
Parasites and Pathogens of Insects 

Volume 1: Parasites 

E d i t e d by 

Ν. E. Beckage 
S. N. Thompson 
B. A. Federici 
Department of Entomology 
University of California 
Riverside, California 

A c a d e m i c P r e s s , I n c . 
A Division of H a r c o u r t Brace & Company 

San Dieao New York Boston London Svdnev Tokvo Toronto 



T h i s b o o k is p r i n t e d o n ac id - f r ee p a p e r . © 

Copyright © 1993 by ACADEMIC PRESS, INC. 
All Rights Reserved. 
No part of this publication may be reproduced or transmitted in any form or by any 
means, electronic or mechanical, including photocopy, recording, or any information 
storage and retrieval system, without permission in writing from the publisher. 

Academic Press, Inc. 
1 2 5 0 S i x t h A v e n u e , S a n D i e g o , C a l i f o r n i a 9 2 1 0 1 - 4 3 1 1 

United Kingdom Edition published by 
Academic Press Limited 
2 4 - 2 8 O v a l R o a d , L o n d o n N W 1 7 D X 

L i b r a r y o f C o n g r e s s C a t a l o g i n g - i n - P u b l i c a t i o n D a t a 

P a r a s i t e s a n d p a t h o g e n s o f i n s e c t s / e d i t e d b y Ν . E . B e c k a g e , S . N . 

T h o m p s o n , B . A . F e d e r i c i . 

p . c m . 

I n c l u d e s b i b l i o g r a p h i c a l r e f e r e n c e s a n d i n d e x . 

I S B N 0 - 1 2 - 0 8 4 4 4 1 - 9 (v . 1) . - I S B N 0 - 1 2 - 0 8 4 4 4 2 - 7 (v . 2 ) 

1. I n s e c t s — P a r a s i t e s . 2 . I n s e c t s — P a t h o g e n s . 3 . H o s t — p a r a s i t e s 

r e l a t i o n s h i p s . I. B e c k a g e , Ν . E . ( N a n c y Ε . ) Π. T h o m p s o n , S . N . 

I I I . F e d e r i c i , B r i a n A . 

Q L 4 9 5 . P 2 6 5 1 9 9 3 

595 .7O23-K1C20 9 2 - 4 5 0 3 4 

CDP 

PRINTED IN THE UNITED STATES OF AMERICA 

93 94 95 96 97 98 EB 9 8 7 6 5 4 3 2 1 



Contents o f Vo lume 2 

Chapter 1 Tripartite Interactions between Symbiotically Associated 
Entomopathogenic Bacteria, Nematodes, and Their 
Insect Hosts 

Ray J. Akhurst and Gary B. Dunphy 

Chapter 2 The Insect Immune Proteins and the Regulation of Their 
Genes 

Ingrid Faye and Dan Hultmark 

Chapter 3 Interactions of Bacillus thuringiensis Endotoxins with the 
Insect Midgut Epithelium 

Patricia V. Pietrantonio, Brian A. Federici, and Sarjeet S. Gil l 

Chapter 4 Viral Pathobiology in Relation to Insect Control 

Brian A. Federici 

Chapter 5 Baculoviruses, Vertebrate Viruses, and Cytoskeletons 

Carol A. Charlton and Loy E. Volkman 

Chapter 6 Baculovirus Enhancing Proteins as Determinants of Viral 
Pathogenesis 

Bartholomew G. Corsaro, Mark Gijzen, Ping Wang, 
and Robert R. Granados 

Chapter 7 Invertebrate Transposable Elements in the Baculovirus 
Genome: Characterization and Significance 

Paul D. Friesen 

xi 



Contents of Volume 2 

Genetic Manipulation of the Baculovirus Genome for 
Insect Pest Control 

R. E. Hawtin and R. D. Possee 

Insect Resistance to Viruses 

James R. Fuxa 

Biology and Mechanisms of Insect-Cuticle Invasion by 
Deuteromycete Fungal Pathogens 

Raymond St. Leger 

Host—Parasitoid—Pathogen Interactions 

Wayne M. Brooks 

xii 

Chapter 8 

Chapter 9 

Chapter 10 

Chapter 11 



Contributors 

Numbers in parentheses indicate the pages on which the authors' contributions begin. 

Nancy E. Beckage (25) , D e p a r t m e n t of E n t o m o l o g y , U n i v e r s i t y of Cal ifor­
n ia , R ive r s ide , Ca l i fo rn ia 92521 

Bruce M. Christensen (245) , D e p a r t m e n t of A n i m a l H e a l t h a n d B i o m e d i c a l 
Sc iences , U n i v e r s i t y of W i s c o n s i n , M a d i s o n , W i s c o n s i n 53706 

Thomas Coudron (227) , Biological C o n t r o l of In sec t s L a b , U S D A - A R S , C o ­
l u m b i a , M i s s o u r i 65205 

Douglas L Dahlman (145) , D e p a r t m e n t of En tomology , U n i v e r s i t y of K e n ­
tucky, L e x i n g t o n , K e n t u c k y 40546 

Jo-Ann G. W. Fleming (189) , D e p a r t m e n t of En tomology , T e x a s A & M U n i ­
versity, Co l l ege S t a t i on , T e x a s 77843 

David R. Horton (107) , Y a k i m a A g r i c u l t u r a l L a b , U S D A - A R S , Y a k i m a , 
W a s h i n g t o n 98902 

Hilary Hurd (87) , D e p a r t m e n t of Biological Sc iences , U n i v e r s i t y of Kee le , 
S taf fordshi re , S T 5 5 B G U n i t e d K i n g d o m 

Davy Jones (227) , G r a d u a t e C e n t e r for Toxicology, U n i v e r s i t y of K e n t u c k y , 
L e x i n g t o n , K e n t u c k y 40506 

