. segetun (E) WPV 5.6 & 0.6
A. segetum (P) NEV 6.4 = 0.8
M. brassicae NEV 5.5 = 0.8
P. gamma SNPV 17.0 = 2.1
'Po_gemma CEV 37.6 I 4.3

The mean numbers of virus parti.cles per pm3 were calculated by dividing

the number per ;1m2 by thé sample thickness (both figures given above)

-The results are given in Table 5+ The numbers of virus particles and
nucleocapsids per I.B. were calculated by multiplying mean number -of virus
particles per pm3 by mean I.B. volume ard by mean number-of nucleocé,psiq.s_ Per

virus particle (Appendix 2(0)). These results are also given in Table 5,

where figures for the GV's are included for comparison.

Table 5 shows that I.B.'s of the three miFV's had very similar
concentrations of virus particles. These were not significantly different
from each other by Student's t—test (p»0.05). EF. gamma sKPV I.B.'s had
more than three times the virus particle concentration of the miFV's and

the mean was significantly different from that of 4. sezetum (P) NEV

(p£0.001). The GV's showed a similar virus particle:I.B. volume ratio
to the NPV's while P. g'amma. CPV I.B.'s had a much higher virus particle

concentratione.

The calculated mean number of virus particles per I.B. in F. gamma,

glFV was similar in magnitude +to the number counted in partly dissolved
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Table 5

No., Virus Particles and Nucleocapsids Per Inclusion Body

’

No. Virus Par”bicles/pm3

No, Virus Particles/IB

No, Nuclegcapsidé/IB

e moan | 9% fontidence | you | 9% fonfidence |y, | 95 Cenfidence

A. segetum (E)‘NPV 17.3 1.9 168.0° o1 i 673.7 % 104.6

A. segetum (P) NPV 19.6 I 2.6 5543 I 9.6 215.0 2 m.2
M. brassicae NPV 18,1 I 2.6 4741 T 8.7 100,3 2 2441

P. ganma sIFV 59.6 I 7.4 38,7 ¥ 6.2 38.7 I 6.2

A. segetum GV 26,3% —_ 1.0 — 1.0 —

P. bragsicae GV 4545% — 1.0 — “ 1.0 —

P. ganma CPV 259.3 T 29.7 531.6 T 99,2 ”

* reciprocal of mean I.B. volume



I;B.'s (Figure 4.12), although the presence of free virus particles in this
' preparation showed that some I.B.'s had lost some or all of their virus
particles. A similar figure of 26.4 for mean number of virus particles
rer I.B. was found by Gregory et al. (1969) for gz_gggrsNPV, while
Smirnoff and Ackermann (1977) noted up to 80 virus particles in I.B.s of

Thymelicus lineola sNPV. Vlak and Groner (1980) reported 1.4 virus

parﬁicles per pm? of thin section for M. brassicae NPV I.B.'s compared

with 5.5 for the presemt study using the same isolate. Their estimate
appears to be incorrect as it would correspond to around 12 virus
particles per i.B. (Table 5), whereas most polyhedral sections included

at least this many virus particles (Figure 4.8) so the mumber per I.B. must

have been considerably greater.

(5) Discussion

The mean volume of polyhedral virus I.B.'s varied considerably
between preparations of that virus (Table 3). The cause of this phenomenon -
is unknown, but the physiological state of the insects used for virus
production may have been important. Variations in.I.B. size within one
virus preparation (Chapter 1, Section 3) may be associated with the same
mechanisme I.B. volume did not seem to be under rigid viral control,
although whether i.B.'s were large, medium or small was a characteristic

of a particular virus.

The mean number of mucleocapsids per virus particle and the concentration
of virus particles in mNPV's have been shown to remain constant after
 passage in alternative hosts (Tomkins et al., 1980). The similarity
of the virus particle band profiles on sucrose gradients between different

preparations offthe same virus confirmed that the proportions of the
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different virus particle. size classes remained constant. These two

characteristics therefore, arpear to be unier viral control.

The baculoviruses exhibited a limited range of numbers of virus
particles per unit I.B. volume (Table 5) which may imdicate some
'
structural limitations to this feature. Within the range shown, the
three mNPV's had very similar virus'pariicle concentrations while P, gamma
sNPV had a higher concentration. Iue %0 the differences in mean I.3.

volume, A, segetum (F) KPV, M. brassicae LIFV and P. gamma sNFV comtained

similar numbers of virus particles per I.B., while 4. segetum (E) * iFV
contained sevéral times as many. VWhen the varying mean numbers of
‘micleocapsids per I.B. were considered, substantial differences were found
in numbers of nucleocapsids per I.B. between these viruses. F. jamma sSKFV
had a different packaging strategy from the three mliFV's, with a high
concentration of singly enveloped virus particles in small I.3.'s rather
than a lower concentration of multiply enveloped virus particles in larger
I.B.'s. EHeliothis zea slFV also had smzll T.B.'s, containing a similar

mumber of virus particles to P, gamma sIPV (Gregory et al., 1959), and

Thymelicus lineola sIFV had a high density of virus particles in small

I.B.'s (Smirnoff ani Ackermann, 1977). These studies suggest that the
arrangement found in P. gamma sNPV I.B.'s (above) is also true for other

SIET's..

The NPV's contrasted sharply with the GV's which usuelly had -one

singly emveloped particle per I.B.

P. gamma CFV had a very high concentration of virus particles, in
the order of 10 fold greater than that of the baculoviruses. This may be

related to the smaller virus particles of this virus type.
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The fela.tionships between the different arrangements of virus
particle packaging, aml the biological properties of the viruses are

considered in Chapters 6 and 8.
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CHAPTIR

HOST RANGE STULIES

The host ranges of the viruses wére examined by oral inoculation
of neonate larvae. This was done both as a preliminary to the LD50 and
LT50 studies described in Chapter 6, and also to compare the host ranges

of viruses with differemt I.B. structure.

(1) Infection Tests With Neonate Larvae

The host ranges were examined in neonates as these are usually the
larval stageé most susceptible to virus infection (Chapter 1, Section
6(a)). Where these larvae died of an occluded virus infection, older
. larvae were infected with the original inoculum to ﬁroduce progeny virus

for identification (Section 2).

Two replicétes of 25 neonate larvae were dosed orally, as described
in Chapter 2, with 10% 1.B.1s (for NFV's and the CPV) or 100 1.3.15 (for
GV's) per larva;v In addition, 25 control larvae were dosed with virus-
free agaq/teepol diluent. The 100 fold difference in I.B. dosage between
polyhedral viruses ard GV's was adopted to approximately equalise the
rnumbers of virus particles used (Table 5). Larvae were regﬁlarly examined
- for mortality up to three weeks after infection, when any larvae still
alive were killed. All larvae were examined for the presence of I.3.'s

by phase contrast microscopy, as described in Chapter 2.

The presence of I.B.'s was used as the criterion for positive
infection in these tests., If limited infections occurred, with no I.B.

development, they would not have heen detected. It is probable that

such incomplete replication would have little ecological significance,
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if no occluded progeny virus were produced and no pathological symptoms
appeared. Most previous studies of occluded virus host range in vivo

have used this criterion for positive infection.

The results of the cross—infection tests in neonate larvae are
given in Table 6. P. gamma CPV caused infections in 2ll tested species

including P. rapae as well as the noctuids. M. brassicae NPV had the

widest host range of the baculoviruses, causing infections in all tested

noctuids. The other baculoviruses did not infect hosts outside the

homologoué subfamily. Additional tests of ll. brassicae susceptibility to
. Y

three A. segetum NPV isolates are described in Section 3. :

(2) Tdentification of Frogeny Virus in Cross-Infection Tests

Several studies have shown that, when insects are inoculated with
a particular virus, they may die ofvan infection caused by a different
virus, of ﬁnknown ofigin (Chapter 1, Section 4(f)). To confirm
cross-transmission results, therefore, it was necessary to idemtify the
virus progeny. The most precise techniques for identification (Chaptér
3) were gel electrophoresis. of viral polypeptides, nucleic acid segments
(CPV's) or restriction enzyme fragments (baculoviruses). These
required milligram quantities of I.B.'s, which were most conveniently
produced in late instar larvae. The techniques for growing up virus,
purifying viral components and electrbphoretic separations, have been

described (Chapter 2).

a) Baculoviruses

In early studies, SDS-polyacrylamide gel electrophoresis of virus
particle polypeptides was used for the identification of baculovirus

cross—infection progeny. However, the intensity of some'polypeptide
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Table 6 Virus Host Range
Noctuidae Pieridae
Virus Noctuinae Hadeninae Plusiinae
Agrotis Agrotis Noctua Mamestra Lacanobia Plusia Pieris
segetum | exclamationis | pronuba brassicae oleracea gamma, Trapae
M. brassicae NPV + + + + + + -
A, Segetum- (E) NPV + + (.i'.) - - - -
P, gamma sNPV - - - - - + -
A segetuﬁm GV + + r - - - -
P. brassicae GV - - - - - - +
P. gamma CPV n.t. T (i) (f) + + +
Key: ~ = No Infectionj + = Infection, Progeny ",Confirmed, Same as Inoculumj
+ = Infection, No Progeny Confirmation; (¥) = 1Infection, Progeny Different from Inoculum in Some
_ Cases (See Text)
nete = DNot Tested,



bands varied considerably between prégeny viruses which differed by no
other criteria (Figure 5.1). This may have been due to varying activity
of endogenous alkaline proteasés (Chapter 3). Agarose gel electrophoresis
of baculgvirus DNA restriction endonuclease\fragmedszroved more suitable
for progeny identification, as it produced consistent fragment profiles
for specific viruses. EcoRI profiles for most of the bacuigvirus progeny
preparations are shown in Figure 5.2; in parallel with profiles of DNA

fragments from the original inocula.

Preparations of M. brassicae NPV grown in each of the five

non-homologous noctuid species, had identical restriction endonuclease
digest profiles to that of the inoculum (Figure 5.2; the profile of the .
preparation grown in L. oleracea is not shown). Similarly A. segetum (E)

NPV and A. segetum GV progeny viruses grown in 4. exclamationis were

identicai with.fhe inoculum. When N. promuba larvae were inoculaied with
A. segetum (8) NPV, however, the progeny virus had a distinctive profile
on agarose g;l elecfrophofesis of the purified mucleic acid (Figure_ 5.2).
This profile had only T ?aﬁds and resembled part of a CPV ds RNA segment
profile. Examination of the I.B.'s by negative staining electron
microscopy, confirmed that the progeny virus was a CFV. Uhen the ﬁucleic
acid preparation was electrophoresed on a 3% polyacrylamide gel

(Figure 5.4)-the profile was very similar té that of a CPV isolated from

' N. promuba which had been earlier identified by Payne and Rivers (1976).

