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   Estimations of  realized  heritabilities were  conducted  for the eharacter  of hexythiazox resistance  by

peffbrming artificial laboratory seLections in the citrus  red  mite,  Panonychus citri (McGREGoR), which

were  collected  from a citrus orchard  at Haibara Agricultural Research Station (Nippon Soda  Co., Ltd.)

in Shizuoka Prcfecture, Japan, Realized heritabilities were  estimated  to be O.835 for the selection for
resistance  using  a  strain  collected  from the orchard  after 17 field selections during 6 years, and  O.051 for

the selection for susceptibility using  a  greenhouse-maintained susceptible  strain  collected from the orchard

before the field selections. These results  suggested  that hexythiazox resistance  would  be highly heritable
in the strain  whose  initial resistance  level was  moderate.

INTRODUCTION

 Estimation of  heritabilityi) proyides a standardized

way  to analyze  and  summarize  results from artificial

selection  experiments  to pesticides.2) For resistance  risk

assessment,3)  the  estimation  can  be a good candidate  for

quantitative evaluation  for the  ability  of  pest to succeed

pesticide resistance.2･`-6) The calculation  method  for

estimating  heritability of  pesticide resistance  was  report-

ed  by Tanaka & Noppun,`) Firko &  Hayes,5) and

Tabashnik,2} And  a few studies  have estimated  the

heritability of  insecticide resistance  in experimental  pop-
ulations  of  insects.2+`,7JiO) However, there have not

been any  reports  on  the heritability of  miticide  resistance

in phytophagous mites.

 Hexythiazox,  trans-5-(4-chlorophenyl)-N-cyclo-

hexyl-4-methyl-2-oxo-3-thiazolidine-carboxamide, is a

selective  miticide  which  is active  against  various  phyto-
phagous mites  of  agricultural  importance, and  has no  or

little effects on  their natural  enemies.ii)  The miticide
interferes with  mite  growth and  reproduction,  and  does

not  show  cross-resistance  to eonventional  miticides.

Thus, hexythiazox has been used  for controlling  mites  on

various  crops  under  the integrated pest management

system.  The deyelopment of  hexythiazox resistance,

on  Hexythiazox Resistance in Phytophagous Mites

 For Part 5, see  Refi 21),

however, was  recently  reported  in several  species  of

Mites.i2-is)

 In this study,  as a part of  risk  assessment  of  hexythi-
azox  resistance  in the citrus red mite,  Panonychus eitri

(McGREGoR), we  estimated  realized  heritability of  hex-

ythiazox resistance  from an  aspect  of  quantitative
genetlcs.

        MATERIALS  AND  METHODS

i
 studies

 {Part 6).

1, Citrus Red A4ite

 As previeusly reported,i6)  the strain of citrus red  mite

selected  fbr hexythiazox resistance  in the laboratory was

collected  from a citrus orchard  at Haibara Agricultural
Research  Station (Nippon Soda Co., Ltd.) in Shizuoka
Prefecture, Japan, on  August 27th, 1986. The  orchard

had been successively  sprayed  with  hexythiazox 17 times

since  1981 as the field selection  experimenti5)  At  the

time  of  collection,  the resistance  level to hexythiazox
seemed  to be moderate.  The  selection  fo[ susceptibility
was  conducted  using  the strain collected  from the same

orchard  before the field selection, and  the strain have

been reared  on  potted young citrus trees in a  greenhouse
under  hexythiazox-free conditions.

 During the laboratory selection  experiments,  the mites

were  reared  at 250C and  70% relative  humidity under

16L-8D photoperiod. A detached citrus leaf methodi6}

was  adopted  for rearing.
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2, Laboratot:y Selection for Resistance and  for Sus-
   ceptibilit.v

  The detail methods  of  selections  for resistance  and

for susceptibility  with  hexythiazox were  reported

previously.i6)
  The selection  for resistance  was  initiated with  about

15,OOO eggs  <O-2 day-old) oviposited  by 2000 females.
Eggs on  the detached leaves were  dipped for 10 sec in
hexythiazox solution.  The mites  which  successfu11y

hatched from treated  eggs  and  developed to adults  on  the

treated leaves were  used  for the next  selection. The
intensity of  selection  wus  estimated  as percentage ofmites
unable  to deve]op to adult  after the selection  application

on  10 leaves drawn randomly.

