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Abdract In haplodiploid Hymeroptera, urfertilized eggs produce haploid males while fertilized eggs lead to
diploid femdes under nog circumstances. Diploid mdes can d 9 be produced from fertilization under a sysem of
=X determination known as conplementary sex determination (CD) . Under sngelocus CD , s is determined
by multiple dldesa a snge sx locus. Individud s heterozygous at the sex locus are femd e while hemizygous and
homozygpus individud s develop as haploid and diploid mdes, regectively. In multipledocus CD , two or nore
loci , each with two or nore dldes, determine s=x. Diploid individud s are female if one or nore sex loci are het 2
erozygous , while a diploid ismae only if honmozygous at dl sex loci. Diploid maes are known to occur in 43 hym?2
eropteran ecies and sngeZocus CD has been denmondrated in 22 of these pecies. Diploid maes are ether
developmentdly inviable or gerile, 9 their production conditutes a genetic load. Because diploid mde production
is nore likely under inbreeding, C is aform d inbreeding depresson. It iscrucid to preserve the diversty of
sex dldes and reduce the lossof genetic variation in biologica control. In the paradtoid gpecieswith sngedocus
CD, certain precautionary procedures can prevent negative dfects of sngelocus CI on hiologicd oontrol .
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1 INTRODUCTION

Biologcd oontrol of insect peds and weeds
frequently encounters the reduction of genetic diver2
gty during the process of oollection, rearing, re2
lease and ultimete esablishment of natural enemies.
This reduction may interfere with the success of
classicad hiologca ocontrol programs ( Mackauer
1976, Unruh e al. 1983, Roush 1990, Hopper
1995, Hopper e a. 1993, Roush & Hopper
1995, Morjan et al. 1999) and contribute partidly
to fallure of some biologca control programs.

Paradtic wags (paradtoids) are widdy used
as biologcd oontrol agents. The nog comnon re2
production mode in paragtic hymenopterans is a2

rherotoky , in which males develop from urfertil2
ized , hgploid eggs and femaes develop from fertil2
ized, diploid eggs. Heploid eggs receive a snge
st of maternal chromosomes; diploid eggs contain
two sets of chromoomes, one from each parent.
Ovipodting femdes can determine the sex of their
off pring by controlling the release of dored perm
from the gpermatheca during reproduction. Howev2
er, ome hymernopterans enploy other reproductive
nmodes: deuterotoky and thel ytoky. Urfertilized eggs
can produce either malesor femaesin deuterotoky ,
while under thelytoky , urfertilized eggs gve rise
exclugvedy to femaes.

A number of paradtoid ecies sow variation
of sx ratios, epecidly under laboratory ocondi2
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tions. Thus, dficient econromic usage will bendit
from an underganding of the inherent sex determi2
nation mechaniams in paradtoids ( Southamer et
al. 1992, CGook and Crozier 1995) . A clear under2
ganding of these complex mechaniamswill ad o shed
light on the variation of sex ratios.

The proposed genetic mechaniansof sex deter2
mination in Hymenoptera are diverse and conplica2
ed (Beukeboom 1995) . Four general nodes of sex
determination have been proposed for the Hyn?
enoptera: conplementary sex determination (CD)
(Whiting 1939, 1943, Crozier 1971, 1977) , genic
balance (Cunha and Kerr 1957) , nucleo2cytoplas?
mic baance (Crozier 1971) , and geromic inprint2
ing & determination (GD; Poire et al. 1992,
Beukeboom 1995, Dobson and Tarmouye 1998).
CD has been corfirmed in severa widdy digribut2
ed geciesin Hymeroptera. Under CD , sex is d&2
termined by multiple aleles located a one or nore
X determining loci. Individuds that are heterozy?2
gouson at leag one sx locus develop as diploid fe2
maes and hemizygous or honozygous individua s
develop as haploid or diploid males, regectivey
(Whiting 1939, 1943, Southamer e al. 1992,
Cook 1993b) . The genic baance node hypothes2
zes that male2determining genes do not have an a2
ditive dfect , unlike fema e2determining genes. Un2
der this scenario, diploidy would activate fema €2
determining genes, but ot maedetermining
genes. The nucleoZcytoplagmic baance nodd a2
sumes that sex will be determined by a balance be2
tween nuclear and cytoplasmic products. The
genomic imprinting model relies on a s&X2determin?
ing locus that binds a product only when it is pr2
esent in male gametes. The gene turning on the fe2
male pathway is activated by the binding of this
product to the sex locus , whereas nori2binding leads
to mae development. Urfertilized haploid eggs are
adways ma e because they arise from female gametes
which do not bind product , and fertilized diploid
eggs are female because the bound product is intro2