While the progeny virus produced in late instar N. pronuba larvae
inoculated with A. segetum (E) NPV was predominantly a CPV, there may
have been some baculovirus present. The eiectrophoretic profile of
undigested nucleic acid on agarose gels included a high molecular weight

band with the same mobility as undigested M. brassicae NFV DNA (4ippendix 1).
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Figure 5.1. Electrophoretic profile of M. brassicae NPV virus
particle polypeptides, grown in A. segetum (A),
M. brassicae (B), and A. exclamationis (C).



A B CDE F G H I J K

Figure 5.2. Electrophoresis of baculovirus inocula and progeny
DNA, EcoRl digests on 1% agarose gel.

Key: A: A segetum GV grown in A. exclamationis.
B: A. segetum GV grown in A. segetum.
C: progeny virus from N. pronuba infected with
segetum (E) NPV .
. segetum (E) NPV grown in A. exclamationis.
. segetum (E) NPV grown in A. segetum.
- brassicae NPV grown in N. pronuba(F), P. gamma (G),
- exclamationis (H), A. segetum (1), M. brassicae (J).
K: A Phage DNA EcoR! digest.
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- There maf; therefore, have been some A. segetum (E) NPV replication in
these larvae. DNeonate N. pronuba larvae inoculated{with A. segetum (E)
NPV had died of infection by an NPV with I.B.'s morphologically similar
to those of the inoculum and clearly distinct from CEV I.B.'s in |

- appearance and'cellular location (ﬁigure 5.3)s It was concluded that
N. Erohﬁba was possibly susceptible to A. segetum (E) NPV but this was

not confirmed by identification of this virus in infection progeny.

The possible origin of the XN, pronuba CPV infection of the older
larvae is diﬁﬁggsad in Section 2(b);r This virus isolate had a ds RNA
profile idemtical with that of CPV'snﬁrodqced‘in N. pronubz and

M. brassicae larvae inoculated with P. gammaVCPV.f'The mobilities of

the genome segments from this . Eronuba'CPV'Were compared with those

of other CPV types on three electrophoretic gel systems (Appepdix 1)

When A. segetum GV was fed to neonate'ﬁ. pronuba larvae, death
often bccﬁrred, the corpses comtaining low to moderate numbers of GV
I.B.'s, often mixed with bacteria. Typical symptoms of virus infection,

" such as liquefiéd corpses, were not found. When older larvae were
inoculated with 108-109 I.B.'s, they showed no overt signs of infection,
so.it”ﬁas not possible to identifj the progeny virus in this case. I3

was concluded that, although low levels of GV replication may occur,

N. promuba is not very susceptible to A. segetum GV infection.

On one occasion when P. rapae neonates were inoculated with A. segetum
GV, considerable GV mortality occurred. However, the control larvae were

also infected suggesting that contamination with F. brassicae GV may have

been the cause of infection. P. rapae neonates are very susceptible to

 infection by this virus (Chapter 6), which was being regularly handled in

the laboratory at the time of this assay. When the assay was repeated
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Figure 5.3. Phase contrast microscopy of smeared neonate larvae.
A: N. pronuba inoculated with A. segetum (E) NPV, showing
NPV IB's in nuclei,
B: P. gamma incculated with P. gamma CPV, showing CPV
IB's in cytopiasm.



. using sterile rather than washed plastic-ware, there were no virus
deaths. These observations are interesting because similar events may
explain the apparent transmission of an unknown cutworm GV to

P. rapae described by Smith et al. (1964) (see Chapter 1, Section 5).

b) Cytoplasmic polyhedrosis viruses

Progeny viruses, from experiments whefe larvae had been inoculated
with P, gamma CPV, were identified by electrophoresis of the gencmé
segments on 3% acrylamide gels (Chapter 2). 4ll five non~homologous
species inoculated with P. gamma CFV as neonates had shown CFV infections
(Table 6). In three of these cases the infection was repeated in
older larvae and the progeny virus identified. The progeny CPV from

inoculation of P. rapze larvae with P. gamma CPV, had the same genome

segment profile as the inoculum,.(Figuré 5.4.)s Both M, brassicae and
N. pronuba larvae, however,'were.infected’with a CPV identified as

N pronuba CPV. This virus had the same segment profile as the CFV
produced in N. pronuba follcwingvihoculamion with A. segetum (8) wpV

(Section 2(a)). When the genome: segments of the preparation produced in

M. brassicae were separated on a 10% polyacrylamide gel, faint bands were

seen which corresponded to those of‘the P. gamma CPV profile (Figure 5.5).
In this case it appeared that some P. gamma CPV replication had occurred,

as the original inoculum would not have beeh present in sufficient

quantity to be detected.

It was considered unlikely that the N. Eronubé CPV was a contaminant
of both P. gamma CFV and A. segetum (Z) IFV inocula. When a large
quantity of P. gamma CPFV ds RNA was separated by electirophoresis on a
10% acrylamide gel two very faint contaminant bands appeared, but these

did not correspohd in mobility to any . pronuba CPV genome segments
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Figure 5.4. Electrophoresis of CPV inocula and progeny RNA segments
on 3% acrylamide gel.

Key: A: B. mori CPV.
B: P. gamma CPV grown in P. gamma.
C: P. gamma CPV grown in P. rapae.
D: Progeny virus from N. pronuba infected with A. segetum
(E) NPV.



Figure 5.5. Electrophoresis of CPV inocula and progeny RNA segments
on 10% acrylamide gel.
Key: A: B. mori CPV.

B: P. gamma CPV.
C: M. brassicae inoculated with 2. gamma CPV.

D: N. pronuba inoculated with P. gamma CPV.
N.B. gel stained in 0.005% toluidine blue in H,0.



(Figure ‘5+5) Similérly, no contaminant bands were found in the

A. segetum (Z) NFV restriction endonuclease fragment profile (Chapter 3;
Figure 5.2), and no CEV I.B.'s were detected in this inoculum by’ phase
contrast microscopy. It would be difficult, in any case, to explain how
both inocula became contaminated when they were prepared at different
times and in different species. It seemed probable that the N. pronuba
CfV originated from one batch of field collected N. pronuba adults.

. brassicae larvae presumably were contaminated with this CFV at the

time of the progeny test inoculation, as there were no signs of CFV

infection either in the main M. brassicae stocks or in M. brassicae lzarvae

used in other virus progeny tests.

Infectivity tests in which N. oromuba and M. brassicae neonates
were dosed with P, gamma CPV gave dose-related mortality with LD50's of
less than 50 I.B.'s in both cases, and ﬁo infections in the control
insects (Chapter 6). These results are not consistent with mortality
due to a virus contaminating the insects, suggesting that the neonates

died of infection produced by the inoculum virus, P. gamma CEV.

(3) Susceptibility of M. brassicae to three Huropean isolates of

A. segetum NPV

M. brassicae neonates were not susceptible to infection by oral

inoculation with A, segetum (Z) FPFV (Table 6). In contrast Burgerjon
et al. (1975) and Lipa et al. (1972), had previcusly reported that

M. brassicae larvae were susceptible to infection by A. segetum (r) wEV

ard A. segetum (P) ¥FV respectively, although in neither case was the
progeny virus identified. Samples of these virus inocula were obtained

(Chapter 2) and, after passaging at the GCRI in i. segetum, were tested

for infectivity to M. brassicae neonates. 4. secetum (F) NFV and
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A. segetum (Z) NPV which were Hochemically indistinguishable (Chapter 3),

were each tested twice in M. brassicae larvae but on no occasion was

there death by virus infection, or I.B. production in larval tissue.

4. segetum (P) NPV showed limited production of I.B.'s in a few

M. brassicae larvae, but no 'typical'! virus deaths. It was not possible

in this case to produce sufficient progeny virus for identificatione

(4) Discussion

M. brassicae NPV had the widest host range of the baculoviruses tested,

infecting all six of the noctuid species in three subfamilies. In all

examples the progeny virus was identified as M. brassicae NPV by

restriction endomuclease analysis. Previous studies have also noted
the wide host range of this virus (Grorer, 1978; Vliak and Groner, 1980;
Burgérjon et al., 1975). In the present study it did not infect

P. rapae, and previous studies have suggested that its host range is
 limited to noctuids (Vlak and Groner,_1980). The susceptibility of

L. oleracea to M. brassicae NPV has not been previcusly shown, and is-of

vinterest_because both L. oleracea and M. brassicae are glasshouse pests.

Control of the former species by a GV has been considered, but in that

case the virus was not very infectious (Crook et al., 1982).

The host ranges of A. segetum (E) WPV ard A. segetum GV were
limited to the subfamily noctuinae of thosé tested (Table 6). 4. segetum

(B) NPV did not infect M. brassicae as had been suggested by Burgerjon

et al. (1975). When Croizier (1978; FPers. comm.) repeated the infection

of M. brassicae larvae with the A. segetum (F) NPV inoculum used by

Burgerjon, he found that the progeny virus was li. brassicae XNFYV.

A. segetum (P) NPV caused a limited infection in M. brassicae larvae,
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hoirever, as Lipa et al. (1972) had suggested. In neither case was there

confirmation of true cross-transmission by progeny identification.

A. sezetum GV may infeot M. pronuba at high doses but more studies are
needed to confirm this., It is not known if this virus isolate was the

same as an A. sezetum GV isolate from Poland, which did not infect

N, pronuba (Lipa and Ziemnicka, 1972).

P. gamma sNFV infected only the homologous host while P. brassicae

GV infected only P. rapze. In the latter case, however, no other species
from the homologous family were tested. The results only partly confirm
the idea that mNPV's have wider host ranges than sNPV's ard GU's

(Chapter 1, Section 5). Although M. brassicae NFV had.the widest host

range of the bacﬁloviruses, A, ségetum (E) NPV and A. segetum GV appeared
to have the.same host range. None of the baculoviruseé infected species A
from the alternative leﬁidopteranvfamily tested. P. gamma CFV had a wider
host range by this criterion, as it infected P. rapae in ;ddition to the

7 homologous host. This phenomenon, of cross—infectivity to non-homologous
families, has been reported more often for CFV's than for baculoviruses

(Chapter 1, Section 5).

P. gamma CFV appeared to infect the non-plusiine noctuids which
were tested, but the progeny viruses from these infections were N. pronuba
CFV at least in some cases. This example emphasised the importance of

progeny virus identification in cross~transmission experiments.

The significance of virus host range for natural virus ecology
and microbial comtrol of insect pests, is dependent on their absolute
infectivity in the different hosts. This is examined in the next

Chapter.,
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CHAPTIR 6

STUDIIZS OF VIRUS INFECTIVITY

Survival of an insect virus in the environment depends on the
relationship befween the rates of virus production and ﬁegradation.
Properties of the virus which influence virus production include
infectivity, the period between infection and virus production, and the
quantity of infective virus produced in each host. In this chapter the
first two of these properties were examiﬁed in compariéon with the host
ranges and I.B. gtructures of the different viruses. The production of

virus in individual larvae was examined in one case.

