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Int'roduction
The term insect growth regulator (IGR) is used to describe

compounds which interfere with insect metabolism in a manner which
affects growth. The term is associated with the concept of third
generation pesticides (Williams, 1967), implying rationally designed
pesticides with highly selective action and having minimum effect on
man, wildlife or environment. Most currently used IGR's have juvenile
hormone activity or inhibit chitin synthesis. The current paper will
consider insect growth regulators only in relation to their use in
stored product protection.

Historical aspects
The existence of the juvenile hormone and its source in the

corpora allata were known in the 1930's. Farnesal and farnesol were
identified from the excreta of Tenebrio molitor Linnaeus in 1961.
The compound which later became known as juvenile hormone III was
synthesised in 1965 and the structure of juvenile hormone I itself
was determined in 1967 (Roller et al., 1967). As is well known
these discoveries then stimulated intensive efforts in the search for
further compounds with juvenile hormone action (Henrick et ~., 1973).

The activity of the benzoyl phenyl ureas in inhibiting chitin
synthesis was reported in 1972 and numerous other compounds have
since been identified which cause chitin inhibition.

Compounds showing anti-juvenile hormone activity have been
reported since the 1970's and they constitute an active field of
research recently reviewed by Staal (1986). Their diversity can be
illustrated by citing the activity reported for fluoromevalonate
(F Mev) (Quistad et al., 1981), imidazoles (Kuwano et al., 1983)
and the precoceneS:- - - -

Structures of representative IGR's are given in Figure 1.
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Mode of Action
Juvenile hormones playa fundamental role in insect development.

Perhaps the most obvious is their lnfluence on morphogenesis of the
integument and it is well known that exposure of many species to
juvenile hormone analogues wlll result in extra larval~ nymphal or
pupal forms. These may vary from giant forms to a range of inter-
mediates between lmmature and adult stages. Metamorphic defects impalr
sensory function, behaviour, and feeding. Many IGR's also lnterfere
with embryonlc development~ especially when eggs are exposed at an
early stage. In adults they may interfere with mating and other
reproductive functions and may cause sterillty.

Compounds with a range of structures are known to inhlbit chitin
synthesls but the most signiflcant are the benzoyl phenyl ureas.
Characterlstlcally they act on immature forms particularly during
ecdysis. Often the new skin remains attached to the old. Chitin
inhibltors are usually also ovicidal.
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Antijuven1le hormones accelerate termination of the immature
stages. The definitive test for ant1Juvenile hormone act1vity is that
the candidate compound should negate the act10n of a juvenile hormone
when they are administered together.
AssaY1ng IGRls

Typically, the response of test 1nsects to IGRls is delayed and
there is llttle or no response by the adult insects. B10assays often
require observation of F1 or even F2 generat10ns for full express10n
of the response.

Test1ng of IGRls has involved the full range of bioassay tech-
niques. Exposure of test 1nsects by topical appl1cat1on or by treated
substrate are the most common. Estimat10n of response has generally
1nvolved subJect1ve descript10n of symptoms produced or quantitat1ve
estimates of the size of succeeding generat1ons.

Assays with IGRls are necessar1ly time-consuming and the resultant
data tend to be more variable than 1n conventional assays. H1gh
control mortalities are sometimes encountered and use of a full maX1mum
llkel1hood estimation of control mortality may be more appropr1ate
than Abbott's formula (F1nney, 1971). It 1S worth pointing out that
the use of Wadley's Problem statist1cs (F1nney, 1971) is usually
appropriate to the analys1s of F1 progeny data.

IGR's are characterised by a h1gh degree of specif1c1ty in the
response of different spec1es. Therefore, there seems to be no
alternat1ve but to evaluate the response of each 1mportant species.
Current data have 1ndicated the potent1al for res1stance to IGR1s, so
the testing of several strains to represent the genetic background of
each species is des1rable.

Finally, since the future of IGRls is likely to be 1n integrated
pest management systems it will be 1mportant that they be evaluated 1n
actual storage systems.
Juvenile Hormone Analogues

Many juven1le hormone analogues have been evaluated aga1nst
storage insects e.g. Thomas and Bhatnagar-Thomas (1968), Metwally and
Landa (1972), Dyte (1972), Henr1ck ~ 1U., (1973), Bhatnagar-Thomas
(1973), Strong and D1ekman (1973), Hoppe (1974), Staal (1975),
Loschiavo (1975), McGregor and Kramer (1975), Marzke et ~., (1977),
Silhacek ~ 1U" (1976), Amos and W1lliams (1977), Kramer and McGregor
(1978), Nickle (1979), Kramer et al., (1981), Mkh1ze and Gupta (1983)
and Rup and Chopra (1984). These data w1l1 not be reported in deta1l
but the discuss10n will focus on spec1f1c aspects Wh1Ch appear
relevant to the1r future development and use.

