ENERGY
METABOLISM
IN INSECTS



ENERGY
METABOLISM
IN INSECTS

Edited by

Roger G H Downer

ty of Wat
Waterloo, Ontano Canada

PLENUM PRESS ¢ NEW YORK AND LONDON



Library of Congress Cataloging in Publication Data
Main entry under title:
Energy metabolism in insects.

Includes papers presented at a symposium held during the 16th International
Congress of Entomology in Kyoto, Japan, Aug. 3-9, 1980.

Includes bibliographies and index.

1. Insects—Physiology —Congresses. 2. Energy metabolism—Congresses. 1.

Downer, Roger G. H., 1942 - . I1. International Congress of Entomology
(16th : Kyoto, Japan)

QL495.E49 595.7°0133 81-11839
ISBN-13: 978-1-4615-9223-5 e-ISBN-13: 978-1-4615-9221-1 AACR2

DOI: 10.1007/ 978-1-4615-9221-1

© 1981 Plenum Press, New York
Softcover reprint of the hardcover 1st edition 1981
A Division of Plenum Publishing Corporation
233 Spring Street, New York, N.Y. 10013

All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted,
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the publisher



Contributors

A.M.T. Beenakkers ® Laboratory of Chemical Animal Physiology, State
University of Utrecht, 3508 TB Utrecht, The Netherlands

Einar Bursell ® Department of Zoology, University of Rhodesia, Salis-
bury, Rhodesia. Present address: Tsetse Research Laboratory, De-
partment of Veterinary Medicine, Langford, near Bristol, England

David J. Candy ® Department of Biochemistry, University of Birming-
ham, Birmingham, United Kingdom

Haruo Chino ® Biochemical Laboratory, Institute of Low Temperature
Science, Hokkaido University, Sapporo, Japan

R.G.H. Downer ® Department of Biology, University of Waterloo, Wa-
terloo, Ontario, Canada

L.L. Keeley ® Department of Entomology, Texas Agricultural Experi-
ment Station, Texas A&M University, College Station, Texas

J.E. Steele ® Department of Zoology, University of Western Ontario,
London, Ontario, Canada

R.H.C. Strang ® Department of Biochemistry, University of Glasgow,
Glasgow, Scotland

D.J. Van der Horst ® Laboratory of Chemical Animal Physiology, State
University of Utrecht, 3508 TB Utrecht, The Netherlands

W.J.A. Van Marrewijk ® Laboratory of Chemical Animal Physiology,
State University of Utrecht, 3508 TB Utrecht, The Netherlands



Preface

The scientific program for the X VI International Congress of Entomology,
held in Kyoto, Japan August 3-9, 1980 included a symposium on the
subject of ‘‘Energy Metabolism and Its Regulation in Insects.”” The
symposium provided an opportunity to integrate knowledge, and focus
attention, on an important and fundamental aspect of insect biochemis-
try/physiology. The energy metabolism of insects differs from that of
other animals in a variety of ways, including the prodigious amounts of
energy expended by flying insects, the presence in hemolymph of large
concentrations of sugar in the form of the nonreducing disaccharide tre-
halose, the transport of fat in the form of diacylglycerol, and the periodic
mobilization and deposition of cuticular components during development.
These differences, together with hormones, neurohormones, and neu-
rotransmitters that are specific to (or functionally different in) insects,
serve to demonstrate the unique nature of energy metabolism in insects.
An obvious corollary from the demonstrated uniqueness of insect energy
metabolism is that an understanding of the process may lead to the de-
velopment of new, specific agents or strategies for the suppression of
insect pests.

The present volume is an expanded version of the Kyoto symposium.
It includes contributions from authors who were unable to attend the
original symposium and provides an account of our current understanding
of energy metabolism in insects. The first chapter introduces the subject
and indicates environmental and physiological factors that effect changes
in the basic pattern of energy flow. Chapter 2 identifies the chemical
factors responsible for mediating changes in energy metabolism and de-
scribes the action of these factors in regulating the mobilization, transport,
and utilization of energy-rich substrates. The next three chapters deal
with the roles of carbohydrate, lipid, and proline respectively in fulfilling
the energy requirements of particular tissues under particular physiolog-
ical conditions. Chapter 6 describes the nature and role of the specific
lipoprotein responsible for transport of diacylglycerols and other lipids
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in insects. Chapter 7 considers supply and utilization of energy in the
insect nervous system and compares these processes with energy supply
in other tissues and organisms. The final chapter describes the properties,
nature, and functional development of the mitochondrion.