Neonate larvae were used in tests of the median lethal dcses
(LD50's) and median lethal times (LT50's) of the viruses. Direct
comparisons between species were possible using this standard larval
stage. Neonale -larvae are usually the most susceptible to infection,
larvae becominé less susceptible with age at rates which vary in
different species (Chapter 1, Section 6(a)). In terms of both virus
ecology and insect control, infection of this stage is of prime importance,

as discussed in Chapter 1, Section T(b)e«-

(1) LD50 issays

The @ethod of LD50 assay is described in Chapter 2. With
baculovirus infections, daily mortality assessment continued until five
days had péSSed with no further mortalities. However, in CFV infectioms
small numbérs of infected larvae remained alive after five to six weeks.

These had not developed beyond first or second instar and could e clearly

distinguished from uninfected larvae both in appearance and by
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examination of dried larval smears. These larvae were considered
moribund anl were added to the number which died for the purpose of

calculating percentage mortality.

The dosage-mortality responses were analysed using a maximum

likelihood prccedure (MLP program: G. J. S. Ross, Rothamsted

Experimental Station, Hertfordshire, U.K.), to obtain LD50's and other
parameters of the responses. The LD50's, fiducial limits and slopes are

shown in Table 7T« In all cases the computed dosage-mortality line was a

. good fit of the data (heterogeneif&j@? not significant, p :;0.05).

Preliminary assays, which were done to estimate the order of magnitude
of the LD50's were in reasonable agreement with the final assay results

given in Table T. -

The results of LD50 assays can vary several fold even when using
4 stamlard virus preparation and the same insect stock (Dulmage, 1973).
Small differences in LD50's will not, therefore, bé meaningful. Although
not strictly éorrect, a useful approzximation is to consider LD50's -
significantly diffefent if their fiducial limits do not overlap. This
approach was alsc used by Payne et gl,v(1981). Forvcomparison the L350

values are given to two significant figures in Table 8.

The slopes of the dosage;mortality response. can also show
considerable variation under standard conlitions (Dulmage, 1973). The
values given in Table 7 for the slopes of baculovirus dose-mortality
assays, span the range usually found when the larval population is
not artificially selected for homogeneity (Chapter 1, Section 6(a)).
CPV infections exhibited a similar range of slopes. The 95% confidence

limits of the slopes (X 2 x stanlard error) overlapped considerably

between tests. The lack of observable pattern with respect to the
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Virus

M. brassicae NPV

A, segetum (E) NPV

A. segetum (Fr) wpv

A. segetum (P) wpv

P, gamma sNPV

Table 7 Complete Results of LD50 Assays

Host

A. segetum

A. exclamationis

N. pronuba

M. brassicae

L. oleracea

P. gamma

A. segetum

A, exclamationis

N. pronuba

A. segetum

A. segetum

Pe. gamma

LD5o*

2,100

10,700 -

10.2
21.3
203

3449

- 105

423

303

233

354

0.966

Stamdard Error

95% Fiducial Limite* Slope
1,510 10883 0,70
12,7 36.9 1.41
134 391 1.39
0.924 6.58 0.90
6,86 14.9 1.29
234 958 0.97
137 675 1.28
14.6 37.2 1.34
198 930 0.91
0.100 2.14 1.27

of‘SloEe

0.20
0.25
0.36
0,22
0.25

0,20

0.15
0,17
0,42

0.25
0.14

0.34

continued eee
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Table 7 comtinued

Virus

A. segetum GV

P. brassicae GV

P, gamma CPV

Host

A. segetum

Ae. exclamationis

P. rapae

N. pronuba

M. brassicae

P. gamma

LD50%

10,600

1,170,000
12,0

14.2
47.6
3.56

Stanmlard Error

95% Fiducial Limits*  Slope
5,960 24,700 1.10
874,000 1,550,000 2.10
7.22 18.5 1.86
8.41 22,0 1.83
21.7 280 0.95
2,02 5463 1,60

* expressed as number of I.B.'s, corrected to three significant figures.

‘of-SloEe
0.21
0.27

0.24

0.38
0.29

0,23
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Table 8

Comparative LD50's#

Host Species

2122& A. segetum | A. exclamationis N. pronuba | M. brassicae [ ﬁ. oléracea. P, gamma | P. rapae
M. brassicae NPV .2,100 11,000" 10 21 200 3.5 —
A. segetum (E) NPV 10 420 (300) — — — —
A. ;ggetum (r) wpv 23

- A._segetum (P) wpv 350

P. gamma - sNPV —_— — — -— -_— 1.0 —_
A..sggetum GV 11,000 1,200,000 —_— — — —_— —_—
P, brascicae GV —_— —_— — — —_— — 12
P, gamma CPV n.t, n.b. (14) (48) net, 3.6 n.t.
Keys * mno. I.B.'s to 2 significant figures; wide fiducial limits (Table T)

( ) progeny virus not confirmed (Chapter 5); - ﬁot susceptible; net, dose-mortality not tested.



different species suggested that the variation in slopes was due to

variation in test comditions and had no biological significance.

When the LDS0 values were compared (Table 8), it was apparent
that there were considerable variations in the LD50's of each virus for
its homologous and heterologous hosts, and also between different viruses
in each host. P. gamma was very susceptil')le to the three viruses tested
in this species, which had LD50's of €5 I.B.'s. Conversely, the three

viruses assayed in A. exclamationis were each less infective in this

species than in the other species tested. M. brassicae KFV showed the

largest variation in infectivity, the LD50 in A. exclamationis being

3,000 fold greater than that in P, gamma.

In six of the eight viruses tested, the LD50 for the homélogous
host was less than 25 I.B.'s. The exceptions were i. segetum (P) NPV
ard A. segetum GV. There is evidence that homologous GV infections of
other noctuids have high LD50's, while the homologous NPV infections of
those spécies’ have relatively low LD50's (Chapter 1, Section 6(a)). A
preliminary study of the infectivity to L. oleracea neonates of the
homologous GV infection, suggested that noctuid GV infections may have
high LD50's where no homologous NPV has been reported. The virus
ixioculum for this test was obtained from N. Z. Crook (G.C.R.I.).
Mortalities of 17% and 57% were found at doses of 10° and 10% I.B.'s per
neonate respectivély. Thé LD50 appeared to be a.bou't 104 1.B.'s which
would be in agreement with extrapolation of the data for second,

third, fourth and fifth instars (Crook ¢t al., 1982) to first instars.
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(2) LT50 Calculations

LT50 values were calculated from fhe daily dose-mortality figures,
summed over all doses. This is acceptagle because LT50 does not appear
to depend on dose (Chapter 1, Section 6(b)) except at extreme doses. The
hypothesis of coﬁétant LT50 with dose variation was further tested by
analysis of LT50 at high and low doses of the dose-mortality assay, ihf
three assays. In these exampleé, one of which was a CFV infection, the
LT50 at the high and low doses varied by less than 5% despite dose

variation of up to 100 fold.

The LT50's were calculated by the simple graphical method described
by Litchfield (19219_). In the case of baculoviruses, the maximum
mortality in the &ose—mortélity assay was considered to cover the complete
time-moftality reéponse (Chapter 1, Section 6(b)). In the case of CFV
infections, however, the assay was stopped before mortal;ty wasg complete
(Sectidn 1). Therefore, the data fined a truncated time-mortality
response‘wiéh thé observed mortality taken as a percentage of the

expected maximum mortality.

The LT50 results are given in Table 9o The fiducial limits were
calculated directly from the slope‘of the probit/log—time relationship
(Litbhfield, 1949) ard did not take into account the heterogemeity of
data points around this straight line. When replicated assays were
compared, larger differences in LT50 were found than would be suggested
from the fiducial limits (Table 9). This may also be the result of
systematic differénces between assays, such as the mean age of test
larvae or the exact time of daily sampling., Variable virus acquisition
times (Chapter 1, Section 6(b)), were probably not important in this

respect, as in most cases feeding was complete in less than half the 24

hour period allowed (Chapter 2).
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Virus

M. brassicae NPV

A. segetum () NPV

A. segetum (F) NPV
A. segetum (P) NPV
Pe. gamma sNPV

A. segetum GV

P. brassicae GV

P. gamma CPV

Key: (1), (2) -

Table 9

LT50 Resulis

Host

A segetum

A. exclamationis

N. preonuba

Mo bragsicae

L. oleraces

Pe gamma

A._segetum (1)

4. segetum (2)

A. exclamationis

V. pronuba
4. segetum
A. segetum
P. gamma

Ae. segetum (1)
A. segetum (2)

A. exclamationis

P._rapae

Y. vromiba

M. brassicae

P, gamma

replicated agsays

LT50
days

9.8

900
10.4

8.6

8.1

11.2

6.0

10,0
8.4
8.1

141
20.1

155

95% Fiducial Limits Slope
11.9 1245 24.7
15'4 1709 18-5

8.4 9.0 18.5
9.4 10.2 147
9‘9 11-0 1305
8.5 8.9 18.5
9.5 10.1 175
8.8 9'2 18:0
9.8 11.0 12,0
8.1 9.1 14.1
7.8 8.5 14.6
105 119 13.5
59 6.1 23.5
95 10,5 11.2
TeT 9.1 8.1
T.8 8.4 1241
544 546 23.0
13.4 14.9 9.1
17.2  23.6 3.8
13.9 173 4ot



The LT50's for baculovirus infections varied from 8.1 to 12.2

days with three exceptions. A. exclamationis infected with ll. brassicae

NPV had a considerably greater LT50 of 16.6 days, while the infections of

P. rapae with F. brassicae GV énd P. gamma with P. gamma sLFV had shorter

LT50's of 5.5 and 60 days respectively. Amongst the 'main group' of
baculovirus LT50's there was no observable correlation of LT50 with
virus types or host species. However, there was a positive relationship
between LT50 and LD50 in several cases, notably among infections by

M. brassicae NFV. The LT50's of CFV infections were markedly greater

than all but one of the baculovirus LT50's. There was considerable
variation in the slope of the time-mortality response, with the CFV.

infections having the most shallow slopes.

(3) Virus Production Assay

In order to count the mumbers of.viral I.B.'s produced in‘neonate
larvae, it was necessary to maceréte the larvae, individually, in a
ground-glass tissue grinder. By counting samples of the macerate the
total number éf I.B.'s in each larva could be calculated. This method
is suitable for baculovirus infections where it is assumed that no I.B.'s
are lost before larval death (Payne, 1982). It would not be suitable for
CFv infecfions ﬁhere I.B.'s are excreted continuously throughout the

latter stages of infection (Payne, 1981(b)).