Michael R. Kanost (317) , D e p a r t m e n t of B iochemis t ry , K a n s a s S t a t e U n i v e r ­
sity, M a n h a t t a n , K a n s a s 66506 

Richard D. Karp (305) , D e p a r t m e n t of Biological Sc iences , U n i v e r s i t y of 
C i n c i n n a t i , C i n c i n n a t i , O h i o 45221 

Peter J. Krell (189) , D e p a r t m e n t of Microb io logy , U n i v e r s i t y of G u e l p h , 
G u e l p h , O n t a r i o N I T 2 W 1 , C a n a d a 

Beatrice Lanzrein (59) , Div i s ion of D e v e l o p m e n t a l Biology, Zoo log ica l I n s t i ­
t u t e , U n i v e r s i t y of B e r n e , 3012 B e r n e , S w i t z e r l a n d 

xiii 



xiv Contributors 

Pauline O. Lawrence (59), D e p a r t m e n t of Zoology, U n i v e r s i t y of F l o r i d a , 
Ga inesv i l l e , F l o r i d a 32611 

M. Mackauer (1), C e n t r e for Pest M a n a g e m e n t , D e p a r t m e n t of Bio logica l 
Sc iences , S i m o n F r a s e r Univers i ty , B u r n a b y , Br i t i sh C o l u m b i a , C a n a d a 
V 5 A 1S6 

Janice Moore (107) , D e p a r t m e n t of Biology, C o l o r a d o S t a t e Univers i ty , Fo r t 
Col l ins , C o l o r a d o 80523 

Norman A. Ratcliffe (267) , B i o m e d i c a l a n d Phys io log ica l R e s e a r c h G r o u p , 
School of Biological Sc iences , U n i v e r s i t y Col lege of S w a n s e a , S ing le ton 
Pa rk , S w a n s e a , SA2 8 P P Wales , U n i t e d K i n g d o m 

R. Sequeira (1), School of Biological Sc iences , U n i v e r s i t y of E a s t A n g l i a , 
N o r w i c h N R 4 7 T G , E n g l a n d 

David W. Severson (245), D e p a r t m e n t of A n i m a l H e a l t h a n d B i o m e d i c a l 
Sc iences , U n i v e r s i t y of W i s c o n s i n , M a d i s o n , W i s c o n s i n 53706 

Donald B. Stoltz (167) , D e p a r t m e n t of Microb io logy , D a l h o u s i e Univers i ty , 
Ha l i fax , N o v a Scot ia , B 3 H 4 H 7 C a n a d a 

Manickam Sugumaran (317) , D e p a r t m e n t of Biology, U n i v e r s i t y of M a s s a ­
chuse t t s a t Bos ton , Bos ton , M a s s a c h u s e t t s 02125 

S. N. Thompson (125) , D e p a r t m e n t of En tomology , U n i v e r s i t y of Ca l i fo rn ia , 
R ive r s ide , Ca l i fo rn ia 92521 

S. Bradleigh Vinson (145) , D e p a r t m e n t of En tomology , T e x a s A & M U n i v e r ­
sity, Col lege S t a t i on , Texas 77843 



Preface 

T h e focus of this t w o - v o l u m e set is t h e interface b e t w e e n insec ts a n d the i r 
a s soc i a t ed p a r a s i t e s a n d p a t h o g e n s , w i t h p a r t i c u l a r e m p h a s i s p l aced o n t h e 
bas i c biology, b iochemis t ry , a n d m o l e c u l a r b io logy of t hese i n t i m a t e a n d 
i n t r i g u i n g r e l a t i o n s h i p s . T h e in i t ia l i n s p i r a t i o n for th is book w a s t h e r ecogn i ­
t ion t h a t a l t h o u g h t h e p o t e n t i a l u se as b io logica l con t ro l a g e n t s of m a n y 
p a r a s i t e s a n d p a t h o g e n s of insec ts h a s b e e n in tens ive ly inves t iga t ed , few 
r ecen t works have a t t e m p t e d to a d d r e s s t h e b i o c h e m i c a l a n d m o l e c u l a r in te r ­
ac t ions o c c u r r i n g b e t w e e n insec t hos t s a n d the i r i n v a d e r s . Yet t hese i n t e r ac ­
t ions c lear ly a r e cr i t ica l to t h e u l t i m a t e o u t c o m e of t he con f ron ta t i on b e t w e e n 
a n y i n v a d e r a n d its hos t . T h e p a r a s i t e o r p a t h o g e n m u s t e v a d e o r s u p p r e s s 
t h e hos t i m m u n e r e s p o n s e a n d , wh i l e u l t i m a t e l y c o m p l e t i n g i ts d e v e l o p m e n t 
in t h e hos t , m u s t n o t s t ress it p r e m a t u r e l y s u c h t h a t t h e su rv iva l of b o t h 
p a r t n e r s is c o m p r o m i s e d . I n a d d i t i o n , t he hos t e n v i r o n m e n t m u s t satisfy t h e 
p a r a s i t e s ' n u t r i t i o n a l a n d m e t a b o l i c n e e d s . 

O u r i n t e n t is to s u m m a r i z e d e v e l o p m e n t s a n d t echno log ica l a p p r o a c h e s 
c u r r e n t l y b e i n g exp lo i t ed to m o n i t o r t h e b i o c h e m i c a l , i m m u n o l o g i c a l , m e t a ­
bol ic , a n d b e h a v i o r a l a l t e r a t i o n s in insec ts infected w i t h p a r a s i t e s a n d p a t h o ­
gens , w i t h p a r t i c u l a r e m p h a s i s on i n t e r ac t i ons o c c u r r i n g a t t h e m o l e c u l a r 
level. Add i t iona l ly , o u r a u t h o r s p r e s e n t severa l novel ideas for exp lo i t a t i on of 
this i n f o r m a t i o n in t h e m a n i p u l a t i o n of insec t pes t s . 