duced with perm. G was proposed as an ater2
native to CD for those hymenopterans in which
CD was absent. Sme Pecies in Chacidoidea,
Chrysdoidea and Cynipoidea do ot exhibit CD
and gpparently have ome other mechaniams of sex
determination (Schmieder and Whiting 1947 , Whit2
ing 1960, Skinner and Werren 1980, Luck et al.
1992, Gook 1993a, b). Under the hypothess of
GD (Roire e al. 1992, Beukeboom 1995) , the
paternd vs. materna development involves diff erent
imprints by one or nore sx loci. Sex is determined
by the s2X2gecific inprinting of a sex2determining
locus (S hinding a product (P) in the eggsor zy2
ootes. Urfertilized eggs containing only maternaly
derived autosomes with the’ materna imprint” de2
velop as heploid males. Fertilized eggs containing
paterndly imprinted autosomes and maternaly de2
rived autosomes develop asfemdes. However , only
Nasonia vitripennis has been tesed for GD (Dob2
n and Tarouye 1998) . It is not clear to what ex2
tent GID occurs in other taxa without CD , and
therefore , nore tedsin awider scope are required.
S far, there is good evidence for sngelocus CD
in numerous sysems (see table 1) , and evidence
cong gent with geromic printing for Nasonia vitrip2
ennis (Dobson and Tanouye 1998) . For the remain2
der of hymenopteran gecies, the node of sex deter2
mination is unknown.

2 COMPLEMENTARY SEX DETERMINA2
TION (CD)

Two patterns of CD , sngelocus CD (92
C®) and multipledocus CPD ( M2CD) , have
been proposed, of which d2CD has been con2
firmed in numerous ecies in various hymenopteran
taxa. In 2CPD , the s=x ratio (proportion males)
changes abruptly following one generation o i
breeding when nother29on or father2daughter mating
is conducted and then gabilizes, while in mi2CD ,
the sx ratios increase gradudly with subsequent
generations of inbreeding.
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Table 1 Diploid maesteged in Hymenopterato date { +” o - ” indicates the ecieswith or without diploid males, re2
Pectivdly. Higherdevd clasdfication follows Goulet and Huber 1993 , Whitfield 1998) .
Occurrence of .
Taxon dploid males Explanation Reference

Qbdrder Smphyta

Tenthredi noi dea

Tenthredi noi dae

Athalia rosae + d42CD Naito and Suzuki 1991

Neodiprion nigroscutum + d2CD Snith and Wallace 1971

Neodiprion pinetum d2CP ? Southamer e al. 1992
Qubbrder Apocrita

Irfradbrder Paradtica
Ichneunonoi dea

Dinarmus vagabundus
Musci dif urax raptor
Mysci dif urax zaraptor

Braconidae
Aphidius coemani +? S2CD Ode e al. (unpublished data)
Cotesia rubecula + d42CD Southamer et al. 1992
Habrobracon hebetor + J2CD Inaba, 1939 , Whiting 1961
Habrobracon 9. near hebetor + d2CD Holloway et al. 1999
Habrobracon serinopae + d2CD Jark and Rubin 1961 , dark & al. 1963
Hetercspil us prosopi dis - Wu e a. (unpublished data)
Microplitis croce pes + d2CD Seiner and Teig 1989
Ichneurroni dae
Bathyplectus curculionis + d2CPD ? Unruh et al. 1984
Diadegma armillata + 42CD Butcher & al. 2000b
Diagdema chryscstictos + d2CD Butcher & al. 2000a
Diadegma eucerophaga + d2CD Butcher e al. 2000b
Diadegma f abrici anae + d2CD Butcher e al. 2000b
Diadegma fenestralis + d2CD Butcher e al. 2000b
Diadegma insulare + d42CD Butcher e al. 2000b
Diadegma semid ausum + 42CD Butcher & al. 2000b, Noda 2000
Diadromus pulchellus + d2CD Hedderwick et al. 1985, Periquet e al. 1993
Venturia canescens + d42CD Beukeboom 2001
Chalcidoidea
Eulophidae
Mdittobia chalyhii - Schmieder 1938
Mdittobia gp. - Schmieder and Whiting 1947 , Whiting 1947
Reromdidae