F1rstly, the more active compounds exh1b1t a potency comparable
w1th that of convent10nal pestlcldes. They are actlve at appllcatlon
rates from 0.1 to 10 ppm. In general they are relat1vely 1neffect1ve
against Sitoph1lus spp. and th1S 1S a major factor restrlct1ng the1r
widespread use. These propertles are well 111ustrated by considering
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methop,~ne which is currently the most h1ghly developed of the Juvenile
hormone analogues. A summary of data on its activity aga1nst
Sitophilus spp. and Rhyzopertha domin1ca (Fabr1c1us) 1S glven in
Table 1.

TABLE I. REDUCTION IN F1 PROGENY BY METHOPRENE
APPLIED TO WHEAT

Author Rhyzopertha

Losch1avo 1976
Amos and Will1ams 1977
Edwards and Short 1984

Strong and D1ekman 1973
McGregor and Kramer 1975
Loschiavo 1976
Amos and Will lams 1977
M1an and Mulla 1982a
M1an and Mulla 1982b
Bengston (unpubl1shed)

Strong and D1ekman 1973

S. granarius
10 ppm 100%
20 ppm 14%
100 ppm rn]

99-100%
99%

1 ppm
1 ppm

S. oryzae
50 ppm 92%
10 ppm 13%
10 ppm ni1
20 ppm 12%
5 ppm 38%
10 ppm 81%
25 ppm m l

5 ppm 100%
2 ppm >99%

1 ppm 100%
0.125 ppm 100%

S. zeama1 s
50 ppm 46%

Despite some discrepenc1es in the data 1t 1S clear that 1tS use
aga1nst Sltophilus spp. would requ1re doses Wh1Ch are 1mpract1cably
high. On the other hand 1t lS highly potent 1n suppressing progeny of
R. dom1n1ca. As will be d1scussed later, th1S 1S slgnif1cant Slnce
1t complements the act1v1ty of convent1onal organophosphorus compounds
aga1nst other members of the pest complex typical of cereal gra1ns.
Data on the activity of methoprene aga1nst other spec1es are not
presented 1n deta1l but progeny product1on 1n the major pest spec1es
lS suppressed at 10 ppm or less.

Other Juven1le hormone analogues are more act1ve aga1nst Sltoph1lus
spp. For example, Kramer ~ ~., (1981) and Edwards and Short (1984)
tested S. granar1US (L1nnaeus), S. oryzae (L1nnaeus) and S. zeamalS
~otschulsky)and desp1te some var1at1on 1n the data, an appllcation
rate of 10 ppm fenoxycarb gave at least 95% reduction 1n progeny.
Nevertheless th1S seems unlikely to be a sufflc1ent level of actlv1ty
to perm1t 1tS use aga1nst Sltoph1lus spp. 1n sltuat10ns where complete
control lS requ1red.

In some exper1ments Juven1le hormone analogues were effect1ve
aga1nst Sltoph1lus spp. when 1ncorporated 1nto reconst1tuted wheat
pellets (Kramer and McGregor, 1978). ThlS suggests that the low
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act1vity could be chiefly due to lack of penetration of the IGR's to
the 1nternal of the gra1n kernels. This is supported by reports of
enhanced activity when surfactants are incorporated into standard
formulations.
Ch1t1n Inh1bitors

Chitin 1nhibitors have also been stud1ed against several storage
1nsects e.g. Carter (1975), McGregor and Kramer (1976), Mian and
Mulla (1982a). Several appear more active than juvenile hormone
analogues aga1nst Sitophilus spp.

Carter (1975) reported that d1flubenzuron 10 ppm on wheat
completely reduced progeny product10n by Tribolium castaneum (Herbst)
and Oryzaeph1lus sur1namenS1S (Linnaeus) and gave 98% reduction in F1progeny of the most tolerant strains of S. granarius and S. oryzae.
McGregor and Kramer (1976) obtained parallel results and extended them
to demonstrate complete reduction in progeny for Tr1bolium confusum
Oacquelin du Val)and almost complete reduction for S. zeamais. Mian
and Mulla (1982a) reported that both alystin and d1flubenzuron were
effective aga1nst eggs and early instars of O. surinamens1s,
T. castaneum and R. domin1ca and 5 ppm on wheat completely prevented
the emergence of F1 progeny of S. oryzae. In a further study Mian and
Mulla (1982b) reported that 1 ppm of e1ther compound completely
prevented F progeny of R. dom1n1ca for a year, while 5 ppm diflubenz-
uron gave 1CO% and 5 ppm alyst1n gave 95 to 99% reduction 1n F1 progeny
of S. oryzae. Other data suggest 20 ppm may be necessary to aChieve
this result w1th Austral1an stra1ns of S. oryzae (Bengston unpublished).
Determination of the min1mum effect1ve dose of these compounds against
typ1cal stra1ns remains an important task.

