Contents

Chapter 1 INtrodUCTION........ccuee i 1
/N 1Y [0 (V7 U1 [ o PSSR 1
1.2 Pesticides and OPINION........ccceiieiieiie e 2
121 The fly in the SOUP....cccoiiiiiiiie e 2
1.2.2  Low-tech food producCtion...........cccceevveveiiiesieesiesie e 3
123 CONCIUSION......oiiiieiie ettt 3
13 Agreat marketl.......ccccovvieeieciieie e <
1.3.1  The number of chemicals used as pesticides <
1.3.2  Amounts of pesticides produced............ccccceevvirriiiiieiiieciecieenns 4
133 MaArKetING......co it 6
134 DIrtY JOZENS.....coiiiiiieiieiieie e e 7
14 Nomenclature, definitions, andterminology.........ccccecevveevieeiieecieeenee. 9
1.4.1 Toxicology, ecotoxicology, and environmentaltoxicology......... 9
1.4.2 Pesticides, biocides, common names, chemical names,
and trade NAIMES.........coiiiiiee e 10
1.4.3 Chemical structures are versatile...........ccccceceviieiiiie e, 12
Helpful reading.........ccooiiiiiieie e 13
Biochemistry and cell biology.......cccccveiieiiiiecce e 13
General TOXICOIOQY ......ccviiiiiiiieiiie e 13
Insect biochemistry, plant physiology,and neurophysiology....................... 13
e (o 0 TSP 14
Side effects Of PESTICIAES.......cciveiiecie e 14
Chapter 2 Why is a toXicant pOiSONOUS?.........ccccevveiiveeiieeiesie e 15
2.1Seven routes t0 death..........cccoouiiiiiiiiiie 15
2.1.1  Enzyme INNIDITOrS......oooiiiiieececc e 16
2.1.2 Disturbance of the chemical signal systems.........c....cccceeveene. 16
2.1.3 Toxicants that generate very reactive molecules that
destroy cellular components...........coccevvive v, 17
2.1.4 Weak organic bases or acids that degrade the pH
gradients across MemMDIaNES.........ccovvvviviriinieiiesee e 17
2.1.5 Toxicants that dissolve in lipophilic membranes and
disturb their physical StruCture...........c.cccoveviveiie v 18
2.1.6 Toxicants that disturb the electrolytic or osmoticbalance
OF the PHL....oo e 18



2.2

2.3

2.1.7 Strong electrophiles, alkalis, acids, oxidants, or reductants

that destroy tissue, DNA, Or proteins.........ccccocevievieiiesiennns 18
HOW t0 MEasUre tOXICILY.......cccoiiririiiiiie e s 18
221 ENAPOINTS.....ooiiiiiiiie e 18
2.2.1.1 Endpoints in ecotoxicology and pest control............. 19
2.2.1.2 Endpoints in human toxicology..........ccccviniirniinnnnn 19
2.2.2 D0se and effeCl.........ccccvviiiiiiiiii e 20
2.2.3 D0SE aNnd FrESPONSE.......ccueciecrieie e ete et 21
2.2.3.1 Dose-response curves for the stable fly..................... 24
2.23.2 Scatter in dose-response data..........cc.ccoeeriiieienennenn 25
2.2.4 LD50 and related parameters.........cccveverieninieieseese e 26
2.25 Acute and chronic tOXICItY........ccooiiieriiinie e 27
INTEIACTIONS. ...t enee s 27
231 DefiNItIONS...cciiiiiiie e 28
2.3.2  1SODOIES......eiiiiiiee s 29
2.3.3  Mechanisms of INtEractions..........cccovvverveiiinieeiieesie e 30
2.3.4  EXAMPIES....oo ittt 30
2.3.4.1 Piperonyl butoXide...........ccccevvieiiie i 30
2.3.4.2 Deltamethrin and fenitrothion...........ccccocovvveieivnnnne. 32
2.3.4.3 Atrazine and organophosphate insecticides............... 32