Methods for counting impure I.B. prepanﬁions were compared.
Eaemocytometer counting was unsuitable, as larval debris could not be
distinguished from I.B.'s. NIFV I.B.'s could be counted in stained dry
smears (Wigley, 1980), but this was not suitable for GV I.B.'s (Chapter

2)e 4An alternative method for counting GV I.B.'s was tried, using

- 188 -



droplets of virus suspension mixed with latex spheres which hal bheen
sprayed onto an electron microscope grid. However, -although purified
GV suspensions could be counted by this method, it was not suitable for
oountiﬁg GV I.B.'s in larval homogenates. I.3.'s were not clearly
distinguishable, due to clumping and the presence of larval debris. GV
I.B. production in neonates was not assayed due to these technical

problems.

The production of A. segetum (E) NPV I.B.'s was examined in the
homologous host using stained, dried smears. Corpses of eight neonates
were collected from an LD50 assay ard the NPV I.B.'s counted as

described by Wigley (1980).

Three purified NFV I.B. preparations were also counted by this
method and the results were 58%, 56% and T1% of haemocytometer estimates
of the same preparations. The difference might have been due to I.B.
losses during staining. To compensate for this éffect, the results of
I.B. counts in A. secetum neonate homogenates were multiplied by 1.62

(the reciprocal of the mean fraction of I.B.'s lost).

The mean (X 95% confidence limits) of the number of A. segetum

(E) ¥PV I.B.'s produced in A. sezetum neonate corpses was 1.36 (¥ 0.45)

106.

“

(4) Discussion

The low LD50's, expressed as numbers of I.B.'s,found in most of
the viral infections of homologous neonates (Table 8), confirmed the
pattern of reports in the literature (Chapter 1, Section 6(a)). Where

Lo50's had been estimeted previously by other workers, there was reasonable

agreement. Payne et al. (1981) assayed P. brassicae GV in P. rapae
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neonates and reported an LD50 of 5 I.B.'s compared with 12 in the present

study. Evans (198%a) found an LD50 of T I.3.'s for M. brassicae LBV in

the homologous host, compared with 21 I.3.'s here.

Heterologous infections sometimes had higher L550's than the
equivalent homologous infection, but this was not always the case.

M. brassicae NPV was highly infectious for N. pronuba and F. gamma neénates

in addition to ¥, brassicae neonates. ‘It was less infectious for

~ A. segetum and A, exclamationis larvae. Similar comparative infectivity

results were found by Groner (1978) ani Vlak amd Gronsr (1980) who

,

examined the LC50's of M. brassicae WPV in second instars of several

noctuid species. However, Groner (1978) found that A. exclamationis

larvae were more susceptible than A. sezetum larvae to M. brassicae WFV,

- in contrast with the results observed in the present study. The value
of a virus for insect control will depend on its quantitative infectivity

to alternative hosts, in addition to the host range. . brassicae NPV

would, on this basis, be suitable for use against neonate N. pronuba,
B gamma and possibly L. oleracea, in addition to the homologous host.
However, it would not be as suitable as i. segetum (B) ¥PV for use

against the two Agrotis spp.

F. gamma CPV had LD50's of less than 50 I.B.'s in all three species
tested (although note the comments on progeny iientificati&n in Chapter
5). Vith this virus the L050 was egual to the median infective dose
(I250), as thers were no signs of infection in larvae which were not
moribund or dead. This is not alwayé the case with CPV infections. Bell
and Kanavel (1976), for example, estimated the‘meiian infective

concentration (IC50) of Pectinophora gossypiells CFV in neonates of the

homologous host as 1000 fold less than the LC50.



Two exceptions to the pattern of low LI50's in homologous neonate
infections were the noctuid GV's A. segetum GV anl L. oleracea GV. There
i8 no evidence that these viruses have alterrative, more susceptible,
host species. The limited number of studies on noctuid GV infectivity -
in the literature, supports the view that they are less infective to their
homologous hosts, in terms of numbers of I.B.'s, than noctuid KFV's
or many non-noctuid GV's (Chapter 1, Section 6(a)). It may be more
meaningful, however, to convert these LI50's into equivalent numbers of
potentiélly infective units, for example virus particles or nucleocapsids.

This is cofisidered in Chapter 8.

The other virus with a high homologous LJ50 was A. sezetum (F) NeV.

Lipa et al. (1971) considered that this virus was the same as an IFV

isolated from é;}exclamationis larvae. There was evidence that

A. exclamationis was more susceptible to this virus (Lipa et al., 1972)

which ﬁay indicate that A. exclamationis is the natural host.

The LT50 estimates (Table 9) were similar in range to values
given in the literature (Chapter 1, Section 6(b)). Fayne-et al. (1981)

esfimated the LT50 for the F. brassicae GV infection of P. ravae neonates

a3 5.7 days which is close to the value of 5.5 days in the present study.

The LT50 for ll. brassicae infected with M. brassicae LFV was higher than

the value of 6.7vdays given by Evans QQMGQL which may be due to the use
of different assay temperatufes (2000 in the present study comparsd with
22°C). Similarly the LT50 for A. segetum GV in the homologous host was
intermediate between values recalcula%ed from Charpentier (1930) at 17°C
and 22°C (Chapter 1, Section 6(b)). However, the short LT50 for P. zamma

SNFV in P._gamma larvae contrasted with Harper's (1976) finding that

plusiine sKFV's had longer LT50's than alFV's. 4ilso, the LT50 of
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A. segetum GV in A. segetum was similar to that of i. segetum () LFY,
rather than being longer as has been reported in other comparisons of GV's

and NPV's from the same species (Chapter 1, Section 6(b)).

CPV infections had longer LT50's than most baculovirus infections,
and also shallower probit mortality/log—time response slopes (Table 9).
These differences may be related to the different infection pathways of
these two virus types (Chapter 1, Section 4(e)). In CEV infections, only
the midgut epithelium is involved, and death is caused by starvatién as
a result of reduced absorption. This, combined with mechanisms for
partial recovery by gut cell regeneration (Payne, 1981(b)), results in
a long and variable periocd before death. In cortrast, baculovirus
infections of Lepidoptera cause death by inactivation of a variety of
larval tissues éfter the initigl replication cycle. Death occurs,
therefore, after a short, less variable, period. The LT50 has a
'different'significance for progeny production in CFV and baculovirus
infections. In ths latter case the pericd before death is a 'latent’
period, with no progeny virus release. CEV's however, release
infective virus into the enviromment from an early Stage of infection

(Chapter 1, Section 4(e)).

The estimated production of 4. segetum (E) NPV I.B.'s by infection
of A. segetum neonates was, at 1.4 x 106, lower than fhe figure of

2 x 107 estimated by Zvans @%ﬁ@@)for I.3. production by M. brassicae

NPV in the homologous host. It is probable that the total number of

viral I.B.'s produced in each larva, depends on the quantity of precursors
required for each I.B8. This quantity will be related to the mean I.B.
volume for that virus. The four fold difference in mean volume between

M. brassicae NFV I.B.s and A. segetum (E) NPV IB's (Chapter 4), may,

therefore, account for a proportion of the difference in virus production
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estimates given above. Ilhen virus inocula were produced in older larva,

rough calculation showed that 102-103

fold more I.B.'s per larva were
produced in GV inflections than in NFV infections, which confirms the
relationsﬁip between 1.B. size and virus production.

The relationships between the parameters anzlysed in this Chapter
and the design of virus I.B.'s, are didcussed in the context of virus

ecology in Chapter 8.
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CHAPTZR 1T

INCLUSION BODY DISSCLUTION

Baculovirus I.B.'s dissolve in the gut of lepidopterous larvae,
releasing virus particles which can attach to the midgut epithelium
(Chapter 1, Section 4). In this Chapter, the extent and rate of
dissolution of four baculoviruses were examined in vitro (Secticn 1) and
ig_gigg.Section 2), to §how whether differential release of virus
particles influenced virulence or host specificity. A limitgd study of
dissolution, by electron microscopy, was carried oufa;o see if there were
differences between two of the baculoviruses in the mode of dissolution,

or the survival of virus particles in the gut lumen (Section 3).

(1) In Vitro Dissolution

I.B. dissclution was assayed spectrophotometrically in buffers at
a range of pH values. Use of u.v. and visible light at different wavelengths
was tried, and 650 nm wavelength light was fourd most suitable. At this
wavelength, absorbance by alkaline dissolved:I.B.'s was less than 5% of
that by the equivalent mumber of intact I.B.'s. Both GV and LFV I.B.'s
shovwed a linear relationship between I.B. concentration and absorbanceAat
650 nm, at the tested concentrations of up to 1 mg/ml. Thefefore, the
changing absorbance during I.B. dissolution could be related to the rate
of dissolution. When absorbance was plotted against time, sigmoid curves
were produced, similar in form to those described by Egawa ani Summers
(1972) (see Chapter 1, Section 4(a))+. The exponential decay phase was
used to calculate the disscolution half-life. This vealue varied when I.B.'s

were dissolved in different buffer systems, the buffers' ionic strength

- 195 =



being particularly important. For example, P. brassicae GV aissolved

rapidly in O.1 Il carbonate/bicarbonate buffer pH 9.7 (50% dissolution in
less than 1 minute), but more slowly in the same buffer diluted to

0,05 M (50% dissolution in T mimutes).

0.1 so@ium carbonatq/bicarbonate was used as a constant ionic
strength buffé; for comparative dissolution studies.. An equal volume of
I.B.'s at a suitable concentration (about 1 mg/ml) was added to the
buffer. Buffer pH did not alter‘as a result of this addition. The

results of dissolution experiments using M. brassicae NFV, A. segetum (E)

NPV, A. segetum GV and P, brassicae GV are shown in Figure T.1. F. brassicae

GV I.B.'s were susceptible to dissolution at lower pH than the other
baculoviruses, all of which had similar responses, with A. segetum (E)

NPV I.B.'s the most resistant.

To see if these differences were also found during in vivo dissolution,

the two viruses showing the most extreme susceptibilities in vitro

(A._segetum (E) NPV ard F, brassicae GV) were compared in vivo.

(2) Dissolution of Radiolabelled I.B.'s In Vivo

32p_ and Sp-labelled

The production, purification and counting of
viruses were described in Chapter 2, Dissolution was assayed in third
instar larvae of homologous and heterologous hosts, by macerating the

larvae or larval gut conténts, at intervals after feeding, and pelleting

undissolved I.Be's by low speed cextrifugation.

Labelled virus was fed to larvae as a dried smear on cabbage leaf
discs, prepared as described in Chapter 2 Section 9(a). In each case,

sufficient virus was smeared on a 10 mm disc to give 200-10C0 counts per
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Figure 7.1. Alkaline dissolution of baculovirus 1B’s in vitro.
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mimite on each small feeding disc. Feeding took place in square
compartmentalised dishes in which the leaf discs were placed on a 3%
agar base. In all cases feeding was complete in less than five minutes
after each larva started eating. Two to four larﬁae were sacrificed at
each of the time intervals imdicated in Figures 7.2 ard T.3. These
were macerated whole (32P—labelled virus), or the gut contents were
removed and macerated (3H—1ahelled virus), in 0.5 ml of 0.05 M Tris/Hcl
pH 7.8 at 4°C. With both the GV and the NPV, undissolved T.B.'s were
pelleted by centrifugation at 3,500 g for 20 minutes in 1 ml centrifuge

tubes.