P r e s s u r e to m i n i m i z e s y n t h e t i c c h e m i c a l insec t ic ides in insec t c o n t r o l p r o ­
g r a m s h a s led to i n c r e a s e d in t e re s t in t h e use a n d s t u d y of p a r a s i t e s a n d 
p a t h o g e n s c a p a b l e of l imi t ing insec t p o p u l a t i o n s . T h i s in te res t , in c o m b i n a ­
t ion w i t h r a p i d a d v a n c e s in t h e t e c h n i q u e s n o w ava i l ab le to s t u d y b io logica l 
s y s t e m s , h a s r e su l t ed in a n e n o r m o u s i nc rea se in k n o w l e d g e a b o u t t h e b io ­
c h e m i s t r y a n d phys io logy of t h e p a r a s i t e s a n d p a t h o g e n s t h a t a t t a c k insec t s , 
as well as the i r i n t e r ac t i ons w i t h t h e hos t . T h i s k n o w l e d g e is so d iverse a n d 
ex tens ive t h a t m o s t j o u r n a l rev iews d e a l on ly w i t h h igh ly spec ia l i zed a s p e c t s 
of t h e overa l l field. W h i l e s u c h rev iews a r e of g r e a t v a l u e , o u r i n t e n t for t he se 
two v o l u m e s w a s to a s s e m b l e a m o r e ex tens ive su rvey of th is r a p i d l y d e v e l o p ­
ing field b y p u b l i s h i n g rev iews on se lec ted topics d e a l i n g w i t h i n t e r ac t i ons 
w i t h p a r a s i t e s ( V o l u m e 1) a n d p a t h o g e n s ( V o l u m e 2) of insec t s . I t w o u l d be 
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imposs ib l e , even in two v o l u m e s , to rev iew all of t h e r ecen t findings cons id ­
e red m a j o r a d v a n c e s . T h e r e f o r e , in se lec t ing o u r top ics , we chose to focus o n 
sub jec t a r e a s of l o n g - s t a n d i n g in te res t (e.g. , insec t a n t i b a c t e r i a l p r o t e i n s a n d 
p a r a s i t e - h o s t d e v e l o p m e n t a l in t e rac t ions ) a n d those d e a l i n g w i t h r e c e n t 
b r e a k t h r o u g h s t h a t a p p e a r s ignif icant a n d likely to b e of v a l u e in con t ro l l i ng 
insec ts (e.g. , d e v e l o p m e n t of r e c o m b i n a n t bacu lov i ruses a n d f o r m u l a t i o n of 
" s u p e r " p a t h o g e n s ) . 

T h e i n t e n d e d a u d i e n c e for these v o l u m e s i nc ludes upper - l eve l u n d e r ­
g r a d u a t e s w i t h spec ia l ty in te res t s in pa r a s i t o logy a n d en tomology , g r a d u a t e 
s t u d e n t s , a n d p o s t - g r a d u a t e r e s ea r che r s w h o m a y use th is i n f o r m a t i o n to 
dev ise n e w technolog ies for m a n i p u l a t i o n of insec ts of i m p o r t a n c e to ag r i cu l ­
t u r e a n d h u m a n h e a l t h . We h o p e these v o l u m e s will find a n i c h e o n book­
shelves in m a n y p e r s o n a l a n d profess ional l ib ra r ies focusing o n paras i to logy , 
en tomology , i m m u n o l o g y , ep idemiology , phys io log ica l ecology, e v o l u t i o n a r y 
biology, a n d o t h e r a r e a s d e a l i n g w i th va r ious a spec t s of h o s t - p a r a s i t e re la ­
t i onsh ips . 

I n sec t p a r a s i t o l o g y a n d p a t h o l o g y have c lear ly b e c o m e m u l t i d i s c i p l i n a r y 
fields. For e x a m p l e , t he d e v e l o p m e n t of n e w technolog ies for g e n e t rans fe r 
a n d a r t h r o p o d t r a n s f o r m a t i o n m a y benefi t f rom t h e exp lo i t a t i on of n a t u r a l l y 
o c c u r r i n g t r a n s p o s a b l e e l e m e n t s in insec t v i rus g e n o m e s . Useful t a r g e t genes 
for m a n i p u l a t i o n m i g h t i n c l u d e those t h a t a r e cr i t ica l to t h e n o r m a l func t ion­
ing of t he i m m u n e sys t em as well as those pa r a s i t e - a s s o c i a t ed factors invok­
ing d e v e l o p m e n t a l d i s r u p t i o n o r s ter i l i ty of insec t pes t s ( i .e. , e n d o c r i n e r e g u ­
la to r s ) . G e n e s a s soc ia t ed w i t h ref ractor iness in vec to r a r t h r o p o d s a r e a lso 
i m p o r t a n t a n d a r e u n d e r s c ru t iny as poss ib le m e a n s for g e n e r a t i n g eng i ­
n e e r e d vec tors w i t h r e d u c e d capac i ty to t r a n s m i t p a r a s i t e s . 

