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C H A P T E R  2

L I T E R A T U R E  R E V I E W

2.1 Species Study
2.1.1. The genus A p i s

H o n e y  b e e s  (g e n u s  A p i s )  b e lo n g  to  th e  fa m ily  A p id a e  w h ic h  
c o m p rise  o f  3 su b fa m ilie s ;  B o m b in a e  (b u m b le  b e e s ) , M e lip o n in a e  
(s tin g le s s  b e e s ) , a n d  A p in a e  (h o n e y  b e e s )  (F ig u re  2 .1 ). A p id a e  a re  
c h a ra c te r is e d  b y  a  c o m p le x  o rg a n s  u se d  fo r  c o lle c tin g  p o lle n  c a lle d  th e  
p o l le n  c o m b  a n d  p o lle n  b a s k e t  (c o rb ic u la e )  (R u ttn e r , 1 98 8 ; H ic k m a n , 
R o b e r ts  a n d  L a rso n , 1 9 9 3 ) (F ig u re  2 .2 ). M e m b e rs  o f  tw o  su b fa m ilie s , 
M e lip o n in a e  a n d  A p in a e  a re  h ig h ly  so c ia l (e u so c ia l) .

T h e  g e n u s  A p i s ,  t ru e  h o n e y  b e e s , is a  s in g le  g e n u s  in  th e  su b fa m ily  
A p in a e . T h e y  liv e  in  a  n e s t  m a d e  fro m  w a x  in  a  fo rm  o f  d o u b le -s id e d , 
v e r tic a l  c o m b s  o f  h e x a g o n a l ce lls . T h e  n e s ts  a re  b u i l t  in  v a r io u s  s ite s  
a c c o rd in g  to  sp e c ie s . T h e  n e s t  a rc h ite c tu re s  o f  d if fe re n t  s p e c ie s  a re  v a r ia b le  
a n d  a re  s o m e tim e s  u s e d  fo r  sp e c ie s  id e n tif ic a tio n  (R in d e re r  e t a h , 1 9 9 6 ).



Order Hymenoptera

Subfamily
Bombinae
(Bumble
bees)

Suborder Apocrita

Division Aculeata

Superfamily Apoidea

Family Apidae

Subfamily 
Meliponinae 
(Stingless bees)

Subfamily 
Apinae 
(Honey bees)

Genus A p i s

F ig u re  2.1 C la s s if ic a tio n  o f  th e  fa m ily  A p id a e . (M o d if ie d  fro m  O ’T o o le  
a n d  R a w , 1999).
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F ig u re  2 .2  A  w o rk e r  h o n e y  b e e s  { A p i s  sp .)  s h o w in g  th e  a d a p tiv e  o rg a n s  o f  
th e  le g s  fo r  p o l le n  g a th e r in g  a n d  w a x  m a n ip u la t io n . T h e  to o th e d  
in d e n ta t io n  in  th e  fo re le g  c o v e re d  w ith  v e lu m  is  u s e d  to  c o m b  th e  a n te n n a e . 
T h e  s p u r  o n  th e  m id  le g  is u s e d  to  re m o v e  w a x  f ro m  w a x  g la n d s  o n  th e  
a b d o m e n . P o l le n  p ic k e d  u p  o n  b o d y  h a ir s  a re  c o m b e d  o f f  b y  p o l le n  b ru s h e s  
o n  th e  fo re le g s  a n d  m id  leg s . T h e  p o l le n  is d e p o s ite d  o n  p o l le n  b ru s h e s  o f  
th e  h in d  leg s . T h e  e lo n g a te d  h a ir s  o f  p e c te n  o n  th e  h in d  le g  a re  u s e d  to  
r e m o v e  p o l le n  f ro m  th e  b ru s h  o f  th e  o p p o s ite  leg . T h e  a u r ic le  (p o lle n  
p a c k e r )  is  u s e d  to  p re s s  th e  p o l le n  in to  a  p o l le n  b a s k e t  w h e n  th e  le g  jo i n t  is 
f le x e d  b a c k . (A f te r  H ic k m a n  e t a l., 1 9 9 3 ).
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T h is  g e n u s  c o n s is ts  o f  9 sp e c ie s  w h ic h  a re  h ig h ly  d iv e rse  in  
m o rp h o lo g y , b e h a v io u r  a n d  d is tr ib u tio n  (F ig u re  2 .3 )  (R u ttn e r , 1988; 
O 'T o o le  a n d  R a w , 1999). T h e y  c a n  b e  d iv id e d  in to  th re e  g ro u p s ; th e  d w a r f  
h o n e y  b e e s , th e  g ia n t h o n e y  b ee s  a n d  th e  c a v ity -n e s tin g  h o n e y  b ees .

1. D w a r f  H o n e y  B e es
1.1 Y e llo w  d w a r f  h o n e y  b ee  : A .  f l o r e a  F a b r ic iu s  1787
1.2 B la c k  d w a r f  h o n e y  b e e  : A .  a n d r e n i f o r m i s  (S m ith , 1858)

2. G ia n t H o n e y  B e e s
2.1 G ia n t h o n e y  b ee  : A .  d o r s a t a  F a b ric iu s  1793
2 .2  R o c k  h o n e y  b ee  ะ A .  l a b o r i o s a  F . S m ith  1871

3. C a v ity -n e s tin g  H o n e y  B e e s
3.1 E u ro p e a n  o r w e s te rn  h o n e y  b e e s  : A .  m e l l i f e r a  L in n e a u s  1758
3 .2  E a s te rn  h o n e y  b ee s  : A .  c e r a n a  F a b r ic iu s  1798
3.3 A .  n i g r o c i n c t a  S m ith  (1 8 6 1 )
3 .4  A .  k o s h e v n i k o v i  B u tte l-R e e p e n  1906
3 .5  A .  n u l u e n s i s

C a v ity  n e s tin g  sp e c ie s  c o n s tru c t m u ltip le -c o m b  n e s ts  in s id e  
c a v itie s . T h e y  a re  c o m m o n ly  fo u n d  in s id e  c a v e s  o r c o n c e a le d  sp a ce s  su ch  
as u n d e r  ro o fs , tre e  h o llo w s  o r in s id e  b u ild in g s . T h ey  a re  d is tr ib u te d  ac ro ss  
a  v a s t g e o g ra p h ic  ra n g e  in  tro p ic a l, su b tro p ic a l a n d  te m p e ra te  a reas . A .  