  The selection for susceptibility was  initiated with  381
females. The mites  -'ere  placed individually on  the

detached leaves to oviposit  eggs  for 2 days, and  then

transferred to new  leaves with  individual markings  fbr
other  2 days. Eggs laid fbr the  first 2 days on  the Ieaves
were  dipped in the hexythiazox solution  for 10 sec  as a

selection  treatment,  The  females whose  eggs  completely

died by the selection  treatment sN'ere selected, and  their

eggs, which  had been laid for other  2 days were  used  for
the next  generation. The intensity of  selection  was  cal-

culated  as  percentage of  the selected  adults.

  To monitor  the change  in susceptibility  to hexythiazox
during selection  experiments,  ovicidal  tests were  conduct-

ed, Fifty to eighty  eggs  Iaid by 6 to 10 adult  females for
2 days on  each  detached leaf were  dipped for 10 sec  in
diflerent concentrations  ofhexythiazox  solutions  contain-

ing O.033% spreader,  Rabiden SS@, Four to eight

difTerent concentrations  with  2 to 3 replicates  were  tested.
The number  of  unhatched  eggs  were  counted  7 days after
treatments, and  the percent mortality  was  calculated,

Data were  analysed  by probit regressionsi7)  after

Abbott's correction  for natural  mertality,iS}

3. Statistical Genetic Methocts

  Realized heritability was  estimated  according  to the

procedure described by Tanaka &  Noppun.4)

  The character  of  resistance  is assumed  to be log-
normally  distributed and  referred  to as susceptibility  (x).
The  susceptibility  of  individual insect is defined as a

resistible  limit for certain  dosage density. It is normally
distributed in the logarithrnic scale (X=log (x)) as fo1-
lows:

    P(I)=(11crvEII') exp  [-{(X-I)/a}2/2] 
,

where  P(X)  is the probability distribution of  phenotypic
value,  X  and  o  is the population mean  and  the  standard

deviation of  susceptibility  after logarithmic transforma-

tion.

  In quantitative genetics, values  of  a  phenotypic trait
are  assumed  to be subject  to the foLlowing 1inear model  if
interactions between loci is disregarded : P=A+D+E,

where  P, phenotypic va}ue  ; A, additive  genetic value  ; D,

dominance deviation and  E, environmental  deviation,
Among  the casual  effects  the additive  genetic efiect con-
tributes  uniquely  to inheritance of  trait values  between

generations. The  ameunt  of  variation  is expressed  as

variances,  and  total phenotypic variance  is decomposed
into variance  components  caused  by A, D  ancl  E as

fo11ows : P'V= Vk+  PC,+ P'1,, where  Pl,, phenotypic vari-

ance;  l'k, additive  genetic variance;  Pl], dominance
variance  and  Vk, environmental  variance.i)

  Narrow  sense  heritability (h2) is the  regression  of

breeding values  on  phenotypic  values,  and  equivalent  to

the ratio  of  additive  genetic variance  to total phenotypic
variancei  h2= Uk/ UV. The response  (R) to selection  is
R=h2S,  where  S denotes the selection  diflerential,
Thus realized  heritabilities can  be estimated  by h2=R/S
with  the artificial selection technique,') The selection

differential is usually  expressed  as the product of  selec-

tion intensity (i) and  phenotypic standard  deyiatien, i,e.
S=icr, The response  in every  generation was  deter-
mined  as difference in population means  between adja-

cent  generations with  the  probit analysis  :

             Rt=log x-t.i-log  Xt ,

where  Rt is the response  at t-th generation, x-, the value

of  LCso at the t-th generation. Directional anificial

selections  are  regarded  as truncation selections, assuming

that the character  of  susceptibility  is expressed  on  a

threshold manner,i)  The selection  intensity was  calcu-

lated from the proportion of  surviving  individuals in the
examined  population using  Appendix table of

Falconer.i} In the case  ofdownward  selection  (i.e. selec-

tion fbr susceptibility),  the selection  intensity was  deter-
mined  from proportion of  dead individuals. The con-

centration  mortality  curve,  which  was  estimated  at every

generation, could  be transformed by the  traditional

probit method  as fo11ows: Yt=attbt(log(xt)-
log(x,)). The regression  slope  is the inverse of  the

standard  deviation of  log susceptibility.i'･ i9･ 20) Thus

phenotypic standard  deviation at  t-th generation (ot) was

obtained  as  the inverse of  the regression  slope:  dt =  1lbt.
The parameters (R, i and  cr) were  determined at every

generation and  realized  heritability was  estimated  as the

regression  coeficient  of  cumulative  responses  (CRt.z=
Zi'iR.) Qn  cumulative  selection  diflerentials (CS,=
Z £ s.).o

