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S U M M A R Y  

Using the approach  of Mahalanobis  it  was  desclosed t ha t  workers  of Melipona quadri- 
fasciata are, as f a r  as the  externa l  morpho logy  is concerned, closer to ma les  t ha n  to 
queens  of th i s  species. A p r e l im i na ry  in te rp re ta t ion  of th is  is given based in a sl ight  
modif icat ion of the  BmTTE~ and  DAVmSON hypo thes i s  (batteries of genes) applied to the  
sex de t e rmina t ion  sys t em of these bees. There are  two sets  of sex genes : one set t ha t  
acts  in the embryo  and  de te rmines  ovary  or tes t i s  and  a no the r  t ha t  acts  in the  prepupai  
stage de te rmin ing  the t r a n s f o r m a t i o n  of the  imag ina l  discs and  t e g u m e n t  in adu l t  
female  or adu l t  ma le  s t ruc tures .  A p r e l i m i n a r y  hypo thes i s  for  gene regula t ion  is pro- 
posed for bo th  sets. The mode of act ion of the  second set impl ies  t h a t  a subs tance  
produced by food above a given l imi t  acts  on the  in tegra tor  genes x a and  x b (with two 
alleles each) and  these  put  a receptor gene (Rxa + Xb) into action t ha t  by i ts  tu rn ,  pu t  into 
act ion the  gene (or genes) for  f ema le ne s s ;  Melipona workers  are females  inside (have 
ovaries) bu t  are a lmos t  males  in the  outside,  t egument ,  eyes, wings) .  The place of act ion 
of the  juven i le  h o r m o n e  in th i s  ba t t e ry  has  not  yet  been expe r imen ta l ly  de termined,  but  
th is  working hypo thes i s  put  it provisor i ly  in the  beg inn ing  of the  bat tery .  

(1) This  paper  received suppor t  f r om the  State of S~o Paulo  Research Founda t ion  
(FAPESP) and  CAPES (Coordena~fio do Aperfe iqoamento de Pessoal  de Nivel Superior).  
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ZUSAMMENFASSUNG 

Geschlechts Bestimmung bei Bienen. 
III. Kastendetermination und genische Kontrolle bei Melipona. 

Mittels der von Mahalanobis vorgesehlagenen Ann~iherungsmethode wurde entdeekt, 
dass die Arbeitsbienen der Melipona quadrifasciata, soweit es sieh auf  die /iussere Mor- 
phologie bezieht,  den Drohnen ~ihnlieher sind, als den KSniginnen dieser Art. 

Eine vorHiufige Deutung dieser Tatsache wird  hier  gegeben ; sic beruht  auf  einer leicht 
ge~inderten Anwendung der Hypothese der Gen-batterien von BRITTEN und DAVIDSON auf 
das System der Geschlechtsbest immung dieser Bienen. 

Es gibt 2 Gruppen von Geschlechtsgenen : eine Gruppe wirkt  im Embryo und 
bes t immt die EierstScke oder Hoden;  die andere wirkt  in der Vorpuppenstufe  und 
bes t immt  die Transformat ion  der Imaginalscheiben und Tegumente in ausgewachscncn 
weiblichen oder m~innlichen Strukturen.  

Eine vorHiufige Hypothese fiir Genregulation wird fiir beidc Gruppcn vorgeschlagcn. 
Die Wirkungsweise der zweiten Gruppe verlangt,  dass eine durch Nahrungsmit te l  erzeugte 
Substanz, oberhalb einer gegebenen Grenze, auf  die Integratorgene x" und x ~ (jede mit  
2 Allelen) wirkt,  und dass diese dann ein Empfangsgen R(xa-4 - x b) anregen, das dann 
seinerseits das Gen (oder die Gene) fiir Weiblichkcit  akt ivicr t ;  dazu auch das Gen N dcr 
letzten 2 Ganglia des Ventralnervenstranges,  das Verschmelzung bcs t immt,  oder n, das 
sic nicht bes t immt.  

Die Angriffsstelle des jugendl ichen Hormons in dieser Batterie wurde  noch nicht 
experimentel l  be s t immt ;  aber diese Arbei tshypothese legt sic vorHiufig in den Anfang 
dcr Batterie. 