m e l l i f e r a  is c o m m e rc ia l  sp e c ie s  a n d  h a s  b e e n  in tro d u c e d  w o rld -  w id e . A .  

m e l l i f e r a  a n d  A .  c e r a n a  a re  c lo se  re la tiv e s  a n d  th e y  a re  v e ry  s im ila r  sp e c ie s  
fo r w h ic h  n o  p re -m a tin g  b a rr ie r  e x is ts  (R u ttn e r , 1988).
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F ig u re  2 .3  D is t r ib u t io n  o f  h o n e y  b e e s  in  th e  g e n u s  A p i s  (A d a p te d  fro m  
G o u ld  a n d  G o u ld , 1 9 8 8 ).
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B o th  d w a r f  h o n e y  b e e s  a n d  g ia n t  h o n e y  b ees  a re  o p e n -a ir  n e s tin g  
sp e c ie s  w h ic h  p ro d u c e  s in g le  co m b . T h e y  are  re s tr ic te d  to  th e  tro p ic s  and  
su b tro p ic s  d u e  to  th e ir  n e s tin g  h ab it. A .  f l o r e a  an d  A .  a n d r e n i f o r m i s  a re  
sm a lle r  in  th e ir  b o d y  s ize  a n d  c o lo n y  s iz e  th a n  th e  o th e r  sp e c ie s  . T h e y  a re  
c o m m o n ly  fo u n d  n e s tin g  o n  tre e  b ra n c h e s . P o ss ib ly  b e c a u s e  o f  h e a v y  
d e fo re s ta t io n  in  T h a ila n d , A .  f l o r e a  a re  n o w  o c c a s io n a lly  fo u n d  n e s tin g  in  
h u m a n  d w e llin g s . A .  a n d r e n i f o r m i s  is m o re  s tr ic t in  its  n e s t  s ite  
re q u ire m e n ts , th e y  a re  o n ly  fo u n d  in  d e n se  b u sh  and  in  l im ite d  a re a s  (p e rs . 
o b s .) . T h e  a rc h ite c tu re  o f  th e  c o m b s  o f  th e se  tw o  sp e c ie s  is  d if fe re n t  an d  
c a n  b e  u s e d  to  d is t in g u is h  th e m  (R in d e re r  e t a l., 1996).

A .  d o r s a t a  a n d  A .  l a b o r i o s a  a re  th e  la rg e s t h o n e y  b ee s . A .  l a b o r i o s a  

re s tr ic te d  to  m o u n ta in o u s  a re a s  o f  th e  H im a la y a s . T h e y  c o n s tru c t  la rg e  
s in g le  c o m b s  o n  tre e s , c liffs  o r  ta ll  b u ild in g s . T h ey  a re  v e ry  a g g re s s iv e  an d  
p e r fo rm  m a ss  a t ta c k  w h e n  c o lo n ie s  a re  d is tu rb e d  fro m  in tru d e rs . 
A g g re g a t io n  o f  c o lo n ie s  a n d  se a so n a l m ig ra tio n  o f  A .  d o r s a t a  a re  c o m m o n .

2.1.2. Phylogeny of A p i s

T h e  p h y lo g e n y  o f  th e  g e n u s  A p i s  (F ig u re  2 .4 ) is s im p le . A .  f l o r e a  

a n d  A .  a n d r e n i f o r m i s  a re  b e lie v e d  to  b e  th e  le a s t d e r iv e d  fo rm in g  a  c lo se ly  
re la te d  b a sa l g ro u p . A .  d o r s a t a  a n d  A .  l a b o r i o s a  fo rm  a  s is te r  c la d e  to  th e  
d w a r f  h o n e y  b ee s . In  c a v ity  n e s tin g  h o n e y  b ee s , A .  m e l l i f e r a  is  a  s is te r  
c la d e  to  A .  c e r a n a  w h ic h  is p ro b a b ly  p a ire d  w ith  A .  k o s c h e v n i k o v i ,  A .  

ท น l u e n s i s  an d  A .  n i g r o c i n c t a  (A le x a n d e r , 1991).
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F ig u re  2 .4  C la d o g ra m  o f  th e  g en u s  A p i s  w ith  re c o n s tru c tio n s  o f  
re p ro d u c tiv e  b e h a v io u ra l  tra its  (A d a p te d  fro m  P a lm e r  a n d  O ld ro y d , 2 0 0 0 ).
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2.1.3. Giant Honey Bees: A .  d o r s a t a

T h e  g ia n t  h o n e y  b ee  is d is tr ib u te d  fro m  th e  In d ia n  su b c o n tin e n t to  
so u th -e a s t  A s ia . I t  is  ty p ic a lly  fo u n d  in su b tro p ic a l re g io n s  a n d  h ig h  
la ti tu d e  a re a s  su c h  as n o r th  o f  In d ia , V ie tn a m , so u th  o f  C h in a  (R u ttn e r , 
1988). In  T h a ila n d , th is  sp e c ie s  is fo u n d  th ro u g h o u t th e  c o u n try . I t  is  w e ll 
k n o w n  fo r its  la rg e  in  b o d y  s iz e  and  n e s t s ize . U n lik e  A .  m e l l i f e r a ,  

d if fe re n c e s  in  b o d y  s iz e  a m o n g  th e  ca s te s  a re  sm all. W in g  le n g th  in  d ro n e s  
is g re a te r  th a n  in  w o rk e rs  b u t h e a d  w id th  is sm a lle r . T h e  se a le d  d ro n e  a n d  
w o rk e r  c e lls  h a v e  fla t c a p p in g  w h ic h  a re  d if fe re n t fro m  th e  o th e r  sp e c ie s . 
T o  m a in ta in  th e  re s is ta n c e  in  lo w e r  te m p e ra tu re  a n d  h ig h  la ti tu d e  a re a s , 
w h e re  th is  sp e c ie s  is  c o m m o n ly  fo u n d  su c h  as in  th e  N o r th  o f  In d ia , th e  
b o d y  s iz e  m u s t b e  e n la rg e d  a n d  th e  b o d y  h a ir  is  c o m p a ra tiv e ly  lo n g  
(R u ttn e r , 1988).