Chapter 3 Pesticides interfering with processes important to all

31

3.2

(o] o F= T 0] 1] 1 <SOSR 35
Pesticides that disturb energyproduction............ccccccveieiieeveciecsieenne, 35
3.1.1 Anabolic and cataboliC ProCESSES.........cccvveieerieriesie e cie e, 35
3.1.2 Synthesis of acetyl coenzyme A and the toxic mechanism

OF @ISENIC.....ciiiiie et 36
3.1.3 The citric acid cycle and its inhibitors..........ccccccoevviiiiiiicinenn, 36

3.1.3.1  FlUOroacetate..........ccooviiieenieiieie e 36

3.1.3.2 Inhibitors of succinic dehydrogenase...........c.cccce...... 37
3.1.4 The electron transport chain and production of ATP.............. 38

3141 ROEBNONE.....ciiiiiiiie et 38

3.1.4.2 Inhibitors of electron transfer from cytochrome

D 1O e 40

3.1.4.3 Inhibitors of cytochrome oxidase...........cc.ccevervrennnnne 41

3144 UNCOUPIEIS.....eiiiiciieee e 41
3.1.5 Inhibition of ATP producCtion...........ccccccvviviiiiiiesiesne e 42

3.15.1 Organotin COMPOUNGS........cceveruirieniirieie e 43

3.1.5.2 Diafenthiuron........cccoviiiiiiiciiesiesee e 44

3.1.53  SUMMANY ..ottt 45
Herbicides that inhibit photosynthesis...........ccccoooiiiiniiie 45
3.21 Weak 0rganiC aCidsS.........ccceeiireiieeiiie s e 49
3.2.2  Free radical generators........ccceiieiienienienien e 49
3.2.3 DI DBIOCKEIS......eiiiiiiiiice e 51

3.2.3.1  Urea derivVatiVeS.......cccoovviieiiniienie e 51

3.2.3.2  THHAZINES. ..ottt e e e e e e e e e, 52



3.24 Inhibitors of carotene Synthesis..........ccocoviiniiniinciice 53

3241  AMITIOIE. ..o 53
3.24.2 ACIONITEN ...t 53
3.24.3 Beflubutamid..........ccooeeviiiiiiiiie e 53
3.2.5 Protoporphyrinogen oxidase inhibitors..........c..cccccooveviennnn 54
3.3 General SH reagents and free radical generators.............ccccecvvvverienee. 54
331 IMBICUIY . 54
3.3.2  Other multisite fTUNGICIAES.........cceevveiieiicieeee e 56
3.3.2.1 Perhalogenmercaptans.........c.cccoovereirienienieeneenieesieenns 56

3.3.2.2 Alkylenebis(dithiocarbamate)s and
dimethyldithiocarbamates............cccccocvvvviiie e 57
3.3.2.3 Fungicides With COPPET........cceveririiiinieieseeeee e, 58
3.4 Pesticides interfering with cell divisSion.............cccoccevieiiiicci e 59
AL FUNQICIAES...ccueiiiiiiii ettt 61
3411 BenomMYl..iie 61
3.4.1.2 Thiofanate-methyl...........ccccooviiiniini e, 61
34.1.3  Carbendazim.......cccociieiiiininieee e 62
3.4.1.4 Thiabendazole.........cccooiiiiiiiiii e 62
34.15 Diethofencarb........cccccooiiiiiiii 62
342 HErbDICIAES. ...cueiiieiii e 62
3421 Trfluralin.....ccooe s 62
34.22 Carbetamide........ccooiiiiiiiiiieiie e 63
3.5 Pesticides inhibiting enzymes in nucleic acidsynthesis....................... 63
3.5.1 Sporulation-inhibiting fungicides...........ccccccevvivieiiiniecie e, 63
3.5.2 Inhibition of incorporation of uridine into RNA...................... 64
Chapter 4 Bacillus thuringiensis and its tOXINS.........cccceccveviieniieesvee e, 67
4.1 The mechanism of action of 6-endotOXiNS..........ccovvvveininieiiininieieeen 68
4.2 BIOtECNNOIOQY.....ccuiiiiiiiiiiie e e 70
4.3 Engineered Plants.........cccooiiiiiiiic i 70
N = T T0] [0 Y TSR 70
45 Commercial ProAUCTS.........cccveiieiie et 71
Chapter 5 Specific enzyme INhibItOrs.........ccccoiiiiiiiiii 73
5.1 Inhibitors of ergosterol SyNthesis..........ccccooeiiieiieiie i, 73
5.1.1 Inhibition of HMG-COA reductase...........cccocvervrriienveniesensienn 74
5.1.2 Inhibition of squalene epoXidase...........ccccceevvervesieerieeiieesinesnns 75
5.1.3  DMI fUNQICIAES......cviiiiiiieiiciteseesee e 76
5.14 Examples of DMI fungicides from each group........c.cccccceuvueee.. 78
5.1.4.1 Azoles and triazoles.........cccccoviiiiiiiiiiienie e, 78
5.1.4.2 Pyridines and pyrimidines.........cccccovvviiveiieeiieeiieeninnns 78
5.1.4.3  PIPErazZiNeS.....cccceeeiuieiiiieeieeesteeesieesie e seeeseeesaee e e snee s 79
D144 AMINES. oottt 79
5.145 MOorpholings.......cccoeiiiiiiiiiii e 80