INTRODUCTION 

Unl ike  t h e  s i t u a t i o n  in Apis, m a l e s  a n d  w o r k e r s  of  Meli'pona are  m o r e  not i -  

c eab ly  s i m i l a r  to one  a n o t h e r  t h a n  e i t h e r  is to queens .  T h i s  p a p e r  c o m p a r e s  the  

s i m i l a r i t y  b e t w e e n  the  ma les ,  q u e e n s  a n d  w o r k e r s  of  Melipona quadrifasciata a n d  

Apis mellifera u s i n g  m u l t i v a r i a t e  d i s t a n c e  m e a s u r e s  ( M a h a l a n o b i s  D2). U s i n g  

t h e s e  r e su l t s  sex a n d  cas te  de~ermi, n a t i o n  in  t h e s e  bees  a re  a n a l y s e d .  

MATERIAL AND METHODS 

Forteen males (sons of workers),  twelve workers,  and ten virgin queens (sisters of 
the workers),  all f rom one same hive of Melipona quadrifasciata were measured for 
14 characters.  Twenty nine males, 30 queens and 29 workers  of the same hive of Apis 
mellifera were measured for 21 characters.  All measurements  are given in arbi t rary  
units  read directly in the micrometer  wi thout  t ransfer ing  to metric system. The data 
processing for obtaing the Mahalanobis  D 2 fol lowed the steps described by RAO (1952) and 
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two programs,  for  IBM ll30 and HP9810-A, were developed by Mr. Lmz ANTOmO 
F. BEZERRA under  the instruct ions of Dr. FRANClSCO A. MOURA DgARTE. In all figures, 
D (the square root of D 2) was used since it can be more easely put  in a graph. The data 
in table II were collected by Prof. Jos~ CHAUD NETTO. 

R E S  UL TS  

T h e  r e su l t s  a re  s u m m a r i z e d  in  t ab l e  I a n d  f igure  1 fo r  Mel ipona  quadr i fasc ia ta  
a n d  in  t ab le  II  a n d  f igure  2 fo r  A p i s  mel l i fera .  

W o r k e r s  in  M. quadr i fasc ia ta  a re  i n t e r m e d i a t e  (fig. 1) b e t w e e n  ma le s  a n d  

f ema le s  (D equa l  to  52.02)  w h i l e  in  A p i s  me l l i f e ra  (fig. 2) w o r k e r s  a re  as 

WORKERS 
t 2 4 , ~ 6 6 ) ~  1523(33) 24,76 23,33 

Fit]. 1. - -  Relative distances (D, of Mahalanobis) 'f.J'~ ~ 
among 10 virgin queens, 12 workers and l / t  QUEENS""~ ~ ' = 4 4 , S S  MALES 
males of the same hive of Melipona quadri- ~1oo, oo) 
fasciata. Fourteen characters were used. The 
numbers  in parenthesis  are the distances t ransformed in relation to the distance 
b e t w e e n q u e e n s  and males made equal to 100. See tha t  workers are intermediate 
to males  and queens. 

ABB. 1. - -  Relativabstdnde (D bei Mahalanobis) zwischen 10 unbefruchteten Ki~niginneu, 
12 Arbeiterbienen und 1~ Drohnen desselben Stockes der Melipona quadrifasciata. 
14 Charakter is t iken wurden gemessen. Die e ingeklammerten Zahlen sind Relativ- 
abstSnde, bezogen auf 100 willkiirliche Einhei ten der zwischen K6niginnen und 
Drohnen bes tehenden Abst~inde. Man sehe, dass die Arbei terbienen den Drohnen 
nfiher sind, als den Koniginnen. 

WORKERS 

18,25 ~ 33,21 

QUEENS 30,46 MALES 
(100,00) 

beiterbienen und ~9 Drohnen 

FI6. 2. - -  Relative distances (D, of Mahalanobis) 
among 30 virgin queens, 29 workers and 
29 males of the same hive of Apis mellifera 
adansonii. Twenty-one charaetes were used. 
The values in relat ion to the distance between 
queens and males made equal to 100. Workers 
and queens are practical ly equally dis tant  from 
the males. 