T h is  sp e c ie s  c o n s tru c t th e ir  e n o rm o u s  n e s ts  in  in a c c e s s ib le  p la c e s  
a n d  a tta c k  in tru d e rs  e n  m a s s e .  T h e se  g ro u p  a tta c k s  m a y  in c lu d e  th o u s a n d s  
o f  b ee s  (G o u ld  a n d  G o u ld , 1988).

A g g re g a te d  c o lo n ie s  o f  th is  sp e c ie s  a re  c o m m o n ly  fo u n d  (S e e le y , 
S ee ley  a n d  A k ra ta n a k u l, 1982; D y e r  an d  S ee ley , 1994). C o lo n y  te n d s  to  
a g g re g a te  as  g ro u p s  an d  n e s t o n  a  s in g le  tre e  (K o e n ig e r  a n d  K o e n ig e r , 
1980). In  A lo r  S e ta r, n o r th  o f  p e n in su la r  M a la y s ia , O ld ro y d , O s b o rn e  an d  
M a rd a n  (2 0 0 0 )  o b se rv e d  120 A . d o r s a t a  c o lo n ie s  a g g re g a te d  o n  a  s in g le  
tre e . W o n g s ir i  e t al. (1 9 9 6 ) a lso  fo u n d  6 9  c o lo n ie s  n e s te d  o n  a  b e e  tre e  
( K o m p a s s i a  a l a c c e n s i s ) in  M a e  H o n g  S o n  p ro v in c e  in  n o r th e rn  T h a ila n d  
a n d  I h a v e  p e rso n a lly  seen  14 c o lo n ie s  o n  a s in g le  tre e  in  N a n  p ro v in c e , 
n o r th  o f  T h a ilan d .
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S e a so n a l m ig ra tio n  is a  fa m ilia r  b e h a v io u r  o f  A .  d o r s a t a .  T h e  
d is ta n c e  o f  m ig ra tio n  m a y  b e  u p  to  2 0 0  k m  (K o e n ig e r  a n d  K o e n ig e r , 1980; 
D y e r  a n d  S ee ley , 1 994). In  T h a ila n d , c o lo n ie s  o f  A .  d o r s a t a  a rr iv e  a t 
n e s tin g  s ite s  (su c h  as tre e s , h u m a n  b u ild in g s , c liffs ) , m o s tly  a d ja c e n t to  
a g r ic u ltu ra l a re a s , in  N o v e m b e r-D e c e m b e r . T h is  is th e  p e a k  b lo o m in g  
p e r io d  in  th e s e  a reas , a n d  th e re fo re  th e  fo ra g e  is a b u n d a n t. N e w ly -a r r iv e d  
sw arm s  fo u n d  c o lo n ie s , fo ra g e  a n d  re p ro d u c e  u n til  th e  b e g in n in g  o f  ra in y  
se a so n  (M a y -Ju n e ) . In  th e  ra in y  se a so n  a lm o s t o f  a ll c o lo n ie s  m ig ra te , 
a lm o s t c e r ta in ly  to  fo re s t a re a s  a n d  c o m e  b a c k  a g a in  in  su b s e q u e n t d ry  
se a so n  (W o n g s ir i-p e rs .c o n t.,  P iy a p ic h a r t-p e rs .c o n t.,  a n d  p e rs .o b s ) . T h e  
se le c tiv e  fo rc e s  fo r th is  se a so n a l m ig ra tio n  a re  s till a m b ig u o u s . H o w e v e r, 
p re d a tio n  b y  p a ra s ite s  a n d  d ise a se s  is p ro b a b ly  o n e  o f  th e  s e le c tio n  
p re s su re s  o n  a ll tro p ic a l h o n e y  b e e s  in c lu d in g  th e  g ia n t h o n e y  b e e  (R u ttn e r , 
1988). In fe s ta tio n  b y  p a ra s it ic  m ite s , T r o p i l a e l a p s  sp . is u s u a l ly  fo u n d  
w h e n  c o lle c tin g  A .  d o r s a t a  c o lo n ie s  e sp e c ia lly  w h e n  c o lo n ie s  a re  fu lly - 
g ro w n  (p e rs .o b s .) . In  a d d itio n , fo o d  re s o u rc e s  a v a ila b le  m a y  p a y  a n o th e r  
im p o r ta n t  ro le  in  th e  se le c tiv e  fo rc e  fo r  its  m ig ra tio n  (F ig u re  2 .5 ).
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F ig u re  2 .5  G ia n t h o n e y  b ees; A .  d o r s a t a .

a )  . A .  d o r s a t a .

b )  . C o lo n y  o f  A  d o r s a t a  n e s ts  o n  th e  tre e .
c )  . C o lo n y  o f  A  d o r s a t a  n e s ts  o n  th e  b u ild in g .
d )  . A g g re g a te d  co lo n ie s  o f  A .  d o r s a t a  n e s t o n  th e  w a te r  to w er.
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2.1.4. Mating Behaviour of A .  d o r s a t a .

In  A .  m e l l i f e r a ,  d ro n e s  ta k e  th e ir  f irs t  f lig h t, an  o r ie n ta t io n  flig h t, 
a b o u t f iv e  to  e ig h t d ay s  a f te r  e m e rg e n c e  fro m  c e lls  (R u ttn e r , 1 966 ). T h e  
firs t  q u e e n  m a tin g  flig h t in  A .  m e l l i f e r a  b e g in s  w h e n  th e y  a re  te n  d ay s  o ld . 
T h is  f l ig h t  la s ts  u p  to  30  m in u te s  ( พ ith e re ll, 1971). T h e  d e s tin a t io n  o f  th e  
m a tin g  f l ig h t  in  h o n e y  b ee s  is a  sp e c ific  p la c e  c a lle d  a  D r o n e  C o n g r e g a t i o n  

A r e a  (D C A ) w h ic h  a p p e a rs  to  b e  sp e c ie s -sp e c if ic . D C A s  a re  v a r ia b le  
a c c o rd in g  to  sp e c ie s  a n d  d if fe re n c e s  in  g e o g ra p h y . In  A .  m e l l i f e r a ,  

p h y s io g ra p h y  h as  an  im p o r ta n t  in f lu e n c e  o n  f ly in g  d ro n e s  a n d  q u e e n s  
(P e c h h a c k e r , 1994). In  tw o  o th e r  sp e c ie s  o f  c a v ity -d w e ll in g  h o n e y  b e e s , A .  