B.1.5  CONCIUSIONS. ..ottt e e e e e e e e e e e erareeeeees 81



5.2 Herbicides that inhibit synthesis of amino acids............cccccceveiieennen. 81

52.1 The mode of action of glyphosate............cccccoooviirnininenen. 81
5.2.2 Degradation of glyphosate............ccccocevviiiiiiiiiie e 83
5.2.3  SEIECHIVITY...cvieiiiiiie e 84
5.24 Mode of action of glufosinate.............ccccoeviveviieiiieiciccicceeee 84
5.2.5 Inhibitors of acetolactate synthase..........ccccccoovvviiiniiiie e, 86
5.3 Inhibitors of chitin SYNthesis...........cccooviiiiii i, 88
5.3.1  INSECUCIUES. ....eviviiiiieiieieceee e e 88
5.3.2  FUNQICIARS.....civiiiiiiiiieiiee ettt 90
5.4 Inhibitors of ChOlINESIEraSE..........cccveviiiiiiiece e 90
541 AcCetylchOliNEStErase........cccovv e iiie e 90
5.4.2  OrganophosSphates...........cccociveiieiiiiiic s 95
5.4.2.1 Naturally occurring organophosphorus

INSECHICIAES. .....ecvieiee e 97
543  Carbamates........cccooviiiiiiii 97
5.4.3.1 Molecular structure and potency of inhibition.......... 98

5.4.4 Development of organophosphorus and carbamate
INSECTICIARS. ...t 99
54.4.1 Parathion and similar compounds............ccccccceuvenen. 103
5.4.4.2 Aliphatic organophosphates.........cccoccevieiiniiniinnnns 107
5.4.4.3 Examples of carbamates..........cccccooveririniiiienienennens 107
5.5 Other enzymes inhibited by organophosphates andcarbamates..... 109
55.1 The butyrylcholinesterases...........cccccovvevieiieiie e, 109
5.5.2 The neurotoxic target enzyme (NTE).......cccccvvrviriiinninniennnn. 110
5.5.3  CarbOoXYIEStEraSES.......cccuviiieerieeieere et 113
Chapter 6 Interference with signal transduction in the nerves............ 115
6.1 Potency Of NEIVE POISONS.......ccceiiieiiieecee e ree e e 115
8.2 SEIECTIVITY...ccueiiiieieii e 115
6.3 The nerve and the nerve cell.........c.ccoovvieiiiini s 116
6.4 Pesticides that act on the axXON.........cccccviiiiiiiiic 117
6.4.1 Impulse transmission along the axon..........cccocvvvieiviinien 117
6.4.2  PeSHICIARS......ooii it 119
6.4.3  PYrethroidS.......ccoooieiiiiiisiecc e 119
6.4.4 DDT and its analogUES...........cccveiieiieiie e 124
6.5 Pesticides acting on synaptic transSmisSION.........c.cccceevevvieeieeiieesieenne 125
6.5.1  INhiDItOry SYNAPSES......c.ecivieieeii s 126
6.5.2  PeSHICIARS......oiiiiiiciece e 127
6.5.2.1 LiINAANE......ccoiiiiiiiiiie e 127
6.5.2.2 FIPronil.......cccooooiiiiiii e 130
6.5.2.3 Cyclodiene inSectiCides..........cccocvevveiieiieniiesiee e 130
6.5.2.4  AVEIMECTINS.....ccoiiiiiiiiiii e 130
6.5.3 The cholinergic SYNapses........ccccccvvveiveeiieiieeie e, 131
6.5.3.1  ALrOPINE......ooiiieie e 133