I n c o n t r a s t to t h e re la t ively l imi ted i n fo rma t ion ava i l ab le o n m o l e c u l a r 
h o s t - p a r a s i t e a n d h o s t - p a t h o g e n in t e r ac t ions in insec t hos t s , a w e a l t h of 
r ecen t ly p u b l i s h e d m a t e r i a l desc r ibes t he r e l a t i onsh ips b e t w e e n p a r a s i t e s 
a n d p a t h o g e n s of m a m m a l s w i t h the i r r espec t ive hos t s . I n p a r t , th i s differ­
ence reflects i n t ense r e s e a r c h efforts d i r ec t ed t o w a r d d e v e l o p i n g n e w t h e r a ­
p e u t i c t r e a t m e n t s for d i sease b a s e d on these i n t e r ac t i ons in t h e h o p e of 
ident i fy ing cr i t ica l po in t s of vu lne rab i l i t y t h a t m a y b e m a n i p u l a t e d b y d r u g s 
o r o t h e r a g e n t s . A s imi l a r ex tens ive l i t e r a tu r e d e s c r i b i n g t h e m o l e c u l a r in te r ­
ac t ions of p l a n t s w i t h p a t h o g e n s a n d p a r a s i t e s a l so n o w exis ts . O u r knowl ­
edge of t h e m o l e c u l a r m e c h a n i s m s of i n t e r ac t ions b e t w e e n p l a n t s a n d p l a n t 
p a t h o g e n s is t h u s m u c h m o r e soph i s t i ca t ed t h a n o u r u n d e r s t a n d i n g of t h e 
m o l e c u l a r m e c h a n i s m s o p e r a t i n g in insec ts as they confront i n v a d e r s . W h i l e 
we have yet to identify v i ru l ence genes o r av i ru l en t m u t a n t s of t hose genes in 
species t h a t a t t a c k insec ts , for e x a m p l e , s u c h genes a l r e a d y h a v e b e e n iso­
l a t ed in species t h a t a r e p a t h o g e n i c to p l a n t s a n d m a m m a l s . M o r e o v e r , 
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t h o u g h m e c h a n i s m s of v i rus r e s i s t ance have b e e n p i n p o i n t e d in p l a n t s a n d 
m a m m a l s , o u r i n f o r m a t i o n a b o u t insect an t i v i r a l defenses r e m a i n s r u d i m e n ­
tary. I n d u c t i o n of r e s i s t ance h a s b e e n d o c u m e n t e d , b u t its m e c h a n i s m s re ­
m a i n to be ident i f ied. 

N e v e r t h e l e s s , we d o have s ignif icant i n fo rma t ion a b o u t t h e c o m p l e x i t y of 
s o m e p rocesses , s u c h as t h e a n t i b a c t e r i a l defenses of insec t s , a n d h o w they 
pa ra l l e l s imi l a r p rocesses in m a m m a l i a n hos t s . H o r m o n a l h o s t - p a r a s i t e re la ­
t i onsh ips have b e e n in tens ive ly s c ru t in i zed in severa l i n v e r t e b r a t e species , 
i n c l u d i n g m a n y insec ts , w h i c h a p p e a r to be p a r t i c u l a r l y a p p r o p r i a t e m o d e l s 
for s t u d y i n g e n d o c r i n e i n t e r ac t i ons . M o r e o v e r , t he a s soc ia t ion of t h i r d - p a r t y 
e l e m e n t s w i t h p a r a s i t e s is p e r h a p s bes t i l l u s t r a t ed by species t h a t a t t a c k 
insec ts ; for i n s t a n c e , b o t h w a s p a n d n e m a t o d e p a r a s i t e s s h o w i n t i m a t e re la­
t i onsh ips w i t h v i ruses a n d bac t e r i a , respect ively, d u r i n g p a r a s i t i s m of insec t 
hos t s . 

I n t h e s h o r t t e r m , these v o l u m e s a r e d i r ec t ed a t filling a void in t h e 
l i t e r a t u r e by e m p h a s i z i n g bas i c i n t e r ac t i ons a t t he b i o c h e m i c a l a n d m o l e c u ­
l a r levels. I n t h e long t e r m , we expec t t h a t m a n y of these i n t e r ac t i ons will 
p r o v i d e a v e n u e s for exp lo i t a t ion to e i the r e n h a n c e t he r a t e s of "bene f i c i a l " 
p a r a s i t i s m (in b io logica l con t ro l , for e x a m p l e ) o r r e d u c e t h e r a t e of d i sease 
t r a n s m i s s i o n a n d the r a t e of infect ion of v e r t e b r a t e hos t s . O u r h o p e is t h a t 
t h e i n f o r m a t i o n a s s e m b l e d h e r e will have s ignif icant i m p a c t o n a g r i c u l t u r e 
a n d h u m a n h e a l t h a n d t h a t these v o l u m e s will s t i m u l a t e fresh a p p r o a c h e s to 
t h e inves t iga t ion of these fasc ina t ing a n d in t r i ca t e i n t e r ac t i ons . 

We expres s t h a n k s to t h e a u t h o r s for t he i r t ime ly c o n t r i b u t i o n s . I n a d d i ­
t ion , t h e scope a n d d e p t h of th is w o r k d e m a n d e d t h a t we enl is t t h e a s s i s t ance 
of m a n y sc ient i s t s to rev iew the c h a p t e r s . Fo r the i r t i m e a n d o u t s t a n d i n g 
efforts in th is endeavor , we s incere ly t h a n k the following i n d i v i d u a l s : D r s . 
T h e o d o r e A n d r e a d i s , C h r i s t o p h e r B a y n e , G a r y Bl i s sa rd , D r i o n B o u c i a s , 
J o h n B r o w n , Pe te r B r y a n t , J o h n B u r a n d , T h o m a s C o u d r o n , S a m u e l D a l e s , 
R o b i n D e n e l l , D o u g l a s D a h l m a n , G o r d o n G o r d h , R o b e r t G r a n a d o s , Pa t r i ck 
G r e a n y , L e a h H a i m o , Alfred H a n d l e r , K i y o s h i H i r u m a , H i l a r y H u r d , D a v y 
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I. Introduction 