c e r a n a  a n d  A .  k o s c h e v n i k o v i ,  th e  D C A s  se e m s  to  b e  v a r ia b le  w ith in  
sp e c ie s , b u t  m o s tly  th e y  o c c u r  in  th e  o p e n  a ir  n e a rb y  tre e s  a n d  u n d e r  th e  
th ic k  c o v e r  o f  tre e s , re sp e c tiv e ly . T h e  D C A s  o f  A .  d o r s a t a  o b s e rv e d  in  
B o rn e o  a re  fo u n d  u n d e r  th e  c a n o p y  o f  ta ll e m e rg e n t tre e s  a t  th e  h e ig h t  10- 
35 m  a b o v e  th e  g ro u n d  d e p e n d in g  o n  th e  s ize  o f  th e  tre e . A .  d o r s a t a  D C A s  
se e m  to  b e  fo u n d  a t sh o r t d is ta n c e s  fro m  c o lo n ie s  (K o e n ig e r  e t  a h , 1994).

T h e  tim e  o f  d ro n e  flig h t o f  sy m p a tr ic  h o n e y  b ee  s p e c ie s  w ere  
d is c u s s e d  b y  K o e n ig e r  a n d  K o e n ig e r  (2 0 0 0 ). M a tin g  tim e  s e e m s  to  p ro v id e  
a  m a jo r  b e h a v io u ra l  b a r r ie r  e n h a n c in g  re p ro d u c tiv e  iso la tio n . O b s e rv a tio n s  
o f  A .  d o r s a t a  in  S ri L a n k a  sh o w e d  th a t  th e  m a tin g  flig h t ta k e s  p la c e  sh o rtly  
a f te r  d u s k  a n d  la s ts  le ss  th a n  1 h o u r  (K o e n ig e r  a n d  W ija y a g u n a s e k e ra , 
1976). In  T h a ila n d , R in d e re r  e t a l (1 9 9 3 ) o b se rv e d  d ro n e  f l ig h t  o f  A .  

d o r s a t a  a n d  fo u n d  th a t  d ro n e s  tak e  m a tin g  flig h t a f te r  su n s e t b e tw e e n  a b o u t
18.45 h  a n d  19 .00  h. N e a r ly  a ll d ro n e s  ta k e  th e  m a tin g  flig h t 
s im u lta n e o u s ly . T h e  n u m b e r  o f  d ro n e s  f ly in g  fro m  c o lo n ie s  is h ig h e s t  a t th e  
m id d le  o f  m a tin g  flig h t p e r io d . A  s im ila r  p a tte rn  w as  o b se rv e d  in  B o rn e o  
(K o e n ig e r  e t ah , 1994).
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T h e  m a tin g  f lig h t o f  A .  d o r s a t a  q u e e n s  is sh o r te r  th a n  th a t  o f  th e  
m a les . Q u e e n s  re tu rn  fro m  m a tin g  flig h ts  a f te r  a b o u t 10 m in u te s  (R in d e re r  
e t ah , 1993 ; K o e n ig e r  e t a h , 1994). T h is  b r ie f  m a tin g  p e r io d  is s im ila r  to  
th o se  o b se rv e d  in  o th e r  sp e c ie s : A .  f l o r e a ,  A .  a n d r e n i f o r m i s , A .  

k o s c h e v n i k o v i  a n d  A .  m e l l i f e r a  ( re v ie w e d  in  K o e n ig e r  a n d  K o e n ig e r , 2 0 0 0 ).

P h e ro m o n e s  re le a se d  b y  v irg in  q u e e n s  a ttra c t f ly in g  d ro n e s . T h e se  
se x au l s ig n a ls  a re  p ro d u c e d  fro m  q u e e n ’ร m a n d ib u la r  g la n d s  a n d  th e  m a in  
c o m p o n e n t is  a s  (£ ) -9 -o x o -2 -d e c e n o ic  a c id  (9 -O D A ) (C a llo w  a n d  J o h n s to n  
(1 9 6 0 ) re v ie w e d  in  K o e n ig e r  a n d  K o e n ig e r , 2 0 0 0 ). T h is  sex  a t tra c ta n t  is 
a lso  fo u n d  in  A .  m e l l i f e r a ,  A .  c e r a n a ,  A .  f l o r e a ,  an d  A .  d o r s a t a .  T h e  
q u a n tity  o f  9 -O D A  in  A .  m e l l i f e r a ,  A .  d o r s a t a  a n d  A. c e r a n a  a re  s im ila r  a t 
1 5 0 -3 0 0  p g  (re v ie w e d  in  K o e n ig e r  a n d  K o e n ig e r , 2 0 0 0 ).

2.2 Relevant Theories
2.2.1 Kin Selection

C o n s id e r in g  k in  s e le c tio n  th e o ry , f itn e ss  c an  b e  d e f in e d  as  th e  
re la t iv e  a b il ity  o f  a n y  p a r tic u la r  g e n o ty p e  to  su rv iv e  a n d  re p ro d u c e . 
In c lu s iv e  f i tn e ss  c a n  b e  d e f in e d  as;

In c lu s iv e  f i tn e ss  =  p e rso n a l f i tn e ss  (d ire c t)  +  in d ire c t f itn e ss

(H a m ilto n , 1964)

D ire c t  f i tn e ss  is th e  n u m b e r  o f  o ffsp rin g  o f  an  in d iv id u a l re la t iv e  to  
th e  p o p u la tio n  a v e ra g e , w h ile  in d ire c t f itn e ss  is a  fu n c tio n  o f  th e  n u m b e r  o f  
o ffsp r in g  o f  re la tiv e s  c o rre c te d  fo r  re la te d n e ss . T h u s , an  in d iv id u a l m a y  
in d ire c tly  in c re a se  its  in c lu s iv e  f i tn e ss  b y  h e lp in g  re la tiv e s  to  in c re a se  th e ir
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re p ro d u c tiv e  su c ce ss , e v e n  i f  th is  re d u c e s  p e rso n a l re p ro d u c tio n  (H a m ilto n , 
1964). T h u s , se le c tio n  can  ac t to  in c re a se  th e  f re q u e n c y  o f  a lle le s  w h ic h  
re d u c e  p e rso n a l re p ro d u c tio n , p ro v id e d  th a t  th e re  is a  c o m p e n s a tin g  
in c re a se  in  th e  re p ro d u c tiv e  su c c e ss  o f  re la tiv e s . T h is  p h e n o m e n o n  h as  
b e e n  te rm e d  “ k i n  s e l e c t i o n ” , to  d is t in g u is h  it fro m  d ire c t  se le c tio n  o n  
in d iv id u a ls  (M a y n a rd  S m ith , 1964).