6.5.3.2 Nicotinoids and NneonicotinOIds...........coeeeeeeveveeeeenn. 134



6.533  CaArtap...cccoiiieiiiiiiie i 136

6.5.4 Calcium channels as possible targets for insecticides............. 136

8.6 SUMIMAIY ..ottt 137
Chapter 7 Pesticides that act as signal molecules............ccccceevveiiveinenen, 139
7.1 INSECE NOIMIONES.....ciiiiice e 139
7.1.1  Insect endoCrinology.........ccccveiieiieiieiie e 139
7.1.2 Juvenile NOMMONE.........cccveiiiie s 140
7.1.2.1 American paper towels..........cccocvieiinninnnnnn 141

7.1.2.2 Juvenile hormone agonists as pesticides................... 141

7.1.2.3 ANtagOniStS......cccveiiieiiieiie e 143

703 ECOYSONE. ..ttt 143
7.1.3.1 PhytO-eCAYSONES........cccvieciiecireciee e 144

7.1.3.2 Synthetic ecdysteroids used as insecticides.............. 145

7.1.3.3  AzadiraChtin........ccoooveiiiiiiiee e 145

7.2 Behavior-modifying pestiCides..........ccccocveviiiiieiieiiese e 146
721 DEFINITIONS. ..ot 147
7.2.2  PREIOMONES. ..ot 148
7.2.3 Structure-activity relationships.........cccocvviviiiieiiciic e, 148
7.2.3.1 Alarm and trail pheromones...........cccceevvvnienennnn. 149

7.2.3.2 Aggregation pheromones..........ccccocvevvvieeieeiieesieennens 149

7.24 Pheromones used as pesticides and lures..........cccoccoceevieenn, 151
7.24.1 COlEOPLEIA.....ccueiiieiiii e e 151

7.24.2  LepPldoPtera.....cccoiiiieieiee et 152

7243 Fruit THEeS......ccooiiie e 153

7.24.4 Aphid food deterrent..........ccoceevieieniiinicne e 154

7.245 Mosquito repellents........ccccvveeninieiinieer e 154

7.5 Plant ROIMONES........oooviiiieicc e 155
Chapter 8 Translocation and degradation of pesticides..........c...c.co....... 161
8.1 The compartment model............ccooieiiiiinii 161
8.1.1 The bioconcentration factor..........c.ccccevvvvieiieiiinie e 164
8.1.2 The half-life ... 164
8.1.3 The area under the CUNVEe.......c.cccovi i 165
8.14  EXAMPIE ... 165
8.1.4.1 Disappearance of dieldrin in sheep.........ccccccveevvenen. 165

8.1.4.2 Dieldrin uptake in sheep.......ccccevvevieeviiiiie e, 166

8.2 Degradation of pesticides by microorganiSms..........ccccoceevveeineriennnn 166
8.2.1 Degradation by adaption..........cccccceeveeieeiieiiesee e 166
8.2.2 Degradation by co-metabolism...........ccccccovviiiiiiiiiiecceee, 167
8.2.3 Kinetics of degradation.............ccccccvevveieeiieiiesee e 167
8.24 Importance of chemical structure for degradation................. 168
8.25  EXAMPIES....cceiiii et 169
8.25.1 Co-metabolism and adaptation...............ccccceevvervennee. 169