Successful p a r a s i t i s m by insec t p a r a s i t o i d s 2 r equ i r e s t he so lu t ion of t h r e e 
k i n d s of g e n e r a l p r o b l e m s : (1) w h i c h hos t to select; (2) h o w to i n t e g r a t e 
d e v e l o p m e n t a n d g r o w t h w i t h those of t he hos t ; a n d (3) w h a t l i fe-history 
tac t ics to a d o p t . T h e first p r o b l e m c o n c e r n s b e h a v i o r a l a d a p t a t i o n s r e l a t i n g 
to hos t se lec t ion a n d p r o g e n y a l loca t ion b y the a d u l t female ( C h a r n o v a n d 
Sk inner , 1985; W a a g e a n d Godfray, 1985; v a n A l p h e n a n d Vet , 1986; W a a g e , 
1986) a n d will no t b e c o n s i d e r e d h e r e for th is r e a s o n . I n s t e a d we will focus 
m a i n l y o n t h e t h i r d a n d , to a lesser ex ten t , t he second p r o b l e m , b o t h of w h i c h 
c o n c e r n p a r a s i t e g r o w t h a n d d e v e l o p m e n t . 

M o s t ea r ly s tud ie s have e m p h a s i z e d m e c h a n i s m s of p a r a s i t e g r o w t h a n d 
d e v e l o p m e n t , w i t h less a t t e n t i o n p a i d to t h e a d a p t i v e s ignif icance of t hese m e c h -

^urrent address: School of Biological Sciences, University of East Anglia, Norwich NR4 
7TG, England. 

2Henceforth we use the term parasite to mean parasitoid. These protelean parasites include a 
large group of mostly hymenopteran and dipteran species that, as immatures, are obligate 
parasites of insects and other arthropods and are free-living as adults. Hymenopterous parasites 
often are called parasitic wasps as opposed to the nonparasitic, aculeate wasps and bees. 
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a n i s m s . I n a c a u s a l a p p r o a c h , p a r a s i t e d e v e l o p m e n t a n d g r o w t h m a y b e 
c h a r a c t e r i z e d in t e r m s e i the r of t he effects of p a r a s i t i s m o n t h e hos t (e.g. , 
D o u t t , 1963; Sal t , 1964; Smi lowi tz a n d I w a n t s c h , 1973; C l o u t i e r a n d M a c k ­
aue r , 1979, 1980; L a w r e n c e , 1982; T h o m p s o n , 1982, 1983; Beckage a n d 
T e m p l e t o n , 1985, 1986; S t r a n d , 1986; G u n a s e n a et al., 1989; V i n s o n , 1990; 
S t r a n d a n d Dover , 1991) or of t he pa ra s i t e ' s r e s p o n s e to v a r i a t i o n s in t h e n u t r i ­
t iona l s t a t e a n d phys io logy of t he hos t (e.g. , C o r b e t , 1968; Wese loh , 1984; 
H e b e r t a n d C lou t i e r , 1990; L a w r e n c e , 1990; K o u a m e a n d M a c k a u e r , 1991 ; 
S t r a n d etal., 1991; S e q u e i r a a n d M a c k a u e r , 1992a ,b) . I n th is r e g a r d , L a w r e n c e 
(1986, 1990) cons ide r ed hos t r egu l a t i on ( V i n s o n , 1975; V i n s o n a n d I w a n t s c h , 
1980a) a n d flexibility of p a r a s i t e d e v e l o p m e n t ( C o r b e t , 1968; Wese loh , 1984) as 
a l t e r n a t e d e v e l o p m e n t a l s t ra teg ies . T h i s v i e w p o i n t s t resses p r o x i m a t e m e c h a ­
n i s m s of p a r a s i t e surv iva l b a s e d on qua l i t a t i ve d e s c r i p t i o n s of t h e phys io log ica l 
a n d b i o c h e m i c a l i n t e r ac t ions b e t w e e n the p a r a s i t e s a n d the i r hos t s . 

Howeve r , func t iona l c o n s t r a i n t s o n t he pa r a s i t e ' s g r o w t h a n d d e v e l o p m e n t 
on o r in different hos t s c a n a lso b e cons ide red as va r i ab l e s w i t h i n a b r o a d e r 
evo lu t i ona ry f r amework . T h i s a p p r o a c h e m p h a s i z e s q u e s t i o n s a b o u t t he fit­
ness va lue of d e v e l o p m e n t a l cha rac te r i s t i c s a n d p a t t e r n s of hos t u t i l i za t ion . 
B e c a u s e p r o t e l e a n p a r a s i t e s d e p e n d exclusively o n hos t -de r ived n u t r i e n t s for 
the i r l a rva l d e v e l o p m e n t a n d g r o w t h , n a t u r a l se lect ion w o u l d b e e x p e c t e d to 
favor m e c h a n i s m s t h a t m a x i m i z e t h e efficient u t i l i za t ion of t hese r e sou rce s . 
O p t i m a l r e sou rce a l loca t ion to a d u l t b o d y size, cons ide r ed t h e p e r h a p s m o s t 
i m p o r t a n t c o m p o n e n t of D a r w i n i a n fitness in p a r a s i t i c w a s p s ( K i n g , 1987), 
d e p e n d s on the insec t ' s g r o w t h r a t e a n d d e v e l o p m e n t t i m e . T h e a l loca t ion of 
l imi ted (hos t ) r e sources to c o m p e t i n g fitness funct ions m a y resu l t in t r a d e ­
offs t h a t d e t e r m i n e a n " o p t i m a l c h a r a c t e r s e t " a n d , in d o i n g so , m a y s h a p e 
the evo lu t ion of a species ' l ife-history s t r a t egy (Sibly a n d Calow, 1986). 