                 RESULTS

  Table 1 shows  the results oflaboratory  selection  exper-

iments with  hexythiazox for resistance  (the resistant  selec-

tion line) and  for susceptibility  (the susceptible  selection

line) in the Haibara strain  of  citrus  red  mite,  For  estima-

tion of  realized  heritabMty, the table was  reconstructed

using  necessary  data from original  tables reported

previously,r6) Because of  a few lacks of  data on  the

NII-Electronic  
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Tablestraln1 Results of  laboratofy seLection  experirnents  with  hexythiazox for resistance

of  citrus  red  mite.

and  forsusceptibilityin the Haibara

Resistant selection  linea) Suseeptible selection]ineb)

Selection Susceptibility Selection Susceptibility

SGc)
Conc.d)(ppm}Intensitye)

  (%)
Slope')LCsog)(ppm) Conc.(ppm)Intensityh)

  (%)
Slope LCso(ppm)

PGIG2G3G4G5G6   5.0

   2.5

   4,O

   ]o
   20

 100010POO

95.558.460.478.433.523.428.22.562,301,54O.94O.35O,671.03    4.81

    424
   11.9

   19.0

 12soi)20,sooi)21,400

s.o3.93.01.951.9539.[75.969.228.949.83.033,343.o2n3.02i}3.02i)2.70O.93O.61O.59i)O.5Si)O.56i)O.54

[L)
 A  strain  co]lected  from a  hexyth{azox treated orchard  was  used  as a  parental generation

b)
 The unselected  strain,  which  was  collected  from the same  orchard  before treatmen[s with

  generation {P) for se]ection.
C)
 Selection generation.

d}
 Selection concentration.

ei
 Percent of  eggs  unable  to develop to udult  after  selection,

f)
 SEope of  regression  equation.

")
 Ovicidal test using  O-2 day-old eggs.

h)
 Percent of  adult  females whose  eggs  comp]etely  djed by selection.

[)
 Assumed value  (see texO,
The table  was  reconstructed  from original  tables'6)  fbr estimation  of  realized  heritability,

(P) for the selection.
 hexvthiazox, was  used  as a   - parental

Table2  Basicparameters of  the resislant  se}ection  linein the Haibara strain  ot' citrus  red  mite.

SGm) log xb)ot} id) Se)Zso Rg} 2Rh)
PGIG2G3G4G5G6 O.682O.627t.0761.2793.1074.3124.330O,391O.435O,6491,0642.gs7]A93O,9712.107O,93iO,9731.356O.548O,400O.470O.824O,405O,6311.4431,566O,S97o,4)'6O.8241.Z291.8603.3034.8695.4665.922

-O,055

 O,449

 O,203
  1.828

  1,205

 3,051

-O.055

 O.394
 O.597

 2.425

 3.450

 3.648
a)
 Selection generation.

b]
 Mean  susceptibility  in the logarithmic scate.

C)
 Standard deviation of  susceptibility.

d)
 Selection intensity.

") Selection differential.
D  Cumulated  selection  differential.
g)
 Response.

h)

 Cumulated response.

Table 3Basic  parameters of  the susceptible  seleclion  line in the Haibaru strajn ofcitrus  red  mite,

SG log x-ff i s 2s R ZR
PGIG2G3G4G5 -O.032-021S-O.227-O.240-0254-O:

 68

O.330O.299O.331O.331O.331O.370O,982O,410O.S081,182O,80]O.324O,123O.168O.391O.26SO.324O.447O.6151.0061.272
-O.183-O,Ol3-O,O13-O,O14-O,O14-O.183-O.[96-0209-0222-O.235

original  results, adclitional  data sN'ere  assumed  as fo11ows.

In the resistant selection  line, the LC,o values  of  G4  and

G5 were  assumed  to be 1280ppm  and  20,500ppm,
respectively,  though  each  mortality  at those highest con-
centrations  tested was  below 50%. In the susceptible

selection  line, all of  LC,,  and  slope  in G2-G4  were

assumed  from the data ofthe  former G1 and  the latter G5

by eye  measurement.

  Tables 2 and  3 indicate basic parameterg of  the resist-

ant and  susceptible  selection  lines, respectively.  They

were  calculated  from the results of  laboratory selection

experiments  of  Table 1. Figure 1 shows  the relations
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Table 4 ReaLized heritability estimates  of  hexythiazox resistance  in the Haibara
strain  ofcitrus  red  mite.