ABm 2. - -  Relativabstdinde (D bei Mahalanobis) 
zwischen 30 unbefruehteten K5niginnen, 29 Ar- 

desselben Stokes der Apis mellifica adansonii. 
21 Charakter is t iken wurden benutzt .  Die Werte in Bezug auf  die Abst~inde zwischen 
KSniginnen und Drohnen wurden gleich 100 gesetzt. Arbei terbienen und KSniginnen 
sind prakt isch ~iquidistant yon d e n  Drohnen. 

d i f f e r e n t  f r o m  m a l e s  (109) as q u e e n s  a re  to m a l e s  (100). In  o r d e r  to m o r e  eas i ly  

v i sua l i ze  t h i s  s t a t e m e n t ,  f igures  1 a n d  2 s h o w  in p a r e n t h e s i s  all  t h e  da ta  in  

u n i f o r m  uni t s ,  by  m a k i n g  the  d i s t a n c e  b e t w e e n  d r o n e s  ( p e r f e c t  ma le s )  a n d  q u e e n s  

( p e r f e c t  f ema les )  equa l  to 100. 
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TABLE I. - -  Mean and variance for 14 characters of  M e l i p o n a  q u a d r i f a s e i a t a .  The measure- 
ments are in units of the micrometer ocular, not transferred to metric units. 

TABELLE I. - -  Mittelwerte und Abweichungen yon 14 Charakteristiken der M e l i p o n a  q u a d r i -  
f a s e i a t a .  Die Messeinheiten sind die des Okularmikrometers, nicht in Millimeter 
iibertragen. 

Queen ~,Vorker Male 

Characters Mean Variance Mean Variance Mean Variance 

Cos ta l  w i n g  ne rve  . . . . . . . . . . . . .  51.4 1.1556 67.92 7.1742 66.21 1.2582 
Median  w i n g  n e r v e  . . . . . . . . . . . .  28.0 0.6667 37.58 4.0833 37.07 0.6868 
Anal-1 w i n g  n e r v e  . . . . . . . . . . . . .  29.1 0X667 38.67 3.3333 37.93 1.4560 
W i d t h  of  a n t e r i o r  w i n g  . . . . . . . .  23.6 0.4887 29.50 1.5455 28.14 0.4396 
N u m b e r  of h a m u l i  . . . . . . . . . . . . .  10.6 0.2667 11.83 0.1515 11.14 0.2851 
W i d t h  c o m p o s i t e  eye  . . . . . . . . . .  8.9 0.3222 14.08 0.2652 14.14 0.1319 
W i d t h  3rd abd.  s e g m e n t  . . . . . . .  65.7 4.0111 67.92 10.9924 60.93 4.9945 
W i d t h  of  m e s o s c u t u m  . . . . . . . . . .  43.6 0.9333 50.92 4.0833 49.36 3.3242 
L e n g t h  of  scape  . . . . . . . . . . . . . . .  38.3 0.2333 37.75 1.4773 28.14 0.7472 
T o t a l  w i d t h  of  h e a d  . . . . . . . . . . .  51.7 1.1222 61.42 7.3561 59.29 1.2967 
T o t a l  l e n g t h  of  h e a d  . . . . . . . . . . .  40.9 0.3222 47.50 1.9091 45.57 1.6483 
Oc e lo r b i t a l  d i s t a n c e  . . . . . . . . . . .  26.9 0.3222 29.25 1.1136 25.64 0.5549 
W i d t h  of  c l i p e u s  . . . . . . . . . . . . . .  25.6 0.2667 26.50 0.6364 25.29 0.9890 
C l i p e o r b i t a l  d i s t a n c e  . . . . . . . . . .  18.5 0.2778 15.08 0.8106 11.64 0.7088 

TABLE II .  - -  Means and variances of 21 characters of queens, workers and males of 
Apis  m e l l i f e r a .  Units are in mil l imeters.  

TABELLE II .  - -  Mittelwerte und Abweichungen yon 21 Charakteristiken der KSniginnen, 
Arbeiterbienen, und Drohnen der Apis  me l l i f i ca .  Messeinheiten in Millimetern. 