We use t he t e r m strategy in a c c o r d a n c e w i t h D o m i n e y (1984) to refer to a 
set of g e n e r a l ru les t h a t specify w h i c h a l t e r n a t i v e p a t t e r n of r e sponses will b e 
a d o p t e d in a p a r t i c u l a r s i tua t ion ; these ru les a r e typ ica l for each species a n d 
d e t e r m i n e its a d a p t e d n e s s to t he e n v i r o n m e n t , h e r e t h e hos t . Tac t i cs , b y 
c o n t r a s t , refer to severa l a l t e rna t i ve o p t i o n s o r m e c h a n i s m s b y w h i c h these 
e v o l u t i o n a r y object ives a r e ach ieved ; these o p t i o n sets m a y v a r y a m o n g dif­
ferent i n d i v i d u a l s o r p h e n o t y p e s . Also , we d i s t i ngu i sh b e t w e e n h o s t su i t ­
ab i l i ty (Sal t , 1938; V i n s o n a n d I w a n t s c h , 1980b) a n d h o s t qua l i ty , two t e r m s 
often u sed synonymous ly . A hos t species is su i t ab l e if it n o r m a l l y s u p p o r t s t h e 
successful d e v e l o p m e n t of p a r a s i t e offspring; consequen t ly , su i t ab i l i ty is a 
cha rac t e r i s t i c of t he hos t species a n d is gene t ica l ly d e t e r m i n e d , o r l a rge ly so . 
I n c o m p a r i s o n , we use t he t e r m q u a l i t y to de sc r ibe v a r i a t i o n s in t h e s t a t e o r 
c o n d i t i o n of t h e hos t t h a t affect p rocess d y n a m i c s , s u c h as t h e r a t e s of p a r a ­
si te g r o w t h a n d d e v e l o p m e n t . S u c h s t a t e va r i ab l e s i n c l u d e , o r m a y b e co r r e ­
l a t ed w i t h , hos t age , s t age of d e v e l o p m e n t , size, sex, a n d n u t r i t i o n a l s t a t u s . 
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T h e c h a p t e r is o r g a n i z e d as follows. F i r s t , we i n t r o d u c e t h e i d i o b i o n t -
k o i n o b i o n t d i c h o t o m y , w h i c h we use as a ( m a c r o e v o l u t i o n a r y ) o r g a n i z i n g 
s c h e m e . S e c o n d , we d e s c r i b e severa l d e v e l o p m e n t a l p a t t e r n s t h a t c h a r a c t e r ­
ize b r o a d differences b e t w e e n i d i o b i o n t a n d k o i n o b i o n t p a r a s i t e s . N e x t , we 
d i scuss s ea sona l a d a p t a t i o n s a n d t h e inf luence of hos t n u t r i t i o n o n p a r a s i t e 
d e v e l o p m e n t , i n c l u d i n g s u p e r p a r a s i t i s m a n d s t a r v a t i o n . Final ly , we p r o p o s e 
t h r e e m o d e l s of p a r a s i t e d e v e l o p m e n t in r e s p o n s e to hos t c o n s t r a i n t s . We 
sugges t t h a t t h e essen t ia l c o m p o n e n t s of a n y d e v e l o p m e n t a l s t r a t e g y a r e t h e 
p a r a s i t e ' s g r o w t h r a t e , d e v e l o p m e n t t ime , a n d a d u l t b i o m a s s , w h i c h a r e 
c o n s t r a i n e d by h o s t q u a l i t y in a n associa t ion-speci f ic m a n n e r . 

II. The Idiobiont—Koinobiont Dichotomy 

H a e s e l b a r t h (1979) first d r e w a t t e n t i o n to a n i m p o r t a n t m a c r o e v o l u t i o n a r y 
d iv i s ion b e t w e e n p a r a s i t e s d e v e l o p i n g in hos t s t h a t c o n t i n u e to g r o w a n d 
m e t a m o r p h o s e d u r i n g t h e in i t ia l s t ages of p a r a s i t i s m (cal led k o i n o p h y t e s ) 
a n d those t h a t deve lop in n o n g r o w i n g a n d p a r a l y z e d hos t s (ca l led id-
i ophy t e s ) . A s k e w a n d S h a w (1986) i n t r o d u c e d t h e t e r m s k o i n o b i o n t a n d 
i d i o b i o n t to d e s c r i b e these a l t e r n a t i v e hos t - exp lo i t a t i on s t r a t eg ie s . 

B e c a u s e t h e h o s t of a n i d i o b i o n t does n o t feed, grow, o r m e t a m o r p h o s e 
d u r i n g t h e c o u r s e of t h e i n t e r ac t i on , it c o n t a i n s a fixed a m o u n t of r e sou rces 
for t h e p a r a s i t e l a rva , w i t h l a rge hos t s b e i n g a s s u m e d of h i g h e r q u a l i t y t h a n 
s m a l l h o s t s . H o w e v e r , un less t h e hos t is ki l led by t h e female a t ov ipos i t ion , 
age - r e l a t ed v a r i a t i o n s in q u a l i t y m a y resu l t f rom d e v e l o p m e n t a l c h a n g e s 
w i t h i n a p a r t i c u l a r hos t s t age , s u c h as eggs a n d p u p a e ( S t r a n d , 1986; K i n g , 
1990a) . By c o n t r a s t , hos t s p a r a s i t i z e d b y a k o i n o b i o n t c o n t i n u e to feed, grow, 
a n d d e v e l o p d u r i n g m u c h of t h e i n t e r ac t i on . C o n s e q u e n t l y , hos t q u a l i t y a s a 
r e s o u r c e for t h e p a r a s i t e l a r v a is in f luenced by fu ture h o s t g r o w t h , w h i c h 
d e p e n d s o n t h e hos t ' s a g e a n d s t a g e of d e v e l o p m e n t , r a t h e r t h a n o n its s ize, a t 
t h e t i m e of p a r a s i t i z a t i o n ( M a c k a u e r , 1986; K i n g , 1989; K o u a m e a n d M a c k -
aue r , 1991; S e q u e i r a a n d M a c k a u e r , 1992a) . 