Line Regression equation  of  2R  on2S  Realized

heritability

Resistant selection

Susceptible selection

Y=: -O.700-O,835X

 (r2=O,9&p<O,oo1)a)
Y=-O.172-O.OSIX

 {rZ:=O.96,p<O,Ol)a}

O.835

O.051

e}
 ANOVA  in the regression  analysis.

(T43?1o-1R)

s [z s)

Fig, 1 Relation between cumulated  selection

differential (ES) and  cumulated  selection  response

(£ R) in Haibara  strain of  citrus red  mite.

Symbols indicate as  follows : 1, resistant  selection  line ;
e, susceptible setection line, The solid ]ines connoct

points of  successive  generations.

between cumulative  responses  (ZR) and  cumulative

selection  differentials (ZS) in the two  lines. The
cumulated  responses  (2R) ofthe  two  lines systematically
changed  along  cumulative  selection  differentials (ZS),
and  asymmetrical responses  were  found in the two-way
selections.  Table 4 represents  the  results  oflinear  regres-

sion  of  cumulative  responses  (ZR) on  cumulative  selec-

tion differentials (2S). And  the realized  heritabilities,
or  the regression  coeficients,  were  estimated  to be O.835
and  O.051 in the resigtant and  susceptible  selection  lines,
respectively.

                DISCUSSION

  The realized  heritability of  the trait of  hexythiazox
resistance  was  lower in susceptible  selection  line (O,051)
than that in resistance  selection  line (O,835) in the citrus

red  mite  (Table 4, Fig, 1), The asymmetry  might  arise

from several  causes  e.g. gene frequency biases (i.e. Iow
initial frequency of resistant alleles at the majority  ofthe

loci involved),`) For resistance  risk assessment,  the

estimation  of  realized  heritability would  be practicaliy
more  significant  in the selection  for resistance  than  that

for susceptibility,  because it is one  of  attempts  to predict
the rate of  resistance  development

  The laboratory selection  for resistance  did not  initiate
with  a susceptible  strain but with  a  field-colleeted strain

which  was  about  5-fbld resistant to hexythiazox (Table
1). Then, the realized  heritability of  selection  for resist-

ance  from completely  susceptible  level was  not  estimated.

Thus, it was  uncertain  whether  the  realized  heritability
would  change  during selections  with  hexythiazox.

  Changes of  realized  heritability during selection  were

reported  in laboratory selection  experiments  with  BaciP
lus thuringiensis in insects such  as PluteLla )rylosteUa  (L.),
Hbficoverpa virescence  (F.) and  Leptinotansa decem-
lineata (SAy),2) Parameters, which  were  response  to

selection  (R), selection  differential (S) and  realized

heritability (h2), could  be calculated  separately  fbr the
first and  second  halfofselection experiment,  The R  and

the h2 were  higher for the first half than  the second  halfi
while  the  S did not  differ significantly  between halves.

It was  suggested  that substantial  additive  genetic varia-
tion was  present initially (i,e., alleles for resistance  were

not  rare) and  then declined as selection  proceeded in

these cases.2)

  A  heritability estimates  obtained  by laboratory experi-

ments  has some  diMculties when  we  extraporate  it to field
conditions,2,  4, s)

  For example,  Tanaka  &  Noppun`) described the fbl-

lowing three diMculties, (1) Differences inenvironmen-
tal effects  between laboratory and  field conditions  might

exist, Experiments under  uniform  laboratory condi-

tions might  result in overestimations  for a real her-
itability under  natural  field conditions  where  the environ-

mental  parameters would  not  be constant.  As previous-
ly reported  on  field selection  experiment  with  hexythi-
azox  resistance  in the citrus red  mite,i5+2D  the levels of
resistance  and  the degree of  resistance  reversion  varied

depending on  the sub-populations  on  the ditferent trees

within  the  orchard  in spite of  the same  times of  selection

application.  This result  indicated that the heritabilities
of  hexythiazox resistance  might  difTer among  sub-

populations irrespective of  the same  genetical back-

ground, because environmental  variance  ( P'li) probably
differ among  them. Heritability (h2) is the ratio of

additive  genetic variance  ( Pk) to total phenotypic vari-
ance  ( Ui,) which  is the sum  of  genotypic variance  ( VL)
and  environmental  variance  ( Vk), i.e. h2=:, PC,/( l!L+ VE),
Therefore, heritability estimates  partly depend on  the

value  of  environmental  variance  (VE). (2) Genotype-
environment  interactions along  some  environmental

parameters, e,g, temperature,  photoperiod and  density,
which  fluctuate under  field conditions  might  exist. (3)