The counts in the supernatant and the pellet were used to calculate

the fraction of I.B.'s which had dissolved.

When larval or gut contenx.hdmogenates, which were free of
labelled virus, were added to known quantities of labelled virus, quenching
was found to be negligible. In the case of 32P— and 3H—la.belled

A. segetum (8) ¥PV, but not 3H-1abelled F. brassicae GV, the counts given

by I.B. preparations after dissolution were approximaitely twice those
before dissolution. This indicated that the I.B. protein matrix was
having a quenching effect, and the counts given by pelleted NFV I.B.'s

were corrected before estimeting the fractional dissolution.

The resulis of dissolution experiments are given in Figures 7.2 ard

325 from 4. sesetum (B) NFV I.B.'s

Te3e Figure 7.2 shows the release of"

fed to A. segetﬁm or M. trassicae. Complete dissolution appeared to take

about three hours in both species, being quicker in li. brassicae.

3

When the location of the 2P—labelled in 4. segstum (8) WFY I.3.'s

was examined by equilibrium sucrose gradient centrifugation of alkaline-

dissolved I.B.'s, the label remained at the top of the gradient.
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Figure 7.2. Dissolution of 32P-jabelled A. segetum (E) NPV IB’s
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Figure 7.3. Dissolution of 3H-labelled IB’s in vivo.
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It is khown that I.B. motrix protein may be phosﬁhorylated (Harrap and
Payne, 1979). However, when the top fraction of the sucrose gradient was
separated by SDS-discontinuous poiyacrylamide gel electrophoresis, the
label did not enter the 3% upper gel and was not associated with the

band of I.B. matrix protein.' Clearly the 32P--label was not associated with
the virus particles, but perhaps had been incorporated into a phospholipid
component of the I.B.'s. Further experiments were done wifh 3H-thymidiné
labelling of the virus preparations. In this case the label was

associated with the virus particle band when the dissolved I.B.‘components

were separated on isopycnic sucrose gradients.

Using 3H—labelled virus preparations, dissolution was complete
within 15 minutes in all cases (Figure T.3). The positionslof the leaf
"dises in the larval guts were noted before removal of the.gut contents,
ard at thi; time they were usually between the foregut and midgut. The
lonéer times noted for 32P—labelled A. segetum (E) NPV may have been due
to the diffe:ent location_of the radiolabel in this case. It is more
likely.that the results in Figure 7.3'show the true rate of virus
particle release as the virus particles themselves were the site of

labelling.

During the experiments with 3H—labelled viruses, the gut erithelia
and remainders of the larval bodies, were macerated and counted.’
separately to see if uptake of the viruses could be detected. However,
contamination by label. from the gut contents, during the dissection
process, prevented this. Tt ;as fourd that in all cases at least 50%
of total counts were aszsociated with the gut contents. This indicatéd

that a large proportion of nucleocapsids remained in the larval gut and

were not taken up by the gut epithelium.
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(3) Electron licroscopic Ixamination of Dissolution In Vivo

Neonate M. brassicae were fed with M. brassicae NPV, and F. rapae

[N

neonates with P, brassicae GV or A. sezgetum GV.. The viruses were either

incorporated into diet or smeared on leaf discs. The preparation of

these larvae for sectioning was descriged in Chapter 2. Sections were taken
at 200 pm intervals thréugh the larvae, to examine I.B. dissolution in

the different gut regions. These regions were defiﬁed by the morphology

of the epithelial tissue, microvilli being present only on midgut

epithelial cells.

Dissolution of I.B.'s began in the foregut and was nearly complete
by the midgut which agrees with results in Section 2. Two extreme forms
of dissolution were noted. In the first virus particles were released
with little apparent breakdown of the I.B. matrix (Figure T.4). In
contrast, other I.B.'s.lost mosf of the I.B. matrix, except for a surface

layer, with little, or no, apparent virus particle relesse (Figure T.5).

While most I.B.'s had dissolved before reaching the midgut, some
M. braésicae NPV I.B.'s were found undissolved in the mi&gut. These were
found between the peritrophic membrane and the miérovilli (Figure T+6).
‘It was not clear how these I.B.'s broached the membrane, but having done
so they seemed 'protected' from dissolution. In agreement with previous
studies (Chapter 1, Section 4(c)), the peritrophic membrane appeared to

be a barrier to virus particle movement in the case of M. brassicae HFV

virus particles in M. brassicae larvae (Figures T.6; 7.7)+ However
some virus particles were seen in the vicinity of the microvilli

(Figure 7.8).

Despite the large numbers of L. brassicae NFV virus particles seen

in the lumen, no nucleocapsids were found within microvilli, suggesting
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Figure 7.4. IB dissolution in vivo,

A: M. brassicae NPV in M. brassicae neonate foregut.
B: A. segetum GV in P. rapae neonate midgut.



Figure 7.5.

iB dissolution in vivo,

A: M. brassicae NPV in M. brassicae neonate midgut.
B: P. brassicae GV in P. rapae neonate midgut.



Figure 7.6. Midgut of M. brassicae neonates fed M. brassicae NPV,
showing undissolved IB’s.
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Figure 7.7. Midgut of M. brassicae neonates fed M. brassicae NPV;
peritrophic membrane acting as a barrier to infection.

Key:

as Figure 7.6.
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Figure 7.8.
Key:

Midgut of M. brassicae neonates fed M. brassicae NPV.

as Figure 7.6.
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Figure 7.9. Haemocoel of P. rapae neonate infected with P. brassicae
GV. (arrows indicate membrane-budded virus particles).



that uptake may be a limiting factor in infection. In contrast, when

P. rapae larvae were infected with P. brassicae GV, very few virus

particles were found in the lumen and micleccapsids were seen in
microvilli (not shown*). 1In this species the'peritrophio membrane was
not,cleafly visible (Figgre 7.4). Further work would be necessary to
confirm that there is a difference in uptake between these two virus

types. ~

It was interesting that 20 hours after infection, large quantities
of free nucleocapsids were evident in the haemocoel of P. rapae larva

infected with P. brassicae GV, but not in the homologous NFV infection

of M. brassicae (Figure 7.9). The more rapid development of this GV

infection agrees with LT50 data in Chapter 6.
(4) Discussion

The examination of in vitro dissolution, showed that P. brassicae

GV‘I;B.'siwere susceptible o alkaline dissolution at lower pH than those
of the noctuid baculoviruses. Ripa (1978) also fourd that this virus

could be rapidly dissolved in O.1 M carbonate buffer at pH D9 <10.

These differences were not, however, reflected in what was found
in vivo. This indicates that either thebgut pH is sufficient to dissolve
all the I.B.itypes, or that oher mechanisms, such as enzyme action, are
important. The virus which was most resistant to in vitro dissolution,
A. secetum (B) NPV, dissolved completely in susceptible and none-

susceptible larvae. While P. brassicae GV dissolved more rapidly than

Ao sezetum (B) NPV in P. rapae, it appeared that both completely released

their virus particles before reaching the midgut (Figure 7.3). It is

# These photographic negatives were accidentally destroyed before

processing.
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concluded that virus particle release is not a limiting factor in

baculovirus infection.

The brief examination of the fate of released virus particles, by
electron microscopy, suggested that virus uptake may be an important
limitation to infectione. This certainly appeared to be the case with

the homologous NFV infection of M. brassicae NFV. Here, the peritrophic

membrane seemed to restrict movement of virus particles from the lumen
to the microvilli. On the other hand, polyhedra penetrated this membrane
on some occasions. It was not possible to confirm that the ugtake of

P, brassicae GV virus particles was more efficient. Some results

presented by Ripa (1978) could be reinterpreted to this emd. He fed

P. brassicae GV to fifth instar P. brassicae, L. oleracea and Spodoptera

littoralis larvae, and then biocassayed the gut contents in P. brassicae.

The virus mortality caused by midgut contents from P. brassicae was much

lower (4%) than that in the case of the other species (41 and T4%
respectively). He ascribed this to differences in virus inactivation.
However, it is also possible that the virus had been taken up in

P. brassicae 10 a greater extent than in the other, non—-susceptible,

species.

If there is a difference in uptake between infections of

susceptible hests by P. brassicae GV and by M. brassicae KFV, this would

explain why very few nucleocapsiis of P. brassicae GV are required to

infect P. rapae compared with any of the noctuid baculovirus infectionse.

The wider significance of this is considered in the next Chapter.
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CHAPTZR 8

GENERAL _DISCUSSION

In %his Chapter, particular emphasis is placed on the relationship
between I.B. structure and the infectivity of I.B.'s and their
‘components. A theory is developed which explains the variations in
ngmbers of infective particles occluded by different viruses. This
theory is based on results in the present study, in addition to the

literature summarised in Chapter 1.

(1) Infectivity of Virus Farticles and Nucleocapsids

Table 10 gives the results of LD50 tests, expressed as the numbers
of virus particles (CFV infections) or nucleocapsids (baculovirus
infections). These were calculated by multiplying I.B. LD50 values (Table
8) by the mean number of the aporopriate component per I.B. of each
virus (Table 5). The numbers of baculovirus nucleocapsids rather fhan
virus particles were chosen, as the nucleocapsid is the smallest infective
unit which is found individually packaged in an I.B. Virus particles
from mNPV's contain variable numbers of nucleocapsids (Chapter 4). The
significance of multiple, as opposed to single, envelorment of mucleocapsids,

is discussed in Section 4.

Among baculovirus infections, LD50's expressed as numbers of
micleocapsids, were often similar, or of the same order of magnitude, for
infections by alternative viruses in one host. This was true despitie
large variations in the numbers of nucleocapsids per I.3. in the

different viruses. Tor example, while the LI50's of A, segetum GV and

-

" A. segetunm (Z) FFV for Ai. segetum neonates were 11,000 ard 10 I.B.'s
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Table 10 LD50's Tor Virus infectionsr In Neonate Larvae,, Converted To Equivalent
Numbers Of Virus Particles (CPV) And Nucleocapsids (Baculoviruses)
Host - Species
Virus

A, segetum | A. exclamationis N.<p;onuba M. brassicae | L. oleracea | P. gamme | P. rapae
M. brassicae NFV ' 210,000 1,100,000 1,000 2,100 20,000 350 —
A. segetum (E) NPV 7,100 280,000 200,000 —_ — —_ —_

#*

A. sepetum (F) WPV 8,900 — — _— — — —
A, segetum (P) NPV 76,000 — — — — — —
F. gamma sHPV —_ — — — — 38 —
Ao sepetum GV 11,000 1,200,000 —_ —_ —_ —_— —_
P. brassicae GV —_— —_ —_— — -_— — 12
P. gramma CFV —_— — 7,500 25,000 —_ 1,900 —

Keys

same as the biochemically indistinguichable English isolate (Chapter 4).