Queen Worker  Male 

Mean Variance Mean Variance Mean Variance 

W i d t h  a n t e r i o r  w i n g  . . . . . . . . . . .  3.29 0.0058 2,96 0.0043 3.90 0,0153 
Length posterior wing .......... 6.92 0.0177 5.98 0.0100 8.01 0.0543 
Leng th  r a d i a l  cell  . . . . . . . . . . . . . .  3.25 0.0040 3.07 0.0041 4.40 0.0103 
To ta l  l e n g t h  of  t h o r a x  . . . . . . . . .  5.62 0.0402 4.35 0.0216 6.44 0.0760 
L e n g t h  of  h e a d  . . . . . . . . . . . . . . . .  3.85 0.0157 3.49 0.0151 3.96 0.0204 
L e n g t h  a n t e r i o r  w i n g  . . . . . . . . . .  9.52 0.0213 8.61 0.0149 11.77 0.0581 
W i d t h  of h e a d  . . . . . . . . . . . . . . . .  3.92 0.0044 3.77 0.0113 4.47 0.0088 
W i d t h  p o s t e r i o r  w i n g  . . . . . .  , . . . .  2.16 0.0059 1.70 0.0080 3.06 0.0074 
W i d t h  r a d i a l  cel l  . . . . . . . . . . . . . .  0.50 0.0017 0.45 0.0011 0.68 0.0019 
L e n g t h  f e m u r  of m e d i a n  l e g . . .  2.81 0.0052 2.13 0.0060 2.88 0.0079 
L e n g t h  t i b i a  of  m e d i a n  leg . . . . .  2.17 0.0117 1.91 0.0027 2.34 0.0061 
W i d t h  t i b i a  of  m e d i a n  leg  . . . . . .  0.96 0.0027 0.47 0.0069 0.34 0.0013 
W i d t h  f e m u r  of  m e d i a n  leg  . . . .  0.81 0.0038 0.55 0.0043 0.49 0.0012 
L e n g t h  f e m u r  p o s t e r i o r  leg . . . . .  3.26 0.0056 2.44 0.0033 3.29 0.0081 
L e n g t h  t i b i a  of  p o s t e r i o r  l e g . . .  3.77 0.0113 2.96 0.0153 4.09 0.0098 
W i d t h  t i b i a  of  p o s t e r i o r  leg  . . . .  1.26 0.0033 1.10 0.0029 1.18 0.0033 
L e n g t h  t a r s u s  of  p o s t e r i o r  l e g . .  4.07 0.0294 3.57 0.0217 4.13 0.0235 
L e n g t h  of  f l a g e l u m  . . . . . . . . . . . .  2.65 0.0035 2.61 0.0030 3.98 0.0128 
L e n g t h  of scape  . . . . . . . . . . . . . . .  1.39 0.0017 1.22 0.0015 0.74 0.1775 
L e n g t h  p e d i c e l u m  . . . . . . . . . . . .  0.26 0.0006 0.23 0.0012 0.26 0.0019 
W i d t h  of  b a s i t a r s u s  of  p o s t e r i o r  

leg . . . . . . . . . . . . . . . . . . . . . . . .  1.20 0.0040 1.05 0.0026 1.23 0.0025 
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D I S C U S S I O N  

W h y  is the  w o r k e r  so s imi la r  to males  in Melipona ? This  is c lear ly  a 
p rob l em of gene regula t ion ;  m a n y  e x p l a n a t o r y  schemes were  t r i ed  and the one 
w h i c h  best  fits the  avai lable  data is the  ba t t e ry  of genes p r o p o s e d  by  BRITTEN and 
DAVIDSON (196'9, 1971). The  hypo thes i s  of BRITTP.N and DAVIDSON der ives  from 
the  theory  of gene cont ro l  and c o r r e spond ing  expe r imen ta l  facts of Jncon MONOD 
and LWOFF, and,  it  is our  op in ion  that  is wou ld  be be t te r  to call  regulator (R) 
ins tead  of integrator (I) genes, operator (o) ins tead  of receptors (R) and structural 
protein gene ins tead  of producers (P.). The hypo thes i s  of BRITTEN and  DAVIDSON 
(1969, 1971) defines the fo l lowing e lements  : sensor genes (S) succep t ib le  to the  
ac t ion of hormones ,  v i tamins ,  and  b y p r o d u c t s  of o ther  genes; integrator genes (I) 
tha t  are  put  to w o r k  (in the p roduc t i on  of ac t iva tor  RNA) by  the sensor  genes; 
receptor genes (R) that  are put  to w o r k  under  the act ion of the  ac t iva tor  RNA 
p r o d u c e d  by  the I genes;  producer genes (P) that  are  put  to w o r k  by  the R genes 
and  p r o d u c e  the enzymes or  p o lype p t i de s  needed  for  the  metabol i sm or  deve- 
lopment  of the  ind iv idua l .  We should  l ike to know to w h i c h  of these  4 classes 
of genes (S, I ,  R,- P) do the genes, x o, x a and  x b (that are  pa r t  of the gene ba t t e ry  or  
ba t te r ies  that  confers  femaleness)  belong and  how do they  act. T ry ing  all the 
four  classes it  becomes  evident  that  they  are  in tegra tor  genes (see the  model  
in fig. 4 to 10). 