Roja?Rousse et al. 1988
Legner 1979, Fabritius 1984
Legner 1979

(to be continued on next page)
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(continued)
Occurrence of .
Taxon diploid males Blanation Reerence
Nasonia vitripennis + Mutetion Whiting 1960 , Skinner and Werren 1980,
Dobson and Tarnouye 1998
Pteromal us puparum - Whiting 1940
Cynipoidea
Cynipidae
Cothonaspis boul ardi - Bienont and Boul etreau 1980
Dipldepis rasea + Gamete duplication Sille and Davring 1980
Leptopilina heterotoma - Hey and Gargulo 1985
Proctotrupoi dea
Scdionidae
Tdonomus fariai - Dreyfus and Breuer 1944 , Gook 1993b
Infradorder Aculesta
Apoidea
Apidae
Apis cerana + 42CD Woyke 1979 , Hoshiba e al. 1981
Apis mdlifera + d42CD Mackensen 1951 , Woyke 1963, 1965
Augochlordla striata + 42CD Parker and Owen 1990 , Mueller 1993
Bombus atratus + 42CD Gadfdo 1973, Garofdo and Kerr 1975
L asiogl assum zephyrum + d2CP ? Kukuk and May 1990
Melipona compressi pes + d42CPD ? Kerr 1987
Melipona quadrif asciata + d42CD de Camargp 1979
Melipona scutdllaris + 42CD Carvdho et al. 1995
Trigona quadrangular + d2CP ? Gook 1993b
Chryd doidea
Bethylidae
Goniazus nephantidis - Gook 1993a
Vegpoidea
Formicidae
Doronomyrmex kutteri + d2CD ? Gook 1993b
Epimyrma stumperi + d42CD ? Gook 1993b
Formica aguilonia + d2CPD ? Gook 1993b
Formica pressilabris + d2CP ? Pamilo and Rosengren 1984
Harpagoxenus subl aevis + d2CP ? Gook 1993b
Lasius alienus + §2CD ? Pearson, 1983
Leptathorax muscorum + d2CP ? Loisdle & al. 1990
Pseuddasius 9. near emeryi + d2CPD ? Hung et al. 1972
Rhyti doponera chalybaea + d2CP ? Ward 1980
Rhyti doponera corf usa + d42CD ? Ward 1980
Sdlenopsis invicta + d2CP ? Hung e al. 1972, 1974
Veyidae
Licstenogaster flavdlineata + d2CPD ? Gook 1993b
Mischocytarrus immarginatus + d42CD ? Qudler et al. 1992

Note: The quegion marks indicate the data are not conclusve.



Wu Z S e a.: CD in hymenopteran parastoids

85

211 Singeldocus CD ( sI2CD)

Sngeédocus CPD was firgd proposed in the
braconid wagp Habrobracon ( = Bracon) hebetor by
Whiting (1939, 1943) . In d2CD, =X is deter2
mined by multiple aleles a a snge locus. Heploid
(hemizygpus) individud s are male with only one a2
lele at the s=x locus. Diploid individuds can be &2
ther homozygous or heterozygous & the sex locus.
Individuds heterozygous at s=x locus are femdes
while honozygous individuds develop as diploid
maes (Cook and Crozier 1995) .

There are three mating nodes under sI2CD:
unmatched mating, matched mating, and diploid
mae mating (Cook 1993b). In unmatched mat2
ings, femaes and hgploid males do ot share a X
dlde and dl diploid ofgring are femdes. In
metched matings, a femde mates with a hegploid
mae that carries a sex dlele identica with one of
her own, and 50 % of diploid off ring are diploid
males (Cook and Crozier 1995) . In Pecies, e. g.
Athalia rosae and Neodiprion nigroscutum, which
produce viable diploid mdes, diploid maes fre2
quently have difficulty in mating to fema es because
o their bigger body Sze and incapability of insem2
nating females (Smith and Walace 1971, Naito and
Qrzuki 1991) . However , matings between femde
and diploid males may occur as well ( Diadromus
pulchdlus; B Agoze and Periquet 1993, H Agoze
e al. 1994). In this case, femdes have a lower
fecundity compared to other femaes mated to hgp2
loid maes or to virgn femades. Only heploid ons
are produced due to the falure of insemination by
diploid oerm and the functiond virgnity of meated
femdes, or if diploid males are succesful ininsen?
inating diploid females, the resultant off ring will
be haploid maes (e.g. D. pulchdlus; B Agoze
e a. 1994) or devile triploids (e.g. Athalia ro2
sae, Nato and Suzuki 1991; Southamer e al.
1992) .