In a volume of this nature it is inevitable that some redundancy
occurs between certain contributions; such overlap is not necessarily a
negative feature and indeed may serve to enhance the volume by per-
mitting a more balanced and integrated treatment of the subject. A more
serious concern arises through omissions and/or inappropriate depth of
treatment given to particular topics; these constraints are occasioned in
part by the withdrawal of some invited participants, the individual inter-
ests and biases of contributors, and, undoubtedly, oversight on the part
of the editor. It is hoped that any such shortcomings will not detract
seriously from the usefulness of the volume, and that the book will
stimulate interest in a relatively neglected area of insect bio-
chemistry/physiology.

It is a pleasure to acknowledge the assistance that I have received
from several individuals in bringing this volume to press. Professor Haruo
Chino and the organizing committee of the XVI International Congress
of Entomology proposed the symposium and provided the impetus that
was required to initiate the project. Kirk Jensen of Plenum Press has
provided valuable counsel in the organization and production of the vol-
ume. Finally, I express my appreciation to the individual authors for their
enthusiastic cooperation in producing excellent manuscripts that included
many unpublished observations. Any success that the book enjoys can
be attributed to their efforts.

R.G.H. Downer
Waterloo, August 1980



Contents

Chapter 1

Physiological and Environmental Considerations in Insect
Bioenergetics

R.G.H. Downer

I. Introduction . ....... ...ttt e 1
2. Energy Flow . ...... .. . . i 2
2.1. Sources of Acquired Energy ........................ 2
2.2. Fate of Acquired Energy .......................... 4
3. Interspecific Considerations in Bioenergetics ............... 4
3.1, Production ........ ... . e e 5
3.2. Maintenance . ... . e 5
4. Factors Influencing Bioenergetic Flow in Individuals ........ 6
4.1. Development ............. 0.ttt 6
4.2, Temperature . .. ... ...ouuiineeriinner i, 8
4.3, EXCItation . .. .. .o v ittt it i e e 10
4.4, Nutritional State . .............. ... ... ... 12
4.5. Circadian Rhythmicity ............... .. ........... 14
5. ConCIUSION . . ..ot e 14
References ....... ... i i i 15
Chapter 2

Hormonal Regulation of Substrate Transport and Metabolism
David J. Candy

L.

Introduction .. ...... ... it 19
1.1. Assessment of Physiological Relevance of Hormones . . . .. 20
1.2. General Methods Used to Study Insect Hormones . ... ... 21



X Contents

2. Hyperglycemic Hormones ...............cccvvvvnnnen... 23
3. Hypoglycemic Hormones .....................cv.uun.. 27
4. Adipokinetic Hormone . ...............coiuiiiininnn... 29
5.0ctopamine . ............. i e 35
6. Juvenile Hormones and Ecdysones ...................... 39
7. Other HOormones ........c..oiiiiirn .. 42
References .......... ... ... .. 45
Chapter 3

Role of Lipids in Energy Metabolism

A.M.T. Beenakkers, D.J. Van der Horst, and
W.J.A. Van Marrewijk

I. Introduction . ......... ... ..ttt 53
2. Lipids as an Energy Source in Development ............... 54
2.1. Embryogenesis ........... .. ... . 54
2.2. Postembryonic Development ....................... 55
2.3, OO08eNESIS .« v it e 58
2.4, DIapause ... ... e 59
3. Utilization of Lipids during Flight ....................... 60
3.1. Historical Perspectives ............. ... ..., 60
3.2. Substrate Utilization and Flight Duration .............. 61
3.3. Lipid Mobilization and Transport .................... 63
3.4. Flight Muscle Characteristics Pertinent to Fatty Acid
Oxidation . ........ ... . . it 72
3.5. Entrance of Lipids into the Flight Muscle ............. 73
3.6. Fatty Acid Oxidation in Flight Muscle ................ 77
3.7. Endocrine Control of Lipid Utilization and Flight
Performance . ............coieiiiiinnnnnnnn. 84
References .. .oo v e 90
Chapter 4