= non-infectious or not tested (see Chapters 5,;5).

% WYhile the Fronch isolate had smaller I.B.'s (Table 3), its other I.B, characteristics uere assumed to be the



respectively (Table 8), these values corresponded to 11,000 anil 7,100
micleocapsids. Despite the higher LD50 of 4. segetum (F) NPV I.B.'s than
As Segetum (3) WPV I.B.'s in the homologous host (Table 8), this also
corresponded to a similar number (8,900) of nucleccapsids (fable 10).

The infections of L. oleracea neonates with L. oleracea GV and li. brassicas

NPV also had similar nucleocapsid LD50's, of about 10,000 and 20,000

fespectively (Chapter 6). The three infections of A. exclamationis had

the highest mucleoccapsid LD50's of those examined (Table 1Q), again with
little variation between these values. On the other hard, the two
infections of P. gamma neonates had +the lowest nucleocapsid ID50's of the

noctuid infections, at 350 with M. brassicae NPV and 38 with F. gemma sNEFV.

Not all the baculovirus infections fitted this pa.ttern of similar
nucleocapsid LD50's in-any one host. For example, LD50's for
M. braésicae,NPV and i. segetum (P) NPV in A._segetum neonates were much
-higher than those'for homologous viruses in this host. (Table 10; note
comments on Ae ségetum (f) NPV in Chapter 6, Section 4,) There was also
a 200 fold difference in nmicleocapsid LDSO'S for the two baculovirus

‘infections of N. pronuba (Table 10).

These results afe summarised as follows. The homologous virus,
where tested, was the most infectious for each host. 3IZven so, homologous
infectiong ofterx had high nucleocapsid LD50's for neonztes, fhis value
vaﬁying in each host speciés. Heterologous infections had similar or

much lower infectivity than the homclogous infection.
The following conclusion are drawn:

(a) Zach host species appears to have a generalised resistance to

baculovirus infection, the level of which varies from species to species,
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which limits tle maximum infectivity of any virus in that species.

This resistance is low in P, rapae neonates, moderate with F. gamma,

high with A. segetum and extremely high with 4. exclamationis.

(b) Superimposed on this generalised resistance are differences
in virus specificity. Thus, while P. rapae neonates were highly susceptible

to F., brassicae GV, they were not at all susceptible to the other viruses.

Relative specificities were seen in the noctuid infections, where in
all cases hosts were more susceptible to homologous than non-homologous

infectionse.

Infections with P. gamma CFV supported the idea that larvae of
different species exhibited different deszrees of a generalised resistance
to virus infection. The ratios between the P. zamma CFV LD50's were

similar to those between M. brassicas NPV L250's in the same hosts

(Table 10). E. gamma, neonates were the most susceptible in both cases,

~with the LD50's in N. pronuba ard }i. brassicae being 3.9 and 13.2 fold

greater, respectively, for P. gamma CFV, or 2.9 and 6.0 fold greater for

‘M. brassicae NFV. This phenomenon was also observed by Hatanabe (1965(b)),

who reported a significant relafionship between the susceptibility to

CPV ard NFV infection of different B, mori strains.:

(2) I.B. Structure ard Infectivity

The virus isolates exhibited large differences in the mean number
of infectious units occluded within I.B.'s (Table 5). Uhile one role of
the I.B. may be protection (Chapter 1, Sections 1, 7(b)); this does not

explain the observed differsnces in packaging of infectiocus units.

LD50's for neonate larvae of the homologous hosts were less than

25 I.B.'s in infections by 5 of the 6 polyhedral virus isolates (Table 8).
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The exception, i. segetum (P) IFFYV, was discussed in Chapter 6. This pattern,
of low LD50's for homologous neonate larvae, is generally supported by
other studies (Chapter 1, Section 6). It appears that polyhedral I.B.'s
contain sufficient infectious units so that very few.I.B.'s are required
to infect homologous neonates. If this applies, then the mean size of
I.B.'s from each isclate may be controlled by the number of infectiocus
units required to infect the homologous host. This number may itself be
governed by the {evel of fesistance to infection of the host species
(Section 1). The relationship between I.B. size and host resistance
clearly applied tovA. segetum (E) NFV and P. gamma sNFV. These had the -
largest amd smallest I.B.'s of the NFV's examined, A. secetum (I) NFY
I.Be's containing 20 fold more nucleocapsids than P. gamma sNFV I.B.'s
In parallel, A. segetum neonate larvae were less susceptible to virus

infection than P, gamma neonates (Section 1).

GV's by definition, contain a single infectious unit in each I.B.

Few P. brassicae GV IL.B.'s were required to infect F. rapae neonates,
which are probably the natural hosts of this virus'(Chapter 1, Section 6).
This fits the pattern shown by polyhed:al viruses in their homologous
hosts (above). In contrast the LD50's of A, segetum GV and L. oleracea
GV, in neonztes éf their réspective homologous hosts, wefe high (about

104 I.B.'s). This would be expected as these hosts are relatively resistant
to virus infection (Section 1). There are several other examples in the
literature of the high I.B. LD50's of GV's in their ﬁomologous noctuid
hosts, :elative to the homologous KFV infection (Chapter 1, Section 6):

In fact, it appears that where NFV infections occur naturally in a host,
any homologous GV has low infectivity in terms of I.B. numbers. This

would be expected if the nucleocapsid L350's of the NIV and GV were

similar, as observed with A. sezetum (3) NFV and A. segetum GV in the
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homologous host. The corollary of this is that where GV infections have
low LD50's for neonates of the homologous host, no natural NFV infections

are found in these hosts (e.g. P. brassicae GV, C. pomonella GV; Chapter 1,

Section 6). These observations point to a possible selectivé advantage
for polyhedral viruses (i.e. ones containing many infectious units per
I.B.) in situations where mucleocapsid infectivity is low. The rature of

this advantage is discussed in Sections 3 and 4.

The GV's with high I.B. LD50's for homologous neonates, such as
A, segetum GV and L. oleracea GV, seem anomalous in retaining a
non~polyhedral I.B. structure. In fact, many noctuid GV's~somet1@es
have multipl} enveloped virus particles, or capsules containing several
virus particles (Chapter 1, Section 3; Chapter 4). This may indicate a
tendency to- 'develop polyhedral charactcrlstlcs. however, although the
GV subgroup may have originally evolved from an ;;cestnﬂ.sﬂPV {Rohrmann
et al.,1981), it is now somewhat dlstlnct from tne LEFV subgroup both
bioqhemically and biologically in terms of the infection pathway (Chapter 1,
Sections 2 amd 4; Chaptef 3). It is possible, therefore that GV's are
constrained by structural or genetic limitations from 'regressioﬁ' to

large NPV-like L.B.'se.

The relationship between I.B. structure anq infectivity, which
has'been discussed in Sections 1 and 2, is summarised in the following
theory. Occluded virus infectioms of lepidopterous larvae usually have '
I.B.'s which contain sufficient infectious particles to compensate for the
homologous host's generélised resistance to virus infection. .This
results in ID50's for homologous neonates which are iow iﬁ terms of
numbers of.I.B.'s. Where the host -is highly susceptidle tg‘infectioﬁ,

GV L.Be's are the most economic form for packaging infectious units.

-217 -



e

In this situation the polyhedral form would be unnecessary and, perhaps,
disadvantageous (Section 3)e GV's do exist alongside FFV's in very
resistant hosts (such as A. segetum), where the GV I.3, LU50 is very
high. This shows that the polyhedral form is not essential for

survival in this type of host.

The significance of different I.B. designs is discussed below in
the contexts of virus ecology (Section 3) ani the infection process

(Section 4).

(3) I.3. Ponulation Zcolozy

Occluded virﬁses are found in those (holometabolous) host insects
wherle the susceptible stages are not comtimuously available (Chapter 1,
Section 1). Survivél of virus involves successful infecton of the next
geperation vy the ingestion of infectious units, as vertical‘transmissi;h
of infection is probably infrequemt (Chapter 1, Section 7). Between larval
generations, the virus present in the environment is inactivated and
spread (Chapter 1, Section 7). Where many infectious units are occluded
in a polyhedron, their environmental separation is prevented and they
remain as a 'package! for consumption by an individual host. This
situation would be édvantageous if simultaneous ingestion of many
inféctious units by one host were more likely to result in a successful
infection than ingestion of one, or a few, units bj several hosts (this
is considered in Section 4). The effect of packaging many infectious
units in each I.Be., is to give the distribution of viral inoculum a
minimum spatial heterogeneity. This will have most impact on neornate
larvae‘whiéh only require a few I.B.'s for infection. OClder larvae are

often less susceptible and require humdreds or thousanls of IL.B.'s
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(Chapter 1, Section 6). In the latter case the clumping of infectious
units into I.B.'s would not seem to increase the possibility of

infection.

The iﬁfectious units produced duriné infection might be pacxaged
in a few large I.B.'s or many small ones. As described above, the
selection pressure operating on I.B. size may be controlled by the
absolute infectivity of the infectious units in the homologous Loste.
I.B.'s which are too small in this sense will be less able to successfully
. initiate infections. bn the other hamd, if the I.B.'s are too larée,
fewer will be produced_aﬂi fewer infections will occur. Absolute
infectivity can change following adaptatidns by the virus to increase it,
or by the host to decrease it, amd it is anticipated that the number of

infectious units per I.B. will evolve in parallel.

When the infection of P. rapae with P. brassicae GV is compared

with the noctuid baculovirus ihfections, it appears to be much more
efficient. - The rmumbers of nucleocgpsids rroduced in the infections _-
are probably‘éimilar (Chapter 6) although accurate estimates of GV I.B.
production remaig to be done. P. rapae is so susceptible to infeﬁtion
"that the potential number of larvae which can e infected is much
greater. It is interésting t0 speculate that such an efficient infection
has eliminated other natural virus infections of . rapae (such as LEV
infections). In contrast, the lower efficiency of the noctuid baculoviruses
may allow the coexistence of several different virus irfections in a
population of one host sfecies. There is evidence in the literature

that the mlFV's have a wider host range than the GV's or shiV's

(Chapter 1, Section 5), andAthis was partLyAsupported by the present
study (Chapter 5). The potential to multiply in a variety of different

species may partly compensate for relatively inefficient infection of each.
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The significance for control, of the varying parameters of
multiplication efficiency of the different viruses, is considered in

Section 5.