NII-Electronic  
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There　might 　be　pleiotropiG　effects　of　resistant　genes　to
several 　 fitness　 components ．　If　there　 are　 antagonistic

pleiotropic　 effects　 between　insecticide　 resistance 　and

fitness　components ，　positive　selection 　on 丘tness　compo −

nents 　should 　result 　in　negative 　indirect　responses 　of

resistance ．　In　the　hexythiazox　resistant　citrus　red 　mite
，

the　fitness　disadvantage　was 　observed ．22〕

　 When 　realized 　heritability（h2）is　estimated 　as 解 ＝ R／
Sfrom 　 selection 　fbr　pesticide　resistance ，　the　selection

differential（S）is　not 　calculated 　directly　but　is　estimated
丘om 　the　equation ，∫ ＝

σi．　And 　there　are　some 　potential
factors　biasing　the　estimation 　of ∫．6）

　One　of　these　factors　is　the　unequal 　selection 　on 　males

and 　females　if　their　resistance　to　a　pesticide　is　different．6）

The　citrus　red 　mite 　is　arrhenotokous ．23 ｝ Thus　h乱ploid
mules 　are 　susceptible （S♂）Qr　resistant （R ♂），　whereas

diploid　females　are　susceptible 〔SS♀），　resistant （RR ♀）
or　heterozygous（RS♀，

SR ♀）．　There　was 　no 　difference
in　susceptibility 　to　hexythiazox　between　S♂ and 　SS♀，

or

between　R ♂ and 　RR ♀in　thecitrus　red 　nlite．　However
，

the　 heterozygous　 females　 were 　 almost 　 susceptible 　 to

hexythiazox，　because　the　mode 　of 　hexythiazox　resistance
was 　incompletely　recessive ．24） Therefbre，　overall 　mortal −

ity　of 　females　might 　be　higher　than　that　of　males ．

　Difference　in　reproductive 　potential　between　genotype
associated 　with 　resistance 　also　might 　bias　the　S．　The
reproductive 　disadvantage　in　the　hexythiazox　resistant

genotype　of 　citrus 　red 　mite 　was 　observed 、22）

　There　 were 　 limitations，　as　desc匸ibed　in　 MATERIALs

AND 　MBTHoDs ，而 estimating 　realized　 heritability．2・4・6｝

But，　the　realized　heritability　could 　be　useful　for　understand −

ing　and 　managing 　resistance 　development　paτticularly　if
one 　recognize 　the　limitations．2） The 　trait　ofhexythiazox

resistance 　in　the　citrus　red　mite 　was 　suggested 　to　 be
highly　heritable　from　a　moderate 　resistance 　level，　For
resistance 　management 　from　a　stand 　point　ofquantitative

genetics，
　the　additive 　genetic　variance （P｛N）and 　the　domi−

nance 　variance （V，）is　considered 　to　be　beyond　man
’
s

oontroL 　Thus，　tactics　increasing　the　environmental 　vari −

ance （栓）seemed 　to　be　one 　of　the　recommendations 　fc）r
managing 　the　hexythiazox　resistance 　in　this　sp  ies．
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要 約

　ミカ ン ハ ダニ に お け る ヘ キ シ チ ァ ゾク ス 抵抗性の 実

　現遺伝率の推定
“

　　　　　　山本敦司 ， 米 出　渥 ， 波 多野連平 ， 浅田三津男

　静岡県榛原郡 の 日本曹達 （株）榛原農業研究所内の柑橘園

に お い て，6年間で 17回の ヘ キシチア ゾ クス に よる圃場淘

汰 を行なっ た後に 採集した ミカン ハ ダニ （Panonychus　citri
McGREGOR ）を用い た抵抗性 へ の 室内淘汰における実現遺

伝率は 0．835 と推定され た．一方，圃場 に おけ る淘汰を開始

する以前に こ の 柑橘園か ら採集した系統 を用 い た感受性へ

の 室内淘 汰 にお け る実現遺伝率 は 0．051 と推定さ れた ．こ

の 結．果か ら，抵 抗性 レ ベ ル が 中程度の 榛原系 ミ カ ン ハ ダニ

の 集団に お い て，ヘ キ シ チア ゾクス 抵抗性は遺伝性 が高い

こ とが 示唆され た．
＊

植食性ハ ダニ 類の ヘ キ シ チア ゾクス 抵抗性 に関す る研

究 （第 6報）
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