212 Multiple2ocus CSD ( mi2CD)

Crozier (1971) proposed sngelocus CD as
a ecid case o multiplédocus CD , in which sx
is determined by multiple loci each with multiple
dldes. Diploids are femde if one or nore sx loci

are heterozygous, whereas diploid individuds are
mae only if honmozygous a dl loci. Inbreeding
leads to the production of diploid maes but nore
gradudly with continua generations of inbreeding
under mi2CPD than under d2CP. Sngelocus
CD can be tesed by one inbreeding generation
conmpared to outcross families, while nore genera?
tions of inbreeding are required to tes MI2CPD.
The number of sex loci can be egimeted by the ger?
erations of gb2mating required to cause diploid male
production (Cook 1993a) . Neverthdess, mi2CD
has not been dermondrated in any goecies and there2
fore remains a hypothetica posshility.

3  HYMENOPTERAN SPECIES WITH DIR2
LOID MAL ES

Snce the presence of diploid maes was fird
disoovered in Habrobracon hebetor by Whiting and
Whiting (1925) , diploid mdes have been reported
from about 43 gecies in 9x out of eght hyn?
eropteran superfamilies teted, and d2CD was
oorfirmed in a leas 22 of these ecies (Southam?2
e e a. 1992, Cook 1993b, Periquet e al.
1993, CGook and Crozier 1995, Butcher et al.
2000a, b, Beukeboom 2001) (see table 1). The
diploid malesin Nasonia vitripennis (Cha cidoidea)
and Diplolepis rasea (Cynipoidea) were caused by
mutation and gamete duplication regectively , not
from inbreeding, and thus, cannot be attributed to
CD (Table 1) . The d2CPD and mI2CD nodes
have been explicitly tesed only in Nasonia vitripen2
nis (Skinner and Werren 1980) , Goniczus nephan2
tidis (Cook 1993a) , Diadromus pulchdlus (Pe2
riquet e al. 1993) , and Aphidius colemani (Ode
et al. unpublished data) , but these four gecies
were shown ot to corform to mi2CPD. However ,
mi2CD cannot be excluded from the Hymenoptera
based on current evidence, because me biases
may exig againd detection of mi2CD , such asle2
thality of males homozygous & ome of these loci
(Cook 1993b) . Arother quedion is whether mi2
CD can be excluded in gecies for which SI2CD
exigs. Only Habrobracon hebetor ( = juglandis)
(Whiting 1943) , Diadromus pulchdlus ( Periquet
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e al. 1993) and Soenopsis invicta (Ross and
Hetcher 1985) have thus far been ecificaly ex2
amned, and mi2CD was reuted in thee three
goecies.

Beukeboom et al. (2000) excluded s$i2CD
from two braconid gecies, Asobara tabida and Al2
ysia manducator based on the comparin of brood
dze and ex ratio between inbred and outbred fam2
lies. But it is unknown whether there is mi2CD in
these two ecieswithout further teging even though
their evidence sows no d2CD in thexe wo Pe2
cies. It would be particularly intereding if further
examination on mi2CD is conducted , snce sI2CPD
is hypotheszed to be ubiquitous in the superfamily
Ichneuroroidea (containing families Braconidae
and Ichneunonidae) , a sger goup of Aculeata,
and these two braconid goecies are thefirg casesin
this superfamily where d2C isabsent. Our grict2
ly dedgned inbreeding tex of CD in amother bra2
conid ecies, Heterospilus prosopidis, showed that
both 92 and mi2CPs are absent from this ecies
(Wu e al. unpublished data) . No diploid maes
were observed, and the comparioon of of ring
Sze, s ratio or proportion of dl2mae families be2
tween inbreeding and outbred lines over 13 consec2
utive generations did not corform to expectations
under CD.