The Role of Carbohydrate Metabolism in Physiological Function
J.E. Steele

I Introduction . . ... v ittt e e 101
2. Synthesis of Hemolymph Trehalose . ..................... 102
2.1. The Biosynthetic Pathway ......................... 102
2.2. Hormonal Control of Hemolymph Trehalose ........... 103

2.3. The Source of Energy for Trehalose Synthesis .......... 106



Contents x

3. Carbohydrate as an Energy Source in Flight Muscle ......... 107
3.1. Glycogen asan Energy Source ...................... 108
3.2. Trehalose as an Energy Source ..................... 111
3.3. GlycolySiS & o oo v e e e e e 113

4. The Biosynthesis of Antifreeze ......................... 117
4.1. Antifreeze Production in Silkworm Eggs .............. 118
4.2. Polyol Synthesis in Larval and Adult Insects .:......... 122

5. Energy Metabolism in the Rectum ............. L. 125
5.1. Na* Requirement for ADH Stimulated Water Transport .. 126
5.2. Glycogen as an Energy Source for Water Transport . .. ... 126
5.3. Water Transport Associated Respiration .............. 127

References ........ ..ottt e e 128

Chapter 5

The Role of Proline in Energy Metabolism
Einar Bursell

I Introduction . ... oot vttt it it et e e e e 135
2. Proline Metabolism ........... ..., 136
2.1. The Utilization of Proline during Flight ............... 136
2.2. Pathways of Proline Catabolism ..................... 136
2.3. The Regulation of Proline Oxidation .................. 145
2.4. The Reconstitution of Proline ....................... 146
3. DISCUSSION & o v ittt ettt et e e e e 148
References .. ...ov it e e e e 150
Chapter 6

Lipid Transport by Hemolymph Lipoprotein—A Possible Multiple
Role of Diacylglycerol-Carrying Lipoprotein
Haruo Chino

L Introduction . . ...oo i ittt e 155
2. Purification and Function of DGLP ...................... 156
3. Physicochemical Nature of DGLP ....................... 160
4. Possible Multiple Role of DGLP—Comparison with

Mammalian System . ............ ... 162
5. Possible Metabolic Regulation of DGLP .................. 164

References ... oot it e e e 166



xii Contents

Chapter 7

Energy Metabolism in the Insect Nervous System

R.H.C. Strang

LoIntroduction ........... ... ... . . 169

2. Oxygen Uptake Studies ................. .. ... ... ..... 170

3. Activities of Enzymes Associated with Glycolysis and the Citric
Acid Cycle . ... o 174

4. Fuels . ... 180
4.1. Carbohydrate ............ ... .. ... 180
4.2. Enzymes of Carbohydrate Utilization ................. 184

5. Exogenous Substrates Other than Carbohydrate ............ 185
50 Amino Acids .. ... ... 186
5.2. Ketone Bodies and Lipids ......................... 190

6. Endogenous Substrates ................ ... . ... ... 193
6.1. Glycogen .............ciiiiiiiii i, 193

7.Conclusion . ... .. 200

References ......... ... i 201

Chapter 8

Neuroendocrine Regulation of Mitochondrial Development and
Function in the Insect Fat Body

L.L. Keeley
I. Introduction . ......... ... 207
2. Endocrine Regulation of Fat Body Respiration ............. 208
2.1. Whole Body Respiration . .......................... 208
2.2. Tissue Respiration ..............c.currnrnnnnn.. 209
2.3. Fat Body Mitochondrial Respiration . ................. 211
2.4. Effects of Specific Endocrine Glands ................. 212
3. Respiratory Development in the Fat Body ................. 214
3.1. Patterns of Mitochondrial Respiratory Development ... .. 214
3.2. Endocrine Effects on Respiratory Development ......... 216
4, Fat Body Maturation . .............uuuiinnninennnnn.. 217
4.1. Fat Body Ultrastructure ............... ... ... 218
4.2. Changes in Metabolite Contents ..................... 220
5. Endocrine Regulation of Mitochondrial Development ........ 222
5.1. Cytochrome Content .................ccovivin...n. 222
5.2. Cytochrome Synthesis ............................ 224
6. Cytochromogenic Factor ............... . ... ... ..., 230
7. Significance and Conclusions . ............cuiiivnn .. 231
References . ......... ... it 234