Kramer and McGregor (1979) evaluated a range of benzamid chitin
1nh1bitors and establ1shed that the most act1ve material,
N-[4-(4-n1trophenoxy)-3,5 dichlorophenylaminocarbonyl]-2-chlorbenzamide
was generally as effective as d1flubenzuron aga1nst Coleoptera. It was
much more active against Ephestia cautella (Walker), Plodia
interpunctella (Hubner), and Sltotroga cerealella (Olivier).

Some data e.g. M1an and Mulla (1982a,b) suggest that the efficacy
of ch1t1n 1nh1bitors appl1ed to gra1n may 1ncrease somewhat w1th t1me
of storage, poss1bly due to redistribut10n of res1dues.
Current Applicat10n of IGR's in Stored Product Protection

The most slgn1ficant current use of IGR's 1n st9red product
protect10n 15 the application of methoprene 10 mg kg for protect10n
of stored tobacco ch1efly aga1nst Lasioderma serricorne (Fabric1us)
and Ephest1a elutella (Hubner). The treatment is effect1ve for two
years storage prov1ded that even d1str1bution of the methoprene is
ach1eved uS1ng m1n1mum quant1ty of liqU1d and this generally neceSS1-
tates special spray equipment (Manzelli, 1979). The treatment 15
reg1stered or cleared for use 1n 29 countries and has replaced phosphine
fum1gat10n 1n some areas.

In USA, Bulgaria and UK the use of methoprene 15 agreed as a
resldual spray 1n food and feed handl1ng establishments. In USA 1t 15
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agreed for use on stored agricultural commodities against major pest
spec1es but not including Sitophilus spp. Temporary tolerances for
residues have been establ1shed on cereal grains, beans (dry), nuts, apples,
apricots, raisins, peaches, pears, cocoa, coffee, spices, peas (dried),
corn grits, hom1ny, macaroni and prunes.

In Australia provis1onal maximum residue limits have been agreed
for cereal grains and derived products to permit pilot usage on 10 OOOt
of stored gra1n.

Internationally, maximum residue limits appropriate for use of
methoprene on cereal gra1ns have been agreed by the Codex Alimentarius
Commission at Step III of its procedure.
Combinat1ons of IGR's w1th Conventional Pest1cides

Extensive studies are nearing completion in Australia on the use
of combinat1ons of IGR's with conventional organophosphorus pestic1des
for the protect1on of stored cereals. The programme is carried out
under the auspices of the Australian Wheat Board's Working Party on
Grain Protectants. It involves researchers from the State and Federal
Departments of Agriculture and CSIRO and work 1S undertaken in the
storage fac1lities of the state Gra1n Handl1ng Authorittes.
Specifically the programme has 1nvolved the combination of methoprene
1 ppm with fenitrothion 12 ppm on wheat stored in unaerated silos for
9 months. The comb1nation has provided effective protection against
representat1ve strains of the major pest species i.e. S. oryzae,
S. granarius, R. domlnica, T. castaneum, T. confusum, B. surinamensls
and E. cautella.

Evaluation of a similar combination 1S planned under the auspices
of the Australlan Centre of International Agricultural Research (ACIAR)
ln cooperatlon with researchers in Malaysia, Phil1ppines and Thalland.
This programme wlll involve rlce and malze.
Residues of IGR's

The behavlour of resldues of methoprene are the best documented
of the IGR's. The compound is rap1dly degraded by sunl1ght and in
plants, anlmals and sOlls but 1n storage methoprene is highly persist-
ent. Mlan and Mulla (1983) determined losses from 66 to 66% of
methoprene residues on wheat of 13.5% moisture at 27 C stored over a
year. One contrasting result was obtalned using radiolabelled metho-
prene and 1nd1cated a half llfe of six weeks at 20 C on wheat of 12%
moisture content (Rowlands, 1976). Possibly vapour losses or losses
to the contalner were significant with the small sample of ma1ze.

Several studies have resulted ln resldues WhlCh were unexpectedly
low (50% of intended value) when determlned analytically 1mmediately
after treatment. It lS not clear whether this lS due to losses during
appllcat10n or durlng subsequent sampl1ng or analysls. Nevertheless
the evidence suggests conslderable perslstence. Unpubl1shed data on
resldues sampled from a 500 t sllo of treated wheat 1n Australla are
glven ln Table II (Bengston ~ ~., unpubllshed).
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Data on resulting milling and baking fractions are given 1n
Table III.