(4) Physiolozical Aspects of Infection

The existence of polyhedfal I.B.'s suggests that there éan be a
cd—operativé interacfi&n between the infectious units enclosed withine.
There is little evidence for any other advantages of polyhedré, such as
increased environmental proﬁection of the infectious units, although
further studies of the mechanisms of I.B. degradation in the emvironment
are necessary to confirm this. The fact that I.B.'s release their
inféctious units rapidly anl non-specifically at ingestion (Chapter 7),
aiso precludes differential dissolution of the various I.B. types as an
' impbrtant factor in infection. The relationship between the number of
infectious units packaged, and their infectivity in the natural host
(Sectidn 2),'1eéds to the conclusion that the multiple packaging of these
units% as such, is the major function of polyhedral I.B.'s. If the
infectious units do co—operate during infection, how they do this is open
vto specﬁlation. ‘Saiuration of a host defence mechanism would he the
fype bf intefaction expected. The existence of multiply emnveloped
nuclesocapsids in mlFV's is inﬁerestigg in this context; While several
singly enveloped nucleocapsids will, presumably, infect separate cells,
if the same number are multiply enveloped they will initially infect only,
one cell (Chapter 1, Section 4). This suggests that multiply enveloped
nucleocapsids may have developed in order %o increase cellular infection
potential, agéin by a co—o;)era:tive-»effect. Winere nucleocapsids pass
straight through the gut epithelial cells and bud into the haemolymph, the

difference between multiply and singly enveloped forms is lost (Granados
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ard Lawler, 1981). Therefore, any fundtion of multiple—envelopmemnt
presumably lies at the early stages of gut epithelial cell infection.

It éppears that the mliFV virus particle has more resources tied up in

the infection of each cell than the sNFV virus partiéle, in the same

way that the NEV IL.B. has more reéources involved in infecting each larva -
than the GV I.B. Further studies pf the early stages of infection are
required to £est the validity of this argument. It would be particularly
valuable to know how many gut cells must be initially infected in .
different hosts to cause an infection leading to death, and how relatively
infective mulfiply éni singly enveloped”nucleoéapsids are in vivo (as

opposed to in vitro - Volkmann et al. (1976)).

In Chapter 7 it was suggested that virus uptake may be an imvortant
limitation to infection, with the peritrophic membrane a major varrier.
This is also supported by data in the literature (Chapter 1, Section 4).
Howéver, tﬁis is not the type of.defence'mechanism which could be overcome
by simuitane§u§ ingestion of several infectious units. Frobably, a
variety of other different mechénisms ére also involved in defence

against infection.

(5) The Siznificance of Infection Farameters for Microbial Comtrol of

Insect Fests

The LD50 and LT50 of virus infections are characteristics of
fundamental importance in the choice of microbial control agents. In
many control situatiohs, viruses are used in much the same way as .
chemical’pesticides. jthere several viruses are available for use
against a particular pest, the ID50's, in terms of numbers of infectious

units, will indicate the dosage rates required. Where the costs of
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producing different viruses are similar, the LD50's will, therefore,
give the relative costs of spraying these viruses. Where very efficient

virus infections are involved, such as P. brassicaee GV in P, rapae, the

costs of control should be lower than with the relatively inefTicient
infections of many noctuids (Section 3).

The LT5O can provide an imdication of the period during which
damage.can be caused by the pests, after spraying and before death.

In baculovirus infections, insects usually continue feeding until shortly
before death, while with @PV'S, feeding often stops shortly after infgction
(Chapter 1, Section 4). Ih the latter case the LT50, however long (Table

9) may be unimportant.

The present study suggests tkat the naturally occurring viruses
fbund in pest species will be the most effective agenté for control of
that species. Moreover, it would not be expected that a much more
infectious virus would be fourd. vIn the control of i. segetum, for
example, A. secetum (E) NFV and A. segetum GV should be abcut equally
effective,‘assuming no difference in persistence in thé field. A. segetun
GV has already been used in experimental control of‘this pest (Zethner,

1980(b)). Similarly, L. oleracea was equally susceptible to.li. brassicae

NPV ard L. oleracea GV mucleocapsids (Section 1) and these viruses would,
on this evidence, be equally effective for irfection of this species.

However, the wiler host range of }. brassicae NFV may make it the .more

suitable in some situations where the two species occur together.

.YWhere a virus has a wide host range it may attract greater
commercial interest. In the present study E. gamma CFV7 would fulfill
this criterion. Vider host range may indicate potential ecological

hazards, however, (Payne, 1682), and further studiss are required vefore

CFV's can be considered safe in this serse.
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SUTTZARY

(1) The following virus isolates were obtained anl passaged in their

homologous hosts:, . brassicae NEV; A. segetum (3) IVFV; 4. sepetum ()

r————————

NPV; A. secetum (P) LFV; F. gamma sIFV; A. segetum GV; E. brassicae GV;

P. gamma CFV.

(2) These viruses were partly characterised, where necessary, as a
pralimirary to an examination of their biologzical prozerties. ‘hen
examined by electrophoreéis of DA restriction endomuclease digests,
ard polyacrylamide gel electrophoresis of polyreptides, i. sezetum (3) rFEV

ard As sezetum (F) NPV appeared identical. However, L. secstum (F) WFY

and Ii. brassicae NPV were clearly distinct viruses by these criteria.

Analysis of F. gemma KNPV samples, by restriction engyme anelysis, allowed

isolation of the sNEV used in later studies, and two miFY varients with

similar DIA profiles to an NPV from Ai. californica. The i, Sezetum TFV

NEV isolates, A. sezstum GV énd P. gamma sKFV, had not previcusly been
biochemically analysed, ard did not appear ' =~ closely related to each

other or to other baculoviruses.,

The RNA segment profile of F. gamma CEFY was idemtical to the

published profile of a CFV from S. exemrta.

(3) Serological methods were not suitable for unequivocal virus
identification due to cross reactions between antisera and heterologous
antigens. The indirect ZLISA method was used to examine ssrological
relationships between the baculoviruses. This analysis showed that the
morphological subgroupings of miF7's, slFV's and GV's were mirrorsd by

antigenic differences.
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(4) The structure of viral I.B."s ﬁas examined, and methods devised to
calculate the numbers of nucleocapsiis and virus particles cccluded by

the different isolates. A. segetum (Z) LFV had both the largest I.B.'s,
and the highest numbers of nucleocapsids in each virus partidle,'of the
baculoviruses. P. gamma sNPFV had the smallest I.B.'s of the NEV'S, but
the highest density of virus particles. The GV I.B.'s contained single
virus particles, although some A. segetum GV virus particlés enveloped

several mucleocapsidis. P. gamma CFV had a much higher density of virus

particles than the baculoviruses.

(5) The host ranges of the viruses were assayed in neonate larvae of
six noctuid species from three subfamilies, and F. rapae. When infection
occurred the progeny virus was identified by rerpeating the cross-

transmission in older larvae. Ii. brassicae NFV had the widest host range

of the baculoviruses, infecting all the noctuids. A. segetum (Z) ¥FV and

A. segetum GV infected only Agrotis sppr. and N. pronuba. A. sezetum (P)

KPV appeared to replicate to a limited extent in . brassicee. Po _gamma

sNPV infected only the homologous host and F. brassicae GV only P. rapac.
P, gamme, CPV infected E., rapae as well as two noctuids tested, and therefore

had the widest taxonomic range of hosts.

(6) Examination of infectivity showed that most of the viruses had a LI50
of several I.B.'s for neonates of the homologous host, often being less
infective for heterologous hostse. The LT50's for virus infections

varied witk virus type,-beiﬁg longest with P. gamma CFV and shortest with

P. gamma sNFV ard P. bragsicae GV. [I. brassicae IFV infections, in
particular, showed a correiation vetweer L5250 and IT50 in alternstive
hostse A. sezstum GV had = high I.B..LDBO for the khomologous host, in

——————

contrast to most other viruses. The high I.3. L350 for noctuid GV's, as
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compared with IFV's, was confirmed by a preliminary assay of L. oleracea
GV in the homologous host, ani by several published examples. lYhen
LY50's were considered as numbers of infectious units, however,
differences between LD50'S for different I.B. types were often largely
removed. These results were explaineg by the theory that each host has
a'levelef gentral resistance to infection by any virus. I.B.'s of

the homologogs polyhedral virus contain sufficient infe?tious units to

overcome this resistance.

(7) Studies of I.B. dissolution suggested tha, while the dissolution
rate of different viruses varies in vitro, this does not limit release of

infectious units in vivo. However, limitations to virus uptake by the

gut epithelium, may be one source of differences in susceptibility to

infection.
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APPEIDIX 1

A _CONPARISOQN OF THE IZLEICTRCPHORETIC MOBILITIES OF

VIRAL ds RITA SEGHENTS AMD ds DNA RESTRICTICN

EIDONJCLZASE FRAGMENTS, ON THREZ GLL SYSTES

Threé-gel'systems, 19 agarose, 3% polyacrylamide and 109 discontinuous
polyacrylamide (Chapéer 2) were éompared for the analysis of double
stganded genome viruses. Genome segments were purified from CFV
pol&hedra as described in Chapter 2. The preparations of Bombyx mori

and Inachis io CPV's were.provided by Dr. C. Payne (G.C.R.I.), vwhile

N. promuba CPV originated in a éross-transmission test in which N. pronuba

were orally inoculated with A. segetum (Z) NFV (Chapter 5). Purified

ds RNA from the segmented genome virus of Penicillium chrysqgeﬁum was
obtained from Dr. R. Barton (G.C.R.I.), and examined in comparison.with
the CPV genome segments. Baculovirus ami)\;mage ds DFA's vere

digested with the restriction endomuclease ZcoRI or Hind III (Chapter 2),

" before electrophoresis in parallel with the RNA viruses.

The results of this investigation are illustrated in Figures A.1

to Ao4

(1) CPV and F. chrysogenum Virus ds RNAL Segments

On agarose gels the low molecular weigﬂt CPT segments (4(106) were.
often faint or absent. This is proﬁably attributable to relatively
high diffusioﬁ rates within the low concentration gel. Tigure A.1
illustrates this phenomenon with RMA's of B. mori CPV ('Type 1! using
' the classification of Payne and Rivers, 1976), L. io CEV (Type 2) and

N. promuba CFV (Type 7). The RNA samples used on this occasion were

- 227 -



purified from polyhgdral preparétions by the cold phenol method usually
adopted for Difd purification (Chapter 2). The feint high molecular
weight banis, about 2 cm below the sample wells on the I. io CFV and
N. promiba CF7 tracks, were not found Qhen RNA preparations were used
which had been purified by hot phenol, which eliminates DWA (Scherrer,
1969). When the cold phenol-éxtracted RNA's were digested with ZcoRL,
these bands disappeared. In the case of I. io CFV, bards ocorresponling
to the M. brassicae ¥FV DA EcoRI digest were found,toéether witz the
I. io CFV RIA bands (Figure A.j). This I. io CFV preraration had been
grown in M. brassicae, where a contaminant NFV infection probably

L. 2romila

occurred. The lack of DKA fragment bands in the N. pronuba CFV digest may

indicate insufficient DNA contamination for resolution of these bands.