B l a c k b u r n (1991) n o t e d t h a t k o i n o b i o n t s h a v e longe r p u p a l p e r i o d s a n d 
p r e a d u l t life s p a n s t h a n id iob ion t s , sugges t i ng t h a t these t w o g r o u p s h a v e 
p r o b a b l y evolved u n d e r different c o n s t r a i n t s w i t h r e g a r d to r e s o u r c e u s a g e . 
A s k e w a n d S h a w (1986) c o m p a r e d i d i o b i o n t a n d k o i n o b i o n t s t r a t eg ies as a 
co r r e l a t e of h o s t r a n g e . T h e y p r o p o s e d t h a t k o i n o b i o n t s a r e m o r e likely to 
s h o w a n a r r o w spec ia l i za t ion b e c a u s e of t he i r g r e a t e r d e p e n d e n c e o n hos t 
phys io logy a n d d e v e l o p m e n t . G a u l d a n d Bo l ton (1988) n o t e d t h a t i d iob ion t s 
typ ica l ly a r e synovigen ic (i .e. , females m a t u r e eggs c o n t i n u o u s l y t h r o u g h o u t 
life), p r o d u c e re la t ive ly l a rge , l ec i tha l (or a n h y d r o p i c ) eggs c o n t a i n i n g suffi­
c ien t r e sou rces for ea r ly e m b r y o n i c d e v e l o p m e n t , a n d d e v e l o p as ec to -
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p a r a s i t e s on concea l ed hos t s . K o i n o b i o n t s , b y c o n t r a s t , a r e typ ica l ly e n d o -
p a r a s i t e s , p r o d u c e sma l l n u t r i e n t - p o o r , a l ec i tha l (or h y d r o p i c ) eggs , a n d 
a t t a ck f ree-moving hos t s . 

I d i o b i o n t a n d k o i n o b i o n t s t ra teg ies show p o o r co r r e l a t i on w i t h so l i t a ry 
a n d g r e g a r i o u s d e v e l o p m e n t (Askew a n d Shaw, 1986). T h e o r e t i c a l r esu l t s 
(Godfray, 1987), a n d s o m e e x p e r i m e n t a l ev idence ( C r u z , 1981), sugges t t h a t 
so l i ta ry a n d g r e g a r i o u s d e v e l o p m e n t r e p r e s e n t d i s t inc t r e p r o d u c t i v e a n d / o r 
d e v e l o p m e n t a l s t ra teg ies (Waage , 1986). However , m a n y g r o u p s of p a r a s i t e s , 
i n c l u d i n g severa l g e n e r a such as Cotesia, c o n t a i n b o t h so l i t a ry a n d g r e g a r i o u s 
species . I n m o s t cases it is n o t c lear w h e t h e r s u c h d e v e l o p m e n t a l v a r i a t i o n s 
a r e d u e to hos t - r e l a t ed cond i t i ons (le M a s u r i e r , 1987, 1991) o r reflect phy -
logene t ic c o n s t r a i n t s ( G a u l d , 1988; G a u l d a n d Bo l ton , 1988), o r b o t h . 

III. Patterns of Parasite Development 
and Growth 

A species ' l ife-history s t r a t egy r e p r e s e n t s a u n i q u e c o m b i n a t i o n of r e sponses 
( tact ics) t h a t a r e s h a p e d by n a t u r a l se lect ion from a n o p t i o n se t a s soc i a t ed 
w i t h each p h e n o t y p i c cha rac t e r . O p t i o n sets m a y b e empi r i ca l l y def ined as 
t he q u a n t i t a t i v e r e sponses of the i r c o r r e s p o n d i n g l ife-history c h a r a c t e r s . 
W i t h r e g a r d to h o s t - p a r a s i t e i n t e r ac t ions , it is c o n v e n i e n t to d i s t i n g u i s h 
b e t w e e n two r e s p o n s e ca tegor ies : t h e inf luence of t he hos t ' s p h e n o t y p e o n t h e 
p a r a s i t e ' s p h e n o t y p e , a n d the fitness c o n s e q u e n c e s of v a r i a t i o n s in t h e p a r a ­
si te 's p h e n o t y p i c a t t r i b u t e s . T h e first c a t ego ry inc ludes t h e inf luence of t h e 
species of hos t , of its s t age of d e v e l o p m e n t , a n d of i ts n u t r i t i o n a l s t a t u s o n t h e 
p a r a s i t e ' s g r o w t h r a t e , d e v e l o p m e n t , a n d size a t m a t u r i t y . 

I n this a n d the following sec t ion , we use se lec ted host—paras i te assoc ia ­
t ions to identify va r i ab l e s t h a t a r e likely to r e p r e s e n t m a j o r c o m p o n e n t s of 
m i c r o e v o l u t i o n a r y s t r a t eg ies . 

A. Idiobionts 

1. E g g Paras i t e s (Trichogramma) 

T h e genera l i s t egg p a r a s i t e s of t h e g e n u s Trichogramma a r e a m o n g t h e m o s t 
t h o r o u g h l y s t u d i e d id iob ion t s . T h e s e species a r e easi ly r e a r e d in t h e l a b o r a ­
to ry o n the i r h a b i t u a l as well as on va r ious fact i t ious hos t s (Bigler et al.} 1987; 
S c h m i d t a n d S m i t h , 1987). I n his s e m i n a l s tud ie s , Sa l t (1940) d e m o n s t r a t e d 
a close co r re l a t ion b e t w e e n the size of hos t eggs a n d t h e a d u l t size of t h e 
p a r a s i t e . Eggs t h a t were too sma l l to satisfy all t he n u t r i t i o n a l r e q u i r e m e n t s 
of t he deve lop ing p a r a s i t e l a rva p r o d u c e d " r u n t s " w i t h s t r u c t u r a l p e c u -
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l iar i t ies cha rac t e r i s t i c of s t a r v a t i o n . Also , d e v e l o p m e n t t i m e va r i ed w i t h t h e 
egg 's size a n d t h e th ickness of i ts cho r ion . 