Maeiased sx ratios were goparently ot
found in regponse to prolonged inbreeding in severd
Pecies that presumably dSk2mate in nature
(Southamer et al. 1992) , and CD can be ruled
out in thee taxa (e. g. , supefamilies Cha2
cidoidea, Chryddoidea, Cynipoidea and Proc2
totrupoidea) (Table 1) . Based on theoretica and
experimental evidence, d2CD sems unlikely to
be present in those highly inbreeding gecies with
femae2biased sx ratios (Southamer e al. 1992,
Qook 1993c) snce CD will lead to the production
o diploid males and ma eZbiased sex ratio under in2
breeding sygems.

4 DETECTION OF CS AND DIRLOID
MAL ES

Two methods can be used to identify CD.

Hrd, inbreeding efects on sex ratio and develop2
mental nortaity can be compared between inbred
and outbred families. In inbred lines, nmother2on
metings can be st up by adlowing virgn femdes to
ovipodt and mate to their haploid ons when they
reach adulthood. I it is difficult to keep nothers
dive long erough to mete with their ons, brother2
dder croses can be usd ingead. In this case,
nore inbreeding generations may be required to tes
CD ocomrpared with the ted initiated by nmother2on
mati ng because only one haf of the matings are e
pected to be matched. Sex ratios ( proportion
males) produced by inbred femaes are expected to
be higher than that produced by outbred femdes if
CD isoperating. If garted with a nother and on
meting, 10 consecutive generations of S kPmating
will be emough to detect a sysem o inwlving at
leag 15 independent loci (Cook 1993a) .

In 42CP , the use of controlled matings be2
tween relatives permits easy and repid quartitative
predictions. For example, broods with no diploid
mal es and broodswith equa numbers of femd es and
diploid males should be equaly common following
sk2metings if their parents did not share a sex a2
lele. The diploid offpring of any nother and n
meting should be 50 % male. Furthernore, diploid
males will be expected from any mating between fe2
maes and their haploid male brothers from a brood
that contains diploid males (Gook 1993b) .

Inbreeding should increase diploid mae pro2
duction because it increaes the incidence o
metched mating and honozygosty. Diploid maes
produce diploid perm and are dfectively derile,
imposng a genetic load on the population (Cook
and Crozier 1995) . These diploid males are either
inviable resulting in off ring nortaity , or gerile if
they reach adulthood. The survival of diploid males
is rather comnon (Woyke 1962 , 1969 , Petters and
Mettus 1980, de Camargp 1982, Kukuk and May
1990, B Agoze and Periquet 1993, Duchateau et
a. 1994, Holloway e a. 1999, Beukeboom
2001) and diploid maes are often capable of mating
aswel (H Agoze & al. 1994, Holloway e al.
1999) . For ingance, diploid males of Diadromus
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pulchdlus have norma viability , produce diploid
germ and are able to inseminate , but the resulting
off pring are haploid sons due to the derility of dip2
loid males (H Agpze and Periquet 1993, H Agze
e al. 1994) .

Second , the presence of CD will be support2
ed by the finding that diploid maes are produced.
Diploid males can be identified usng the following
methods: (1) Paternd inheritance of genetic mark2
ers, including vishble genetic markers and domi nant
and co2dominant nolecular markers. Visble rece®
dve markerswere used frequently to identify diploid
maes (Inaba 1939, Risman 1942, Whiting 1943,
Qosch 1945, Whiting 1961, Holloway e al.
1999) . All haploid mde off pring have the rece®
dve marker of their nother , whereas the diploid
mae of pring d < have the dominant phenotype of
their father. Diploid maes can be recognized in
croses where females honozygous for a recessve
marker are mated with malesaf dominant wild type.
Diploid males can d s be detected by the presence
o two variants of one ernzyme sysem usng dectra?
phoreds (Hung e al. 1972, Unruh et al. 1984,
Hedderwick et al. 1985, Seiner and Teig 1989,
Hunt and Page 1994, Noda 2000, Butcher e al.
2000a, Beukeboom 2001). PRolynorphic RAPD2
PCR loci can d® be used to assign paternity in
mae dofring (Hunt and Page 1994, Holloway et
al. 1999, 2000). (2) Cytology, karyotyping of
pupd or adult tedes tissues can be used to directly
identify diploid males (Naito and Suzuki 1991) .
(3) DNA quartitation. Butcher et al. (2000 a, b)
used flow cytometry technique to conpare the DNA
content of sngecell brain neuron between haploids
and diploids. (4) Made dze dinorphism (Inaba
1939, Qosch 1945, Smith and Walace 1971,
Chaud?Netto 1975, Ross and Hetcher 1985, Naito
and Quzuki 1991, Periquet et a. 1993). In me
gecies, diploid maes have larger cdls and are
bigger than hgploid males. For exarple, diploid
males of Habrobracon hebetor can be recognized by
their larger cell d9ze, as measured by hair dendty
on the wings (Whiting 1943) . Cdll dze of diploid
male is larger than that of heploid mae or diploid

female and this has been suggeded as an explana?
tion for the differential nortdity of diploid maes
(Qosch 1945) .