CFV ds RiTA segment profiles on the.other gel systems were similar
to those on agarose gels. Ali 10 bands were clearly resclved on 3% and
10 polyacrylamide gels, veing most sharply-défined on the higher |
coﬁoentration gel (Figures A.3, A«4). However, some < the segment bands
varied in relative positions on the different gels. This was particularly
true of the bands at ‘molecular weights grea#er than 2 x'106 (calculated
using the B. mori CPV segment molecular weights given by Fujii-Kawata
et al. (1970) as stanlards). For example, only three of the highest
molecular weight segments of ;:_ig CEV were resolved on 3% polyacrylamide
(Figure 4.3), compared with four on agarose arnd 10ﬁ{polyaérylamiie
(Figures A.1 and A44). In addition, ome of the segments had a much iower

mobility, compered with the Z. mori segments, on 10¢% polyaerylamide than

the alternative systems. The P. chrysogenum virus ZlNi alse exhibited
different patterns on the three gel systems, epparently containing three
segments on 3% polyacrylamide (Figure 4.3), but four segments on the

other systems (Figures 4.2, 4.4). FPrevious studies comsidered that this
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Figure A.1. Electrophoresis of nucleic acids on 1% agarose.

Key: A: B. mori CPV RNA. B: [. io CPV RNA (4+DNA) .
C: N. pronuba CPV RNA. D: [. io CPV RNA, 4+-DNA
digested with EcoRl. E: M. brassicae NPV DNA digested
with EcoRl. (A, B, C run separately from D and E).



Figure A.2. Electrophoresis of nucleic acids on 1% agarose.

Key:

A: X\ DNA, Hind Il digest. B: B. mori CPV RNA.
C: M. brassicae NPV DNA digested with EcoRl.

D: A. segetum (E) NPV DNA digested with EcoRl.
E: P. chrysogenum virus RNA. (all samples run on
one gel, intervening sample profiles removed).



Figure A.3. Electrophoresis of nucleic acids on 3% polyacrylamide.

Key: A: M brassicae NPV DNA digested with EcoRlI.
B: B. mori CPV RNA. C; I[. io CPV RNA.
D: P. chrysogenum virus RNA. (all samples run on
one gel, intervening sample profiles removed).



Figure A.4. Electrophoresis of nucleic acids on 10% discontinuous
polyacrylamide.

Key:

A: X\ DNA digested with EcoRl.

: ADNA digested with Hind Ilil.

M. brassicae NPV DNA digested with EcoRI.
A. segetum (E) NPV DNA digested with EcoRI.
B. mori CPV RNA.

i. io CPV RNA.

P. chrysogenum virus RNA

omMmoow



virus contained three RWA segments when eiectrophoresed in 2-3%
polyacrylamide gels (Nash ;_3_1_:. al., 1973; viood and Bozarth, 1372; Buck

and an.'rvan, 1977). The present study shows that an additional segment

could be resolved, at }east in this particular preparation, by electrophoresis

at much higher or lower gel concentrations.

(2) Baculovirus ard A Fhage DNA Brosments

Restriction endonuclease fragments of ds INA samples showed
different patterns on the three gel systems, as hal the ds RNA segments.

For example, the M. brassicae NFV DFA EcoRI digest profile is showm in

Figures A.2-i.4. ihile it was possible to identify ‘the equivalent
fragments of the A phage DUA Hind IITI digest on the three gelé (Figures
A.2, A.4, 3% polyacrylamide profile not shown), the profile of the

L. vsegletum_ (2) NPV DNA EcoRI digest had"boo many bards for this to be
done confidently (Figures A.2, A.4). Resolution was greatest on 10%
polyacrylamide gels. NMany of the smaller fragmenés {which disapreared

on agarose gels due to high mobility or diffusion) were resolved..

When the mobilities qf)\ pﬁage DNA Hind III fragments as well as
B. mori CPV genome segments were compared on a molecular weight basis,
they were .simila.r on all three gel systems. A4s gel concentration
increased, however, the INA mobility decreased relative to that of RlA,
which can be seen by comparing tl.le relative positions of these two-
digest profiles in Tigures 4.2 and A.4. The positions of the A Hind III
fragments on 3.‘,"7; polyacrylamide (not shown) were intermediate between those

on the other two systems.
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(3) Dffect of Changes in Gel Buffer Systems

When the discontinuous 3% upper ge1/10%“lower gel system of
Laemmli (Chapter 2) was replaceci by a single 10% polyacrylamide gel with
thé electrode buffer used for agarose gels (Chaﬁter 2), the profiles for
nucleic acid segments and fragmenks vere unzltered, Similarly, the
profiles on 3% gels were the same using the agarose buffer system or
that of Payne and Tinsley (1974) (Chapter 2). When nucleic acid samples
‘were prepared in the different sample buffers of Laemmli (1970), Loening
(1967) or the DNA digest buffer (Chapter 2), the profiles produced were

the same on the three systems.

It was concluded that the observed variations in migration of
" nucleic acid segments armd fragments on the three gel systems was due to
differences in the gel concentrations, rather than different buffer -

conditions.

(4) Discussion

Gels df a higher concentration produced sharper bands and resulted
in reduced mobility differences betwéen high and low molecular weight
mcleic acid segmenté or fragments. The latter phenomenon was also noted
by Bozarth and Harley (1976) using polyacrylamide gels. The gel concentration
also affected the pattern of bands for each virus profiie, perhaps caused
by variations in the structural characteristics of the nucleic acid
segments or fragments (Helling et al., 1974). In this case higher
concentration gels would be expected to give less accurate molecular
weight estimates. While CFV's have not previously been analysed on 10%

polyacrylamide or agarose gels, Sharpe et al. (1978) found that reovirus

segments migrated differently on 5% and 10% acrylamide gels.



High concentratibn polyacrylamiie gels have gotential for very
precise examination and comparison of baculovirus Dila restriction
erdonuclease digests and CPFV genome sezments, JAgarose gels, on the
other hanl, may give better molecular weight estimates, because at lower
gellconcentrations differences in the secondary structures of ds nucleic
.acids will have less effect on mobility. These gels were also useful,
in the present study, for investigation of baculovirus/CPV mixtures.
Where baculovirus or CFV preparations are grown in vivo there is the
possibility of contamiration with other occluded viruses. 4 useful
routine test, in these cases, is the cold phenol extraction of nucleic
acid from‘the preparation, followed by electrophoresis on agzrose gels,

with and without endonuclease digestion.
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APPEIDIX 2

STATISTICAL AFPENDIX TO CHAFTER 4

a) Calculation of Polvhedral Volume from the Mean and Variance of the

Diameter

~ For a random variable, x, with mean Mx and variance €x2, the
mean and variance of a function, y = g(x), are approximated by:-
) re 2
mean, My = g(Mx) + g (Mx) €°x
)
variance, 62y = (g (Mx))2 6>

where g' and g"" denote the first and second derivatives, respectively
(Kendall and Stuart, 1958). If the random variable is the radius of a
polyhedron, r, with mean T and variance ‘%, then the mean aml variance

of the volume of a polyhedron are given by:

mean, V = g’-‘n’(i& + 3?6%) _
variance, 6°v = 16w%s4 62
The standard error of the mean volume, 6V is given by:

6 - 6v
| v

where n = number of polyhedra measured.

b) GCalculation of the concemtration of virus particles within I.B‘.'s from

the Number Seen in Thin Section

The probability of sectioning a virus particle is proportional to

its length perpendicular to the plane of the section, 1, added to the
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section thickness, t. Therefore the number of virus particles seen in a
thin section is the mean number lying in the volume delineated by the area
of the section multiplied by (1 + t). This is a mean value rather than
the absolute value, as most virus particles seen in the section will lie
partly outside the limits %1 above and below the section, while many

" particles which are not sectioned lie partly inside these limits.

(1 % t) is the 'sample thickness', s. The value of 1 is dependent on

the virus pafticle dimensions. For thg spherical virus particles of a
CPV, 1 is equal to the diameter 6f the sphere, 4,

therefors s =4 + ¢

For rcd-shaped virus particles, such as baculovirus virus
particles, random orientation of the virus pérticles is assumed (Chapter
1, Section 3). In the case of a theoretical rod-shaped virus particle
with infinitessimal width;.the tips of the particle describe a sphere,
for all possible orientaxi;ns, with radius, r, equal to half the virus
particle length. The mean thickness of this sphere is equal to the mean
length perpendicular %o any one plane, of the virus particle,

4
therefore 1 = I'lfr3 =%r
W2

For a virus particle with width, w, this has an additive effect on the
mean length perpendicular to the 'section plane:

_2 -
l= W + %r

therefore s = %w + %r + 1%

where r is half the true virus particle length,

w is the virus particle width.
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When baculovirus particles:were counted in thin sections, the
presence of the densely stained nucleocapsids was used as the criterion
for presence of virus particles. The nucleocapsid dimensions are,
thgrefore, the relevant ones for calculation of sample thickness, s.
Mucleocapsids which were multiply envelpped had combinéd maximum widths
of approximately 2x the nmucleocapsid width for virus particles with 2
or 3 nucleocapsids,IBx for those with 4, 5 or 6 nucleocapsids and 4x for
those with.7-10 micleocapsids (Figures 4.7, 4.8, 4.9). The dimension
perpendicular to the sectioning plane, of each class of virus particle
width was calculated separately. The mean of these was then calculated,
taking into accouht the proportion of each size class present (Table 4).
The dimensions of baculovirus nucleoéapsids used for calculations were
based on the estimates in Section 2 (length = 275 nm} width = 32.5 nm).
The value given by Martignoni (pers. comm.) of 65 nm was used for
é. gamma CPV virus particle diameter. The thin secticn'thickness was

80 nm.

Values for sample thickness, for each of the four polyhedral

isolates examined by thin section, are given in Chapter 4, Section 4(v).

c) Calculation of the Number of Virus Particles and Nucleocapsids per I.3.

The method of approximating means and variances of a function of a
rapdom variable (Section (a)), can be extended to several random
variables (Kendall and Stuart, 1958). It is assumed that the I.B.
volume, V,.number of virus particles per unit volume, p, and number of
nucleocapsids éer virus particle, n, are mutﬁally indépendent. The means
apd variances of these three distributions are, respectively, 7 and é;%y

p and 6%, N and 6%. Then the mean, a, and standard error, 65, of the



mumber of virus particles per I.B. are given by:

respectively.

Simila.riy, for the mean, E, and standard error, 63, of the number

of mucleocapsids per I.B.,

=V xFxT

6‘5:\/(<fv-a 2 €2 + (J(Tom))262 + ((Tm))° 42
| (Y 65+ (Sl 6 - () 6

- JT)°62 + (59)°6% + (35)° 62

reference: Kendall and Stuart, 1958.
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