T h e  m e c h a n ism  o f  sex  d e te rm in a tio n  in  H y m e n o p te ra n s  (d ip lo id  
fe m a le s  an d  h a p lo id  m a le s )  is th o u g h t to  h a v e  p a r tic u la r ly  fa v o u re d  k in  
se le c tio n  as a  p o w e rfu l e v o lu tio n a ry  fo rce . F e m a le s  a re  m o re  re la te d  to  
th e ir  fu ll- s is te rs  ( r  =  0 .7 5 ) th a n  th e ir  o w n  o ffsp r in g  ( r  =  0 .2 5 ). In  
m o n a n d ro u s  (q u ee n  is m a te d  o n c e ) c o lo n ie s , a lle le s  fa v o u r in g  w o rk e r  
s te r i li ty  a n d  e u so c ia lity  can  in c re a se  in  f re q u e n c y  d u e  to  th e  e ffe c ts  o f  k in  
s e le c tio n . H o w ev e r, in  p o ly a n d ro u s  (q u e e n  m a te s  m o re  th a n  tw ic e )  
c o lo n ie s ,  w o rk e rs  a re  m o re  re la te d  to  th e ir  o w n  o ffsp r in g  th a n  th a t  o f  th e  
q u e e n . A sy m m e tr ic a l re la t io n sh ip s  c a u se d  b y  m u ltip le  m a tin g  o f  th e  q u e e n  
c a n  le a d  to  c o n flic ts  o f  in te re s t b e tw e e n  in d iv id u a ls  o v e r  w h ic h  o f  th e m  
sh o u ld  re p ro d u c e . T h is  re d u c e s  th e  k in -se le c tiv e  b e n e f i ts  o f  so c ia l  life . T h e  
m a in te n a n c e  o f  eu so c ia l b e h a v io u r  a f te r  th e  e v o lu tio n  o f  p o ly a n d ry  m a y  be 
e x p la in e d  b y  th e  b e n e fits  g a in e d  b y  in d iv id u a ls  i f  th e y  s till  liv e  so c ia lly  
(O ld ro y d  e t ah , 1996).

2.2.2 Sex Determination

In  th e  H y m e n o p te ra n , sex  d e te rm in a tio n  c o m b in e s  m a le -h a p lo id y  
w ith  a rrh e n o to k y  in  w h ic h  m a le s  a re  d e r iv e d  fro m  u n fe r ti l is e d  e g g s  (ท= 1 6 )  
a n d  fe m a le s  fro m  fe rti lise d  eg g s  (2 n = 3 2 ) (F ig u re  1.1, C h a p te r  1). M a le s  a re  
h a p lo id , th e ir  g e rm  lin e  n u c le i c o n ta in in g  h a l f  th e  n u m b e r  o f  c h ro m o so m e s  
th a n  a re  p re se n t in th e  c o rre sp o n d in g  d ip lo id  n u c le i o f  th e  fe m a le .
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H o w e v e r, in  m o s t in se c ts , fo r e x a m p le  h o n e y  b ees , so m e  o f  th e  so m a tic  
tis su e s  e x h ib it  h ig h  le v e ls  o f  e n d o p o ly p lo id y  so  th a t h a p lo id  m a le s  h av e  
a b o u t th e  sam e  a m o u n t o f  D N A  as fe m a le s  in  so m e o f  th e ir  so m a tic  tis su e s . 
T h is  is  b e c a u se  th e  n u c le i o f  th e  m a le  u n d e rg o e s  c o m p e n sa to ry  e n d o m ito s is  
so  th a t  th e  eq u a l a m o u n ts  o f  D N A  a re  p re se n t (H o y , 1994). A  s in g le  m u lti-  
a lle lic  lo cu s  c o n tro ls  sex  d e te rm in a tio n . In d iv id u a ls  h e te ro z y g o u s  at th is  
lo cu s  a re  fe m a le  w h ile  h o m o z y g o te s  o r h e m iz y g o te s , (w ith  a  s in g le  a lle le  a t 
th e  sex  lo c u s) d e v e lo p  in to  m a le s  (A d a m s  e t ah , 1977). H o w e v e r , in  h o n e y  
b ees , h o m o z y g o u s  d ip lo id  m a le s  a re  e a te n  b y  w o rk e rs  a t an  e a r ly  s ta g e  so  
n o t m u c h  e n e rg y  h a s  b e e n  in v e s te d  in  th e  d y in g  la rv a e  (P a m ilo , 1991; 
C ro z ie r  an d  P am ilo , 1996).

S ex  d e te rm in a tio n  v ia  m a le -h a p lo id y  in  H y m e n o p te ra  e n a b le s  
re p ro d u c tiv e  fe m a le s  to  f le x ib ili ty  to  c o n tro l th e  sex  o f  th e ir  o ffsp rin g . 
R e p ro d u c tiv e  fe m a le s  (q u e e n s )  c a n  p ro d u c e  b o th  re p ro d u c tiv e  h a p lo id  
m a le s  (d ro n e s)  a n d  n o n -re p ro d u c tiv e  d ip lo id  fe m a le s  (w o rk e rs )  b y  
c o n tro ll in g  fe r ti lisa tio n  o f  eg g s . T h e  sp e rm a th e c a l v a lv e  o f  th e  q u e e n  c a n  
b e  o p e n e d  o r  c lo se d  in  o rd e r  to  re le a se  o r  re ta in  sp e rm a to z o a  (R a tn ie k s  a n d  
K e lle r , 1998).