Sex in H y m e n o p t e r a  is de t e rmined  by  a set of femaleness de te rmin ing  genes 
w h i c h  are comple te ly  or almost comple te ly  addi t ive ,  in ba lance  w i th  a set of 
maleness  de t e rmin ing  genes w h i c h  are  s l ight ly  add i t ive  (CUNHA and KERR, 1951; 
KERR, 1975, 1974a).  The co mple me n ta ry  mul t ip le  alleles x ~ that  in total  
(Apis, Bombus, Melipona) or pa r t i a l  (Tetragona) heterozygos is  de te rmines  the 
deve lopment  of ovaries ,  are cons ide red  femaleness  genes that  have  lost the  addi -  
t ive p r o p e r t y  unless  he terozygous  (KERR, 1975, 1974 a);  the i r  ac t ion is in the first 
days  of embryo  development .  Demons t ra t ion  of the exis tence of two sets of 
genes (one femaleness  de te rmin ing  and one maleness  de te rmin ing)  was  p r o v i d e d  
by  GAR6FALO and KERR (1974), w ork ing  w i th  aneuplo ids  of the  bumblebee  
Bombas atratus. The sl ight  add i t iveness  of the  maleness  genes was  shown by 
CHAUD (1974) w o r k i n g  wi th  hap lo id  and d ip lo id  males  and wi th  d ip lo id  and 
t r i p l o i d  w o r k e r s  of Apis mellifera. 

Caste in Melipona is ma in ly  de t e rmined  by  two majo r  in t eg ra to r  genes x a 
and  xb, in ano ther  ba t t e ry  of femaleness  genes, whose  ac t ion is du r ing  the larval  
and,  specia l ly ,  in the  p r e p u p a l  s tage (KERR and NIELSEN, 1966; KERR, 1969, 
1974 a). These two genes have two al leles each : xa 1 and  xa2, xb I and  xb 2 ( l i tera ture  
in KERR, 1969). Homozygos i ty  for any  al lele  p roduces  a w o r k e r  (e.g. xa l /xa  1, 
Xbl/Xb2; Xal/Xa 2, Xbl/Xbl; etc.) whi le  the  double  he terozygotes  are  queens (xaJxa  2, 
xbl /xb 2) if wel l  fed but  are worke r s  if  not we l l  fed. Haplo ids  (xa~, Xbl; xa 1, xb2; 
X"2, Xbl; xa 2, Xb z) are  males  ( references  in KERR, 1969, 1974 a). D ip lo id  drones  
occur  in Melipona if a h ive  is i nb red  (CA~ARQO, 1974), due to homozygos is  of the 
feminiz ing  gene x ~ 
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The n u m b e r  of characters  affected in caste de terminat ion  is enormous  (in the 
head, thorax, and abdomen,  inc lud ing  development  of ovaries and associated 
organs). These characters  begun development  in a given moment  : all or none.  
This rules out the possibi l i ty  of the xa and xb genes being either R or P. There  
is a sharp threshold for caste d i f f e ren t i a t ion :  If the Melipona larva receives 
sufficient food to become a pupa  heavier  than 80-85 mg, then heterozygotes wi l l  
become queens;  if the amount  of food is insuficient,  the imago wil l  be a worker  
wi th  mascu l ino id  characters.  This  suggests that the amount  of a hormone  or 
other substance is impor tan t  to b r ing  into operat ion the S genes. All these facts 
suggests that  the xa and x b loci and possibly xo are �9 integrator  genes >>. 

The gene N affects the un ion  (if the p repupa  is double heterozygote) or lack 
of un ion  (if the prepupa  is homozygous for any of the 4 caste alleles) of the two 
last abdomina l  ganglia and in many  lines is i ndependen t  of the amount  of food 
(KERR and NIELSEN, 1966). This  suggests that unt i l  the p repupa l  phase, the 
sensor genes that Control x a, x h are act ing and are put t ing  them to work.  The 
sensor genes could only stop act ing at the end of the p repupa l  period.  It is 
impor tan t  to men t ion  that at this moment  the size of the corpora allata dimin i sh  
(WIRTZ, 1973) and can not furn ish  much juveni le  hormone.  Also, if the genes xa 
and x b (that are genetically independen t )  are not regulator  genes, we would  have 
the odd c i r c u m s t a n c e  of N being s trongly l inked (no crossing-over so far 
detected) wi th  two independen t  genes. 