However , the above four methods canmot be
goplied to al hymenopteran ecies with diploid
males, because diploid males may die during devel2
opment or adult body Sze and coloration may be
greatly dependent on the hog ecies and rearing
tenperature (Fisher 1959 , Butcher e al. 2000b) .
Butcher e al. (2000b) found that even wing hair
dengty is d unreliable due to the overlgp in the
dze didribution. Furthermore, Butcher e al.
(2000a, b) were skepticad about the riahility of
norphologca characterigics for  haploi d2diploid
discrimnation , and suggesed usng flow cytometric
neuronal cell DNA analyds to identify diploid
males, dnce thisDNA analyds can eadly discrim2
nate hgploid and diploid individuas, and neurond
cell DNA content is not related to temperature or
hog24atus.

5 CSD AND EVOL UTION OF SEX DETER2
MINATION MECHANISMS

The wide digribution of CD in the suborders
Symphyta and Apocrita and in the irfradbrders Ac2
uleata and Paragtica suggeds that this form of sex
determination may be ancedra in Hymenoptera
(Cook 1993a, b). Butcher e a. (2000b) dw
supported the hypotheds that S2CD is the ance?
tra sx determination mechanism in Hymenoptera
(AculeataPichneunoroidea) , in which Ichnew2
nornoidea is recently conddered by nmolecular evi2
dences as a dger gowp o Acueaa (Whitfidd
1998) . However , our finding of absence of CD in
Heterospil us prosopidis raises an open quedion to
this hypothes s, due to the relatively ancesraPasal
phylogenetic gatus of the subfamily Doryctinae (in
which H. prosopidis is located) in the family Bra2
oonidae (van Achterberg 1984) . A plausble expla2
nation of the absence o CD in this primitive 2
cies might be that other unknown sex determining
mechani sm evolves and subgitutes CD.

Bull (1981) suggesed that s2CD might be
ancedrd to mi2CPD. Periquet e al. (1993) roted
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that multidocus CD might evolve from 2CD by
tandem duplication of the sex locus closaly linked
on a chromosome , followed by digperdon of the re2
peated genes to other chromoomes. Other sex de2
termining sysems might be derived from C over
time with the eventud loss of C. For naturdly
inbreeding gecies, X determination mechanisms
other than CD will be expected to awid the pra2
duction of diploid males. A nore conmplete under2
danding of the sex determination sysems presert in
the Hymeroptera requires further teds in other s
perfamilies.

Reative to d2CPD, dl of the proposed sx
determination nodes decrease or diminate the pra2
duction o diploid males and may therefore epecia2
ly advantageous at low population dendties, where
sx aldes diversty may be low. Sdection for sex
determination mechaniams other than d2CD may
be dronger in paradtoid ecies that typicaly or
periodicaly perds a low population densties.
Therefore, the qued to find gecies exhibiting mi2
CD or any nodes of sex determination other than
s2CD might be focused by looking at the paras2
toid conplexesd cyclic defoliators such as the gyp2
sy noth, populations of which can remain a very
low levelsfor many years, then reach outbreak lev2
dsin ardatively short time (Bkinton and Liebhold
1990) .

6 CSD AND BIOLOGICAL CONTROL

Diploid mde production poses a potentid
threat to the success of biologcal control attempts
usng paragtoids. The occurrence of diploid maes
in a population reduces the potential growth rate of
populations because ome fertilized eggs become
diploid male eggs that either die during development
or become derile maeswhen they reach adulthood.
In matched matings under d2CP , 50 % of fertil2
ized eggswill develop as diploid malesor die during
development. CD therefore increases the gpparent
X ratio (proportion maes). The production of
diploid malesis equivdent to increased nortaity of
femdles, and therefore is urfavorable for biolog ca
oontrol . High ratio of mdes (i.e. , lessfemde in2

dividuas) in apopulaion has a srong, negative in2
fluence on the population growth , because only fe2
mal es produce off ring and dfectively contribute to
the suppresson of insect peds.