A n  e x c e p tio n  to  th is  re p ro d u c tiv e  sy s tem  h as  b e e n  o b se rv e d  in  th e  
c ap e  h o n e y  b ee  ( A .  m e l l i f e r a  c a p e n s i s ) .  W o rk e rs  o f  th is  s u b s p e c ie s  a re  ab le  
to  p ro d u c e  fe m a le  o ffsp rin g  v ia  a u to m ic tic  fe r ti lisa tio n  o f  th e  e g g s  
( th e ly to k o u s  p a r th e n o g e n e s is ) . T h e se  eg g s  a re  re a re d  to  a d u lth o o d  an d  
b e in g  a  p a r t  o f  c o lo n y  m e m b e rs  (G re e ff , 1996 ; M o ritz , K ry g e r  a n d  A llso p p , 
1999).
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2.2.3 Polyandry

P o ly a n d ry  is w id e sp re a d  in  eu so c ia l in se c ts  a n d  h as  th e  e ffe c t  o f  
lo w e rin g  in tra -c o lo n ia l g en e tic  re la te d n e ss . B e c a u se  m o n a n d ry  an d  
h a p lo d ip lo id y  h a v e  b e e n  c o n s id e re d  as  k ey  fa c to rs  fa c ili ta tin g  th e  e v o lu tio n  
o f  e u so c ia lity , th e  o c c u rre n c e  o f  p o ly a n d ry  h as  b e e n  a c e n tra l o f  in te re s t. 
S ev e ra l h y p o th e s e s  h av e  b ee n  p u rp o se d  to  e x p la in  th e  o c c u rre n c e  o f  
p o ly a n d ry  in  e u so c ia l h y m e n o p te ra n  in sec ts . G e n e tic  v a r ia n c e  h y p o th e s e s  
(G V ) h a v e  b e e n  re g a rd e d  as th e  m o s t p la u s ib le  e x p la n a tio n s  o f  th e  e x tre m e  
le v e ls  o f  p o ly a n d ry  in  th e  g e n u s  A p i s  (K e lle r  and  R e ev e , 1994 , re v ie w e d  by  
P a lm e r  a n d  O ld ro y d , 2 0 0 0 ). T h e se  h y p o th e se s  p ro p o se  th a t  m u ltip le  m a tin g  
b y  q u e e n  in c re a se s  in tra -c o lo n ia l g en e tic  v a r ia n c e  an d  th a t  th is  in c re a se s  
c o lo n y  f itn e ss . T h e  G V  h y p o th e se s  a re  o f  tw o  b ro a d  ty p e s . T h e  f irs t  g ro u p  
su g g e s ts  th e  m e c h a n is m  o f  sex  d e te rm in a tio n  sy s tem  (h a p lo d ip lo id y )  
p la c e s  a  g e n e tic  lo a d  o n  c o lo n ie s  th a t  can  b e  m itig a te d  b y  m u ltip le  m a tin g  
(P a g e  1980; P a g e  an d  M e tc a lf  1982) an d  c o n flic t  b e tw e e n  q u e e n s  an d  
w o rk e rs  o v e r  se x  ra tio s  (M o ritz , 1985). T h e  se c o n d  g ro u p  su g g e s ts  th a t  
v a r ia t io n  in  w o rk e r  g e n o ty p e s  in c re a se s  c o lo n y  f itn e ss  b y  in c re a s in g  
o p p o rtu n itie s  fo r  ta s k  sp e c ia lisa tio n , an d  b y  c o n fe r in g  d ise a se  re s is ta n c e  
( re v ie w e d  in  P a lm e r  an d  O ld ro y d , 2 0 0 0 ). A  p la u s ib le  se q u e n c e  o f  th e  
e v o lu tio n  to  e x tre m e ly  h ig h  le v e ls  o f  p o ly a n d ry  is sh o w n  in  F ig u re  2 .6 .
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Selective Force
M o n a n d ry

G en e tic  lo ad  fro m  sex  lo c u s
▼

O lig o a n d ry

▼  Q u e e n -w o rk e r  c o n flic t  o v e r  se x  ra tio s  

P o ly a n d ry

P a ra s ite s  and  p a th o g e n s  
T a sk  sp e c ia liz a tio n
H o m e o s ta s is  in  a  v a r ia b le  e n v iro n m e n t

▼
E x tre m e  p o ly a n d ry

F ig u re  2 .6  P la u s ib le  e v o lu tio n  o f  e x tre m e  p o ly a n d ry  in  th e  g e n u s  A p i s  

(A fte r  P a lm e r  a n d  O ld ro y d , 2 0 0 0 ).

2.2.4 Relatedness

T h e  h a p lo d ip lo id  sy s tem  o f  sex  d e te rm in a tio n  in  H y m e n o p te ra  
in se c ts  c a u se s  h ig h  re la te d n e ss  a m o n g  w o rk e rs . H o w e v e r  p o ly a n d ry  
(m u ltip le  m a tin g )  o r  p o ly g y n y  (m u ltip le  q u e e n s ) is  n o rm a l in  m a n y  
eu so c ia l h y m e n o p te ra . an d  c a u se s  a  re d u c tio n  o f  th e  re la te d n e s s  a m o n g  
o ffsp rin g . T h e re fo re , th e  re la te d n e ss  o f  o ffsp rin g  is d iv e rse  a n d  v a r ie s  
a c c o rd in g  to  th e  n u m b e r  o f  m a le s  th a t  th e  q u e e n  m a tes .
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T h e  re la te d n e s s  is d e f in e d  b y  W r ig h t ’ร C o e f f ic ie n t  o f  r e la te d n e s s  
(r). It is th e  p ro p o r t io n  th a t  tw o  in d iv id u a ls  sh a re  id e n tic a l  a l le le s .  T h is  
re la te d n e s s  in  p o ly a n d ry  h y m e n o p te ra n ,  i.e . h o n e y  b e e s , c a n  b e  d e f in e d  by:

r  =  ( (j) +  4>’ ) /2

W h e re  : (j) =  p ro b a b il i ty  th a t  in  tw o  in d iv id u a ls  th e  p a te rn a l
a lle le  is  id e n tic a l.

(j)’ =  p ro b a b il i ty  th a t  in  tw o  in d iv id a u ls  th e  m a te rn a l  a l le le  is  
id e n tic a l.