8.2.5.2 Parathion and other pesticides with nitro groups.... 171



8.2.5.3 Ester hydrolysis of carbaryl...........cccooiiiiiiiniinins 171

5.25.4 Mineralization of dalapon...........cccocevvviniiieiinnen. 172
8.26 The degraders........ccccciieiieiieiieiee e 172
8.3 SOIl @dSOIPLION.....ccuiiiiiiic et 173
8.3.1  Why are chemicals adsorbed?.........c.cccouvriiniiniiniiniiniinnnn 173
8.3.2  EXAMPIES.....ooiiiiieciee e e 173
8.3.2.1 Measurements of adsorption...........cccceevvvvinienenn 175
8.3.3  DESOIPLION....ccuiiitiiciiecie ettt 177
ST AV 7= T o o - £ o] o 1SR 178
841  EXAMPIC..ciiiiiiiee e 179
8.5 Biotransformation in animalsS..........cccoceviiiriiniie i 180
ST T R @ ) q [ - o] PSSR 181
8.5.2 Epoxide hydrolase.........cccceoveiiiieiiieiee e 184
8.5.3 Glutathione transferase...........ccocevvvieiiiinienieiese e, 185
8.5.4  HYAIOIASES. ....c.eiiiiiieieeee e 187
8.5.5 Glucoronosyltransferase andsulfotransferase...........c............. 187
8.5.6 Stereospecific biotransformation..............ccccoeevevieiieiieciecnnnnnn, 188
8.6 Designing pesticides that have lowmammalian toxicity................... 189
8.6.1  ACEPNALE.....coe i 190
8.6.2 Malathion and dimethoate............cccccvvviiiiininnieiceeee, 191
TR T N\ [=T €= Y (0 d | OSSR 192
Chapter 9 Resistance to PestiCides..........ccvviiriiniiiiniie e 193
0.1 DEFINITIONS. ...cuviiiiiiiiiieieie et re e 193
9.2 Resistance is an inevitable result of evolution............cccoccevveieiinnne. 194
9.2.1 Time for resistance development.............cccoccevviiieiiecieiceenen. 194
9.2.2 Questions about reSIStANCE..........cccceveiireeiiiee e 196
9.2.2.1 Are resistant insects more robust than

SENSILIVE ONES?...ciieiiiiiie e 196

9.2.2.2 s resistance caused by one allele in one
GENE TOCUS?...eveiiiiiii ettt 196
9.2.2.3 Do pesticides cause resistance?...........cccceeevveeineenn. 197
9.3 Biochemical MechanisSmMS..........cccooiiiiiiiiie e 197
9.3.1 Increased detOXiCAtION...........coovreerierienieseeie e 199
9.3.1.1 DDT dehydrochlorinase...........ccccceeuvervenrininenenniennne. 199
0.3.1.2 Hydrolases........ccoceiiiiiininiie e 200
9.3.1.3 GYP enzymes in INSECES.........cccvevvevveiieeiiesie e 200
9.3.1.4 GYP enzymes in plants........ccccccevveveeiieiieeniesiesinnn, 201
9.3.2 Insensitive target enzyme ortarget receptor site.................... 201
9.3.2.1 Acetylcholinesterase..........ccccevvevieeiieeiiie e seesiens 201
0.3.2.2  KAr reSIStANCE......ccviviirieiie e 202
0.3.3  ResIStance iN fUNQI.......cccooiiiiiiiiece e 203
9.3.3.1 Benzimidazole........cccoviiiiiiiiiiiiie e 203