The gene xo (described in Apis mellifera by MACKENSEN, 1951, and recent ly  
discovered by CAMARGO, 1974, in M. quadrifasciata) is the first sex locus to enter  
into action (about 24 to 36 hours of embryon ic  development) ,  s ince it determines  
ovary, and is not under  the same control  as x a and xb; at this stage the food of 
the alveolus is not important .  These two genes (x a and x b) act dur ing  the larval  

stage and in  the prepupal  life. 
The mechanisms  found for male and female de terminat ion  are put  in figure 3 

in  the presumed evolut ionary sequence.  F o represent  femaleness genes (F o is the 
ovary de te rminer ) ;  after, they become complementary  th rough mutat ion,  and are 
represented by xo and x~ 1, x~ 1. Fa and F"o are femaleness genes that  act in larval  
and p repupa l  stages, Ma and M b represen t  maleness genes. The fol lowing geno- 
types can be infer red  as being involved in the sex de te rmina t ion  (the black bar  
separates the genes that act in the embryon ic  stage from the ones that  act in the 

prepupal  stage) : 

1. P r imi t ive  Hymenoptera ,  special ly the endogamous mic rohymenop te ra  
(EUNHA and KERn, 1951; KERR, 1974 a) : 

(n) Fo Fo; M a M a [ ; F a Fa; Mb M b = females. 
(2n) Fo; M a]; Fa; M b = males. 

2. Apis melli[era (MACKENSEN, 1951; WOVK~, 1963; CHAUD, 1974) : 

(2n) xO 1 xOn; M a M a I ; Fa Fa; Mb Mb = females. 
(2n) xo nxoa; MaMa];  FaFa ;  MbM b = diploid males (most have underdeve-  

loped testes, p robab ly  due to the presence  of one more Fo gene). 
(n) xoa; M a ] ;  Fa; M b = haploid  males. 
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TRIGONA QUADRANGULA TYPE BDMBUS ATRATUS TYPE 
HETEROZYGOTE IS FEMALE (3 OR �89 HOMOZYGOTE IS DIPLOID MALE (3) 
DOUBLE HOMOZYGOTE IS DIPLOID MALE(IOR 1) DOUBLE HETEROZYGOTE IS FEMALE (1) 

\ \ , 2 / / o l  xO2 MANY ALLELES X~ X ~ MANy ALLELES X AND 

xO/x,  
m l / m  I ) m 2 / m 2 ml/ml~ m2lm 2 

/ / /  
DOUBLE HETEROZYGOTE IS QUEEN~ \ ~ / / I HETEROZYGOTE IS FEMALE (-1 
.OMO2YGO~.E ,S WO.~E.(~;- '�88 \ \ / / /.'O~OZYGOTE ,S D,PLO,D MAJ ('-~ 

o, o\, o.. o& 0~ ,..o~ \ \ ~ / / . . /o / x , / x . , x ,  I , , ~ ,  ,,~/xS" i \ / / x I x , x ,  ,ox_ ~ 
m'/m 1" m2/m 2 ~ k / I _.o,/o ~ , (a '~  

�9 \ \ x ~ l x ; , , ~  
NEO~21PRION TYPE ~ rnl/m I 2./ 2 / BRACON TYPE 
HETEROZYGOTE ~S FEMALE[3orl~ \ / / m /m / . . . . . . . . . . . . . . . . . . . . . .  y, ~ ~/ ~ / HETEROZY . . . . . . . . . . . . . .  ~ 
DOUBLE HOMOZYGOTE IS DIPI~ID 2MALE~ / / HOMOZYGOTE IS DIPLOID MALE(I) 

\ \ .  . ( ! o ~ \  / / . = 
X ~ x ~ x ~ ~ "4 2 ~ . / ..o' / , - \  3~"~1~~ x3 ~ / I x y t o x ~ /  
m l / m l ~  rll2J~ I O "O | a" a I I / l i G y / G y  

" _X_ ~ _  . . . .  i ~ , / ' , ' / ,  ( . / ~ / "  
x~176 J m' / rn ' /  m2/m 2 I xl~ ~ ' ' / ' a  

ml / m k  m ; / c  2 -  ~ O~'on"l ~ :  I~amgu / mgY 

\ \ I , , / , ; ' / ,  

\ e/fo.~ fa/fa / / 

~ D I P L O ' D I P L O I D  ANCESTRAL l 
xx=~ xo=d 

Fro.  3. - -  Except for the unknown diplo-diploid ancestral stock, the mechanisms found 
in the sex determination of Hgmenoptera are summarized in this figure, redrawn 
f r o m  KERR 197~h and made up to date. T h e  g e n e s  fo, x ~ a n d  m ~ a c t  i n  t h e  e m b r y o  
p h a s e ,  a n d  t h e  g e n e s  f% x ~, x% m 2 a c t  i n  t h e  p r e p u p a l  p h a s e .  