I f  th e re  is n o  p a te rn a l  r e la t io n s h ip , (j) =  0

I f  th e re  is n o  m a te rn a l  r e la t io n s h ip , (J)’ =  0

T h e  p e d ig r e e  a n d  re la t io n s h ip  b e tw e e n  in d iv id u a ls  in  a  p o ly a n d ro u s  
h y m e n o p te ra n  c o lo n y  s h o w e d  in  F ig u re  2 .6  (H a m ilto n , 1 9 6 4  ; C ro z ie r  a n d  
P a m ilo , 1 9 9 6 ).

In  h o n e y  b e e s , r e la te d n e s s  a m o n g  w o rk e rs  v a r ie s  a c c o rd in g  to  th e ir  
p a te rn i ty  (F ig u re  2 .7 ) . O f fs p r in g  o f  th e  sa m e  fa th e r  a re  r e la te d  to  e a c h  o th e r  
a s  s u p e r -s is te r s  ( r  =  0 .7 5 ) , w h i le  o f f s p r in g  o f  d if fe re n t  fa th e rs  a re  r e la te d  as 
h a lf - s is te r s  ( r  =  0 .2 5 )  W o rk e rs  re la te d n e s s  to  th e ir  b ro th e rs  ( q u e e n ’s s o n )  is
0 .2 5 . H o w e v e r ,  i f  w o rk e rs  p ro d u c e  th e i r  o w n  m a le  p ro g e n y  (w h ic h  a re  
h a p lo id ) ,  th e y  a re  r e la te d  to  th e m  b y  r  =  0 .5 , w h ic h  is g re a te r  th a n  th e i r  
r e la te d n e s s  to  s o n s  o f  a  s u p e r - s is te r  { r  -  0 .3 7 5 ) , so n s  o f  th e  q u e e n  ( r  =

0 .2 5 ) , o r  s o n s  o f  a  h a lf - s is te r  ( r  =  0 .1 2 5 ) . A v e ra g e  re la te d n e s s  b e tw e e n  
p a ir s  o f  w o rk e rs ,  i f  c h o s e n  b y  ra n d o m , a p p ro a c h e s  r  =  0 .2 5  a s  th e  n u m b e r  
o f  s u b fa m il ie s  in c re a s e s  w ith in  a c o lo n y  (P a g e  a n d  E r ic k s o n , 1 9 8 8 ; 
R a tn ie k s , 1 9 8 8 ; R a tn ie k s  a n d  V is s c h e r , 1 98 9 ; C ro z ie r  a n d  P a m ilo , 1 9 9 6 ).
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D - W l - 1  D - W l - 2  D - W 2  D - W 3

F ig u re  2 . 1  P a re n ta g e  a n d  re la te d n e s s  o f  w o rk e rs  in  a  c o lo n y  o f  h o n e y  b e e s . 
A , B , c ,  D , a n d  E  re p re s e n te d  g e n o ty p e  c a r r ie d  b y  e a c h  b e e s . T h e  
r e la te d n e s s  a m o n g  in d iv id u a l  b e e s  re p re s e n te d  b y  r  w h ic h  v a r ie s  a c c o rd in g  
to  p a te rn ity . W o rk e r  W l - 1  a n d  W l - 2  a re  s u p e r -s is te r  as  th e y  a re  d a u g h te r s  
o f  th e  s a m e  f a th e r  { D l ) .  W l - 1  a n d  W l - 2  a re  re la te d  to  พ 2  a n d  พ 3  a s  h a lf -  
s is te rs . D - W l - 1 ,  D - W l - 2 ,  D - W 2  a n d  D - W 3  a re  w o rk e r  p ro d u c e d  m a le s .
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2 .2 .5  Q u e e n - w o r k e r  C o n f l ic t

M u ltip le  m a tin g  in  e u so c ia l in se c ts  lo w ers  re la te d n e ss  b e tw e e n  
w o rk e rs  an d  re su lts  is a sy m m e tric a l re la tio n sh ip s  a m o n g  o ffsp rin g . In  o rd e r  
to  m a x im is e  p e rso n a l D a rw in ia n  fitn e ss , w o rk e rs  sh o u ld  p re fe ra b ly  
re p ro d u c e  th e ir  o w n  m a le  o ffsp rin g  ( r  =  0 .5 ) in s te a d  o f  c a r in g  th e  m a le  
o ffsp rin g  o f  o th e r  w o rk e rs  ( r  =  0 .3 7 5  o r 0 .1 2 5 ). H o w e v e r, i f  a  la rg e  
p ro p o r tio n  o f  w o rk e rs  lay  eg g s , th e  c o n se q u e n c e  o f  th e  c o lo n y  m a y  b e  
se rio u s  (M o n ta g u e  a n d  O ld ro y d , 1998 , B a rro n , O ld ro y d  a n d  R a tn ie k s , in  
p re ss) . T h e re fo re , th e  c o m p ro m is in g  in  e v o lu tio n  o f  e u s o c ia lity  is  th a t  
w o rk e rs  re a r  c lo se  re la tiv e s , th e ir  b ro th e rs  (th e  q u e e n ’s so n s ) fo r  w h ic h  r  =
0 .25  (R a tn ie k s , 1988).

2 .2 .6  W o r k e r  p o l ic in g

W o rk e r  p o lic in g  is su g g e s te d  as th e  m e c h a n is m  b y  w h ic h  
p o ly a n d ro u s  in se c ts  d ea l w ith  lo w e r  re la te d n e ss  a m o n g  o ffsp rin g . Q u e e n s  
in  th e  g e n u s  A p is  a re  p o ly a n d ro u s , so  m o s t o f  p ro g e n y  a re  h a lf - s is te rs . 
T h e re fo re , w o rk e rs  a re  m o re  c lo se ly  re la te d  to  th e ir  m o th e r  (q u e e n )  th a n  
th e y  a re  to  th e ir  s is te rs . B e c a u se  w o rk e rs  a re  o n ly  d is ta n tly  re la te d  to  th e  
so n s  o f  o th e r  w o rk e rs  ( r  =  0 .1 2 5 ) w o rk e rs  sh o u ld  p re fe r  to  c a re  fo r  th e ir  
c lo se r  re la tiv e s , i.e . b ro th e rs  w ith  r  =  0 .2 5 . W o rk e rs  p re v e n t e a ch  o th e r  
fro m  re p ro d u c in g  v ia  o o p h a g y  o f  w o rk e r- la id  eg g s  a g g re ss iv e  b e h a v io u r  
to w a rd s  la y in g  w o rk e rs  (o r d e v e lo p in g  o v a rie s  w o rk e rs )  (V is s h e r  a n d  
D u k a s , 1995).
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2 .3  G e n e t ic  M a r k e r s