A l t h o u g h species of Trichogramma exh ib i t d i s t inc t p a t t e r n s of hos t - s ize a n d 
species u s a g e ( H i n t z a n d Andow, 1990), a c c u r a t e a s s e s s m e n t of a d a p t i v e life-
h i s to ry v a r i a t i o n a n d d e v e l o p m e n t a l s t r a t eg ies is m a d e difficult b y facul ta t ive 
g r e g a r i o u s d e v e l o p m e n t . Pak (1986) r ecogn ized six d i s t inc t p a t t e r n s in t h e 
r e l a t i o n s h i p b e t w e e n hos t age a t p a r a s i t i z a t i o n a n d d e v e l o p m e n t a l success in 
Trichogramma. F ive of t hese p a t t e r n s w e r e n o n l i n e a r , a fact i n d i c a t i n g t h a t 
h o s t q u a l i t y for p a r a s i t e d e v e l o p m e n t is a n o n l i n e a r func t ion of hos t age 
a n d , m o r e i m p o r t a n t p e r h a p s , t h a t these q u a n t i t a t i v e r e l a t i o n s h i p s a r e 
associa t ion-speci f ic . W h i l e p a r a s i t e size a n d fecundi ty i n c r e a s e d w i t h h o s t 
size (Rezn ik a n d U m a r o v a , 1990), d e v e l o p m e n t t i m e va r i ed n o n l i n e a r l y w i t h 
hos t s ize, poss ib ly ref lect ing differences in re la t ive hos t q u a l i t y r a t h e r t h a n in 
a b s o l u t e hos t size o r age . B a r r e t t a n d S c h m i d t (1991) sugges t ed t h a t , in s m a l l 
hos t eggs , t h e p a r a s i t o i d ' s size is r e s t r i c t ed b y the n u t r i e n t s a n d space avai l ­
a b l e . H o w e v e r , in hos t s above a t h r e s h o l d v o l u m e , t h e size of t h e r e su l t i ng 
w a s p s d e p e n d s o n t h e n u m b e r of eggs a l loca t ed b y t h e female a t ov ipos i t ion . 

E g g s m a y be cons ide r ed as t r a n s i t o r y hos t s t ages in t h a t r a p i d e m b r y -
ogenes is c a n qu ick ly d e p l e t e t h e a m o u n t a n d the ava i lab i l i ty of s t o r ed re ­
sources ( A n d e r s o n , 1972). T h u s , egg p a r a s i t e s a r e u n d e r se lec t ion to m i n i ­
m i z e d e v e l o p m e n t t i m e a n d to m a x i m i z e g r o w t h r a t e ( S t r a n d , 1986). S t r a n d 
(1986) sugges t ed t h a t , in Trichogramma spec ies , p o l y p h a g y m a y b e a conse ­
q u e n c e of t h e phys io log ica l un i fo rmi ty of insec t eggs as a food r e s o u r c e , 
especia l ly b e c a u s e eggs lack s ignif icant ce l lu la r defenses a n d a r e often u n ­
p r o t e c t e d . I f th is h y p o t h e s i s is in fact cor rec t , we w o u l d expec t l i t t le v a r i a t i o n 
in t h e g r o w t h r a t e s of gene ra l i s t (egg) p a r a s i t e s . H o w e v e r , m o r e d e t a i l e d 
s tud i e s of t h e g r o w t h , d e v e l o p m e n t , a n d b i o n o m i c s of egg p a r a s i t e s m a y well 
revea l s u b s t a n t i a l hos t - r e l a t ed v a r i a t i o n in p a r a s i t e p e r f o r m a n c e ( M a r s t o n 
a n d E r t l e , 1973; Bigler et al, 1987; Rezn ik a n d U m a r o v a , 1990; B a r r e t t a n d 
S c h m i d t , 1991). 

2 . P u p a l Paras i t e s (Pimpla, Coccygomimus) 

T h e g r o w t h a n d d e v e l o p m e n t of p u p a l e n d o p a r a s i t e s a n d of t hose t h a t kill 
t he h o s t a t o r sho r t ly after ov ipos i t ion is less well s t u d i e d . A r t h u r a n d Wyl ie 
(1959) s h o w e d t h a t , in t h e i c h n e u m o n i d Pimpla turionellae, b o d y size i n c r e a s e d 
w i t h t h e p u p a l size of different hos t spec ies , whi le d e v e l o p m e n t t i m e w a s 
gene ra l l y l onge r in l a rge t h a n in sma l l p u p a e . S a n d l a n (1982) found t h a t t h e 
a d u l t size of Coccygomimus turionellae d e c r e a s e d w i t h a n i nc r ea se in hos t a g e 
w i t h i n a h o s t species b u t w a s n o t co r r e l a t ed w i t h size differences b e t w e e n 
h o s t species ; however , p a r a s i t e d e v e l o p m e n t t i m e i n c r e a s e d w i t h p u p a l a g e . 

H o s t size-, age- , a n d spec ies -usage p a t t e r n s in p u p a l p a r a s i t e s , i n d e x e d b y 
the p e r c e n t a g e of p a r a s i t i s m , m a y v a r y w i t h i n a n d b e t w e e n hos t species 