ABB. 3. - -  Mit Ausnahme des unbekannten Diplo-Diploid Vorfahrenstockes sind die in der 
Geschlechtsbestimmung gefundenen Mechanismen in dieser Figur, nach KRRn 197~, b. 
zusammengefasst  wiedergegeben und zeitgemdss vorwdrtsgebracht. D i e  G e n e  f~ x ~ 
u n d  m z w i r k e n  i n  d e r  E m b r y o p h a s e ;  d i e  G e n e  f=, x", x ~ u n d  m-" w i r k e n  in  d e r  V o r -  
p u p p e n p h a s e .  
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3. Bombus atratus ( b u m b l e  b e e s )  (GAR6FALO, I973 ;  GAR6FALO a n d  K E n a ,  

1974) : 

(2n)  xoa 1 X~ x~ 1 x~ M a M a I ; Fa Fa ;  Mb Mb = f ema les .  

(2n)  xoa n x o a ;  xob 1 xobn; M a M a I ; Fa Fa ;  Mb Mu ---- d i p l o i d  m a l e s  ( w i t h  u n d e r -  

d e v e l o p e d  tes tes ) .  
(n)  xoan; x~ n M a I ; Fa ;  Mb ~--- h a p l o i d  ma le s .  

In  t h i s  case ,  i t  l ooks  t h a t  a s p l i t t i n g  of  t h e  o r i g i n a l  g e n e  fo t o o k  p l ace .  

4. Trigona (Tetragona) quadrangula (TARELHO, 1 9 7 3 ) :  

(2n)  xoa 1 X~ x~ 1 X~ M a M a I ; Fa Fa ;  Mb Mb ~--" n o r m a l  f e m a l e s .  

(2n)  x~ n x~ x~ 1 X~ M a M a [ ; F a Fa ;  M b M b = n o r m a l  f e m a l e s .  

(2n)  xoa 1X~ X~ n X~ Ma M a 1 ; Fa Fa ;  Mb Mb = n o r m a l  f e m a l e s .  

N o t i c e  t h a t  i n  t h i s  c a se  o n e  h e t e r o z y g o u s  x is e n o u g h  f o r  p r o d u c t i o n  of  

f emales .  T h i s  suges t s  d u p l i c a t i o n  of t h e  o r i g i n a l  g e n e s  x o ( a n d  n o t  s p l i t t i n g  as 

i n  Bombns atratus). 

(2n)  xoa a xo%; x~ n X~ M a M a [ ; F a Fa ;  M b M b = d i p l o i d  m a l e s .  

(n) xo%; xobn; M a [ ;  Fa ;  M b ----- h a p l o i d  ma le s .  

5. Melipona s p e c i e s  (KERR, 1948, 1969, 1975, 1974 a ;  Kmaa,  STORT, MONTENEGRO, 

1966; CAMAaGO, 1974) : 

(2n)  XO 1 x%;  M a M a ; x ,  I xa2; xb 1 Xb2; M b M b = f e r t i l e  f e m a l e s  ( q u e e n s ) .  

(2n)  xo 1 x%;  M a M a ; xa 1 xa l ;  Xb 1 xb2; M b M b ---- w o r k e r s  w i t h  u n d e r d e v e l o p e d  

o v a r i e s  a n d  e x t e r n a l  m a l e - l i k e  m o r p h o l o g y .  
(2n)  xo 1 x%;  Ma Ma l ; xal  xa2; xbl xb l ;  Mb Mb ----- w o r k e r s  w i t h  u n d e r d e v e l o p e d  

o v a r i e s  a n d  m o r p h o l o g i c a l l y  m a l e  l ike .  
(2n)  xo 1 XOn; M a M a ] ; xa 2 xa2; xb 1 xbl ;  M b M b = w o r k e r s  w i t h  u n d e r d e v e l o p e d  

o v a r i e s  a n d  m a l e  l ike  ' a p p e a r e n c e .  
(n)  X~ M a l ;  Mbxa 1 or  xa2; xb 1 or  xb2; M b ----" h a p l o i d  m a l e s .  