M o le c u la r  g en e tic  te c h n iq u e s  p ro v id e  p o w e rfu l to o ls  fo r  th e  s tu d y  
o f  in se c t b io lo g y , e c o lo g y  a n d  p o p u la tio n  g en e tic s . M o le c u la r  te c h n iq u e s  
u se d  in c lu d e  a n a ly se s  o f  iso z y m e s , m o le c u la r  c y to g e n e tic s , D N A -D N A  
h y b rid iz a tio n , re s tr ic tio n  e n z y m e  a n a ly se s  o f  D N A  a n d  a n a ly s is  o f  D N A  
se q u e n c e s  e ith e r  d irec tly  o r th ro u g h  P C R -b a se d  m a rk e rs  su c h  as 
m ic ro sa te lli te s . E a c h  te c h n iq u e  h as  v ir tu e s  a n d  lim ita tio n s  in  th e  a m o u n t 
a n d  ty p e  o f  in fo rm a tio n  o b ta in e d , its  d e g re e  o f  te c h n ic a l  d if f ic u lty , a n d  its  
co st. A n a ly s is  o f  D N A  se q u e n ce s , in  b o th  n u c le a r  a n d  m ito c h o n d r ia l  D N A , 
can  b e  u se d  to  s tu d y  g e n e a lo g ie s  w ith in  sp e c ie s , fo r m a te rn ity  o r  p a te rn ity  
te s tin g , a n a ly s is  o f  g eo g ra p h ic  v a r ia tio n , re la te d n e ss  a n d  fo r  re c o n s tru c tio n  
o f  sp e c ie s  p h y lo g e n ie s  (H o y , 1994). F o r  e x a m p le , O ld ro y d  e t  a l. (1 9 9 5  a) 
d e te rm in e d  th e  g en e tic  re la tio n sh ip  a m o n g  a g g re g a tio n s  o f  A. m e llife ra  
u s in g  iso z y m e  a n a ly s is , m ic ro sa te lli te  a n a ly s is  a n d  m ito c h o n d r ia l  D N A  
p o ly m o rp h ism .

2 .3 .1  M ic r o s a te l l i te s

O n e  ty p e  o f  re p e titiv e  D N A  th a t  d o es  n o t  e n c o d e  p ro d u c ts  u s e d  b y  
th e  c e ll a n d  w h ic h  is u su a lly  p re se n t a t h ig h  f re q u e n c y  th ro u g h o u t  th e  
g e n o m e  a re  so -c a lle d  M ic ro sa te llite s .  M ic ro sa te ll i te s  o r  S T R s  (S h o rt 
T a n d e m  R e p e a t  p o ly m o rp h ism s) a re  se q u e n c e s  c o m p o se d  o f  ru n s  o f  re p e a t  
u n its  2  to  5 b a se  p a irs  lo n g . T h e  re p e a ts  o f  th e  d in u c le o tid e  C A  a re  
c o m m o n ly  fo u n d . T h ey  a re  m o s tly  fo u n d  in  re g io n s  o f  e u c h ro m a tin  in  th e  
g e n o m e s  o f  m an y  e u k a ry o te s . T h ey  a re  so m e tim e  c a lle d  “ s im p le  
se q u e n c e s” b e c a u se  o f  th e ir  s im p le  s tru c tu re . T h e  d if fe re n c e s  in  a lle le  s ize  
(re p e a te d  se q u e n c e )  w ith in  sp e c ie s  a re  h ig h e r  th a n  th o se  o b s e rv e d  b e tw e e n  
sp e c ie s . A m o n g  in d iv id u a ls  th e  d if fe re n c e s  in  a lle le  s ize  a re  o b v io u s  e v e n  i f
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th e  c a u se  o f  th e  a lle le  s ize  c h a n g e  is u n c lea r. T h e re fo re , m ic ro s a te l l i te  
v a r ia t io n  is a  n o n -s p e c if ic  in d ic a to r  o f  in te rsp e c if ic  re la t io n s h ip s  (H o y , 
1994 ; P a g e  a n d  H o lm e s , 1998). T h e  m u ta tio n  ra te  o f  m ic ro s a te l l i te  
s e q u e n c e s  is h ig h  (1 0 '4 a n d  1 0 '5 p e r  g am ete , p e r  g e n e ra tio n )  a n d  th is  re su lts  
in  th e  d if fe re n c e s  in  n u m b e r  o f  c o p ie s  o f  th e  re p e a te d  se q u e n c e  b e tw e e n  
in d iv id u a ls . M ic ro s a te ll i te s  h av e  p ro v e n  e x tre m e ly  v a lu a b le  in  
d is t in g u is h in g  th e  d if fe re n c e  an d  in v e s tig a tin g  th e  re la te d n e s s  a m o n g  
in d iv id u a ls  (S n u s ta d  a n d  S im m o n s , 2 0 0 0 ). T h u s , h ig h  le v e ls  o f  g e n e tic  
d iv e rs ity  c o m b in e d  w ith  n a tu ra l e v o lu tio n , c o -d o m in a n c e  a n d  s im p le  
M e n d e lia n  in h e r i ta n c e  m e a n  th a t m ic ro sa te lli te s  h a v e  b e c o m e  a v e ry  
p o p u la r  se t o f  m o le c u la r  m a rk e rs  (P a g e  an d  H o lm e s , 1998 ; Q u e lle r , 
S tra s s m a n n  a n d  H u g h e s , 1993).

In  h a p lo d ip lo id  so c ia l in se c ts  su c h  as  h o n e y  b e e s , m ic ro s a te l l i te s  
sh o w  m a n y  a lle le s  a n d  h ig h  h e te ro z y g o s ity . T h e re fo re , th is  te c h n iq u e  is 
re l ia b le  a n d  p re c is e  fo r  d e te rm in in g  th e  g e n e tic  s tru c tu re  o f  h o n e y  b e e  
c o lo n ie s  (E s to u p , S o lig n a c  an d  C o m u e t, 1994).
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