Alldic diversty at the sex locus and mating
paterns o paradtic wagps will determine heterozy?
godty a the sex locus (Ross e al. 1993) and the
population growth rate (Southamer et al. 1992) .
Large populations likely harbor nore sex dlees and
consequently decrease the probability of diploid
mal e production. Edimates of the number of sex a2
leles in naturd populations lie between 3 and 86
(Table 2) . Limited initia field collections, genetic
drift , inbreeding, population crashes in mass rear2
ing or other population bottlenecks may facilitate
loss of sex dleles and reduction of genetic diverdty
(Unruh et al. 1984) , and might even result in a
population with only two sex dlelesa a snge locus
(Cook 1993a) . Petters and Mettus (1980) suspect2
ed that many |aboratory populations of Habrobracon
hebetor might be in this date. Predictions based on
d2CP, i.e. , anincreasng frequency of dlZmale
families in the dffpring of laboratory populations
and a low edablishment rate of populations rel eased
as biologicd control agents, occurs in the families
Braconidae and Ichneurronidae but not in ome oth2
er paradtoid taxa (Southamer et al. 1992, Hopper
1995) , e.qg. , the chdcidoids.

In regponse to these potentid problems present
in the practice of biologca control , Southamer et
al. (1992) proposed two olutions to overcome the
loss of sex dldes during the laboratory augmenta?
tion : maintai ning the parastic wags as a large pop2
ulation or keeping the wags as a large number of
iolated subpopulations (inbred lines). The firg
drategy reduces the rate a which sx dlees are
log , and the second drategy results in many dlees
being log in each subpopulation, but a leas two
X dldes are retained per subpopulation that exids
(e. g. Whiting 1943, Petters and Mettus 1980,
Cook 1993c) . However , Southamer e al. (1992)
a9 pointed out there is a potentid threat by CD
due to the population extinction caused by the pro2
duction of diploid maes and their matings with fe2
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Table 2 Edimated number of sex dldesin Hymeroptera.

Soecies Edimated sex dldes number Ref erences
Apis mdlifera 19 Adams e al. 1977
Bombus terrestris 24 - 46 Dutchateau et al. 1994
Habrobracon hebetor 9-20 Whiting 1943 , Heinpe e al. 1999
Diadegma armillata 17- 19 Butcher e al. 2000b
Diadegma chrysasctictos 17- 19 Butcher & al. 2000a
Diadegma eucerophaga 7-10 Butcher e al. 2000b
Diadegma fabricianae 14- 15 Butcher & al. 2000b
Diadegma fenestralis 4-6 Butcher e al. 2000b
Diadegma insulare 4-6 Butcher & al. 2000b
Diadegma semiclausum 4-6 Butcher e al. 2000b
Diadromus pulchelus 15 Periquet e al. 1993
L asioglassum zephyrum 10- 25 Kukuk and May 1990
Médipona compressi pes 20 Kerr 1987
Méipona scutell aris 7-36 Carvaho 2001
Neodiprion nigroscutum 3 Srith and Wallace 1971

L Ross and Hetcher 1985 ,
Saenopsis invicta 15- 86 Ross & a 1993

maes, if the seoond drategy is employed. Gook
(1993c) argued that inbred lines under CD can be
maintained without population crash provided that
the populations are reared in large enough colonies
to awid extinction , and gated that inbred lines may
be used as an additiona reourcesdf sex dleesto a
dnge large population, not jus as an dternative
suggeded by Southamer e al. (1992). Mainte2
nance of genetic diverdty by maintenance of multi2
ple ifemae lines has been corfirmed for insectsin
general by Roush and Hopper (1995) .

GCombining sanples from different geogrephic
regons may increase the sx alees, provided that
wagps from different geogrephica origns do ot
show crossng inconpatibility. The successof egal?
lished populations with few sex dlees can be er2
hanced by importing and releasng additiond wags
from other populations (Southamer e al. 1992) .
CQook and Crozier (1995) dated thet taking a good
initia sampling of naturd aldic diverdty and mini2
mizing loss of genetic variation in the rearing and
release will be more practica for a biological control

program. Keeping large populations, mantaining
multiple inbred lines, reducing betweerFamily
variance in of gring production and avoiding popu2
lation crashes are very inportant practices.
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