(2n)  xo n x % ; M  a M  a[ ; x a xa; x b x b  ; M b M  b --_ d i p l o i d  m a l e s .  

In  t h i s  case  a s p l i t t i n g  of a n  or igin ,a l  ge,ne i~n x a a n d  x b is  s u s p e c t e d .  I t  is  no t  

k n o w n ,  at  t h e  p r e s e n t ,  i f  t h e s e  t w o  g e n e s  ac t  u n d e r  t h e  a c t i o n  of  j u v e n i l e  h o r m o n e  

o r  i f  t h e y  ac t  p r o d u c i n g  j u v e n i l e  h o r m o n e  at t h e  end .  
T a k i n g  a l l  t h e s e  f ac t s  i n  c o n s i d e r a t i o n ,  t h e  g e n e s  x ~ of  Apis a n d  Melipona, 

xoa a n d  x ~ of  Bombus atratas, a n d  xa a n d  x b Melipona c a n  o n l y  b e  integrator genes 
a n d  t h e  f o l l o w i n g  s c h e m e s  c a n  b e  s u g g e s t e d  : 

a) For the control of the major femaleness gene or genes that determine the 
ovaries : see  f igures  4, 5 a n d  6. T h e  xo a l le les  a r e  c o m p l e m e n t a r y  a n d  t h e y  

o n l y  p r o d u c e  a c o m p l e t e ,  f u n c t i o n a l  a c t i v a t o r  RNA i f  t h e  a l le les  a r e  d i f f e r e n t .  

po r e p r e s e n t s  t h e  e n z y m e s  of  p o l y p e p t i d e s  e s s e n t i a l  to  t r i g g e r  o v a r y  d e v e l o p m e n t .  

b)  For the control of the femaleness genes that determine the female morpho- 
logical characters in the last stages of the prepnpa : see  f i gu re s  7 to  10. T h e  

i m a g i n a l  d i s c s  p a s s  t h r o u g h  c o m p l e x  d e v e l o p m e n t  a n d  t h e  s a m e  b a s i c  g e n e t i c  

c o n s t i t u t i o n  p r o d u c e s  q u e e n ,  w o r k e r ,  o r  ma le .  T h e  f igures  7, 8, 9 a n d  10 i n d i c a t e  
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FI~. 4, 5 and 6. ~ Genic control of sex  
de terminat ion  genes which act during 
embryo deve lopment  in Apis  mel l i fera .  
The model t r ies  to fit known facts  
wi th  the  BnITTEr~ and  DAVIDSON hypo-  
thesis.  Figure 4 indieates  x~x and  x% 
as In teg ra to r  genes which  are comple- 
mentary ,  ac t iva t ing  the Receptor R ~~ 
and  in t u rn  po which  produces the  
polypeptide (or enzyme) which  deter-  
mines  cell p ro l i fe ra t ion  in the  ovary  
segment.  Figure 5 shows t h a t  wh i th  
incomplete  ac t iva to r  RNA (since the  
bee is x%, x%), R ~~ wil l  not  act and  P~ 
will  not  produce ovary de t e rmine r  
protein.  Figure fi shows the case for  
haploids.  In bo th  f igures 5 and  6 cell 
p ro l i fe ra t ion  is ac t ivated  in the posi- 
t ions  which  develop in testes. 

ABa. 4, 5 und  6. - -  Genische Kontrol le  
der Geschlechtsbest immungs-gene,  die 
wgihrend der Embryoen tw ick lung  in 
Apis  melli f ica wirken.  Das Modelt  ver- 
sucht  die bekannten Tatsachen w i t  der 
Hypothese  oon BRITTEN und  DAVIDSON 
in Einklang zu bringen. Abb ~ bezeieh- 
ne t  x% und x% als  Integratorgene,  die 
sich erg~inzen, indem sie den Empf/ in-  
ger R ~, und  d a r a u f  den Produk to r  po 
akt ivieren.  Dieser produzier t  den Poly-  
pept id  (oder Enzym),  weleher in dew 
Eiers toeksegment  die Vervielf~l t igung 
der  ZeiIen bewirkt .  Abb. 5 zeigt, dass 
R ~~ w i t  unvollst~iudigem Akt iva tor  
RNA nicht  wi rk t  (das die Bienen x~ 
x% sind), und  