TABLE III. RESIDUES (PPM) OF METHOPRENE IN MILLED PRODUCTS IN
QUEENSLAND FROM WHEAT TREATED AT 1 PPM 9 MONTHS

PRIOR TO PROCESSING

Sample Methoprene Methoprene (moisture
Analysed Residuea free basis)

Wheat 0.61 0.69
Bran 1.35 1.53
Pollard 2.33 2.59
Wholemeal Flour 0.53 0.60
Wh1te flour 0.17 0.19
Wholemeal Bread 0.34 0.51
White Bread 0.11 0.16

a - Agricultural Chemistry Branch, Department of
Primary Industries.

As with many conventional pest1cides, the res1dues are
concentrated 1n the bran and are reduced in the flour. When res1dues
are considered on a m01sture free bas1s 1t is apparent there was 11ttle
1f any loss during the baking of bread.

Few deta11ed data are available for other compounds but available
eV1dence suggests they are likely to be persistent. This has been
establ1shed analytically for alystin and diflubenzuron on wheat (M1an
and Mulla, 1983) and is inferred from prolonged b1010g1cal activ1ty of
several of the other compounds e.g. fenoxycarb (Kramer ~~., 1981).
They are also 11kely to concentrate in the bran fraction.
Toxicology of IGRls

Many IGR compounds have low acute toxicity. This 1S often the
major factor favourlng thelr development as pestlcides for stored
commoditles. Data on some of the more promlnent compounds are
summarised 1n Table IV.

However, most health authorit1es (lnclud1ng the Codex Al1mentar1us
Commisslon) requlre long term feedlng studles (2 years) before maX1mum
residue limlts are set for major dletary commodltles. Completion and
evaluat10n of the results of such studles are stlll in progress.

42



TABLE IV. ACUTE TOXICITY OF IGR'S

Compound

alyst1n
d1flubenzuron
fenoxycarb
hydroprene
methoprene

> 5 000
4 640
16 800
34 000
>50 000

a Acute oral tox1C1ty for rats.

Resistance to IGR's
The idea that 1nsects would not develop res1stance to insect

hormones (Williams 1967) was qU1ckly refuted. A low level of cross-
res1stance to JHI was shown in a stra1n of T. castaneum with res1stance
to numerous pest1c1des 1nclud1ng organophosphorus compounds (Dyte,
1972) and sim1lar results were obta1ned for JHII (Silhacek et al.,
1976). In T. confusum, select10n for 11 generat10ns induce~4X-
res1stance to methoprene (Brown et al., 1978). For P. inter unctella,
a malathion resistant stra1n was cross-resistant to JHII Silhacek et
al., 1976). No cross-resistance was shown in Austral1an strains of--
T. castaneum tested aga1nst 11 Juven1le hormone analogues (Amos ~
al., 1974, 1977) and Hoppe (1976) reported both posit1ve and negative
cross-resistance.

In regard to chitin inhib1tors, Carter (1975) reported negat1ve
cross-resistance for diflubenzuron to organophosphorus resistant
stra1ns in S. oryzae and posit1ve and negative cross resistance 1n
T. castaneum. Selection of T. confusum for 8 generations resulted 1n
2X resistance to diflubenzuron (Brown ~ ~., 1978).

In summary the current data indicate the potential for the
development of strains resistant to IGR's, but given the l1mited use
to date, there have been no reports of field failures.
Future of IGR's

Use of IGR's in stored product protect1on 1S constrained by the
specificity in response of different pest spec1es and by the surv1val
of adults. Nevertheless their favourable toxicology and their mode
of action independent of convent1onal pesticides are major advantages.

Current uses of IGR's will increase somewhat as the sU1tabil1ty
of juvenile hormone analogues for part1cular purposes 1S increased.
Current uses w1ll also expand as further detailed informat1on on both
the residue levels for commod1ties under different condit1ons and on
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basic toxicology of the compounds become available and are accepted
by approprlate authorities.

However, major expansion of use of IGR's will requlre an
lntegrated pest management approach to complement the strengths ana
weaknesses ln the action of IGR's. Use of current juvenile hormone
analogues alone will be restricted to storage situations in which
Sitophilus spp. are not important. The combination of juvenile
hormone analogues with conventional organophosphorus compounds will
be developed for use in general storage situations and especially for
stored cereal grains. The properties of chitln inhibltors will be
further explored and their sUltability for the control of Sitophilus
spp. wlll be determined. In situations where the continued presence of
llve adults is unacceptable e.g. cereal grain exported from Australia,
the use of IGR's will be integrated wi th ap.iropr iate stock management
practlces and with use of fumigation or other rapid disinfestation
techniques.

The speed at which IGR's are introduced wlll depend on the
development of resistance to conventional pestlcides and on the
acceptabillty of their resldues and on competitive pricing. Given the
inevltable delays in the acceptance and implementation of new systems
it would be lrresponsible for researchers not to develop and
demonstrate such systems forthwith.
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