9.3.3.2 Sterol biosynthesis inhibitors.............cccceeevveieeieeennen. 204



by genetic eNgINEEriNg........ccceviviiieiiie i 204
9.3.5 Resistance to glyphosate............cccooeiiiiiiiiiiiiiieees 205
0.35.1  SUMMAIY...ccuiiiiiiiie e 207
9.3.6 Resistance to older biocides used as pesticides..................... 207
9.3.7 Resistance to third- and fourth-generation pesticides......... 208
9.4 How to delay development of resiStance...........ccccevvvvivnieienenennnn, 208
0.4.1 Refuge Strategy.......ccceiieiiie e 209
9.4.2 Mixing pesticides with different modes of action and
different detoxication patterns.............cccocevvenerieeienenienenen 210
9.4.3 Switching life-stage target..........cccocvveviiiievenieniniese e 210
9.4.4 Increased sensitivity in resistant PestS.........cccoocvvvviieniennnnn, 210
9.4.5 Inhibition of detoxication eNZYMES..........cccccevevveevieeriveerinnns 210
0.5 CONCIUSIONS.....coutiiiiiieitiiie ittt 211
Chapter 10 Pesticides as environmental hazards............c.cccccevvveneenne 213
10.1 PeStiCides are POISONS........ccuviviireiieiieeieeie e e e se et e s e reesree e sae s 213
10.1.1 Pesticides are XenODIOtICS.......cccuerveiieiieiie e 215
10.1.2 Various types Of DIaS........cccovvvviiiiiiiniie e, 217
10.1.2.1 Publication bias.........cccccoviiiiiiiniiinienie e 217
10.1.2.2 TSt DIAS....cciieiieiiecie et 218
10.1.2.3 Extrapolation bias..........ccccoiiiiiiiiiie 219
10.1.3 Benchmark ValUEs...........ccovviiiiiiiiiiiciccc e 220
10.2 Required toxicological tests for official approval
OF @ PESTICIAR. ....eeceie ettt 220
10.3 Analysis of residues in food and theenvironment..............ccccccvvenee. 222
10.3.1 DEFINITIONS......oiiiiiieiieieeeee s 222
10.3.2 SAMPIING....coiiiiiiiiiee e 223
10.3.3 Sample preparation..........cccccceeieeiieeieciie e 223
10.3.4 ANAIYSIS....c..eiiee e s 224
10.3.4.1 Chromatographic methods..........cccccoevviiiiiniinnnnn 224
10.3.4.2 Biological methods.........c.cccceeveviiiieiie e 225
10.4 Pesticide residues in fOOM.........ccoceviiiiiiniieie e 226
10.4.1 Toxicity classification of pesticides..........c.ccooeviriniiicninenn 226
10.4.1.1 Classification of carcinogenecity...........cccocvevviieennns 227
10.4.2 Definitions of ADI and NOEL and tolerance limits.............. 227
10.4.2.1 AD oot 227
10.4.2.2 NOEL.....iiiiiiiicc et 228
10.4.2.3 Residue tolerance HMIitS.......cccoccevvevieiiiiieiieniesnns 228
10.4.3 Comparing health hazards of pesticides with other
toxicants present in the market basket.............cccceevevvennnen. 229
10.5 Elixirs of death.........ccoiiiiiiiii 230

9.3.4 Atrazine resistance and plants made resistant

10.5.1 Nomenclature and structure of dioXinS.........cccccvvvevevevenn.n. 231



10.5.2 DioXins iN PESHICIARS. ......ccuiiiiiiiierie e, 232

10.5.2.1 VIBINAM....oiiiiiiiiiiie e 232
10.5.2.2 Presence of dioxins in pesticides in general............. 233
10.5.3 TOXICOIOQY.....eiuviitiiiiiiiiieie e s 234
10.5.4 THE TArQeTL...c..ei it 234
10.5.4.1 Dioxin and metabolism of caffeine.............cccccevuenne. 236
10.5.5 ANAIYSIS. ..ot 237
10.5.5.1 Saturday, 12:30, July 10, 1976.......ccccccmvveriiniiriierienne 238
10.5.6 SUMMAIY...c.eiiiiiiiiiiieecee e 239

10.6 Angry bird-watchers, youth criminals, and
IMPOTENT FALS....ooviiiiiitie e 239
10.6.1 Clear LaKe......covoiiiiiiiiieie e 240
10.6.2 Peregrine falcons and other birds of prey.......ccccccevvevivennnns 242
10.6.2.1 Borlaug's warning..........cccceccvevveiieeieesee e 244
10.6.2.2 DDT and impOteNnCe?........ccovveveriereeriereeree e 246
10.7 CONCIUSIONS. ..ottt 246
LITEIALUIE. ... e e e e e e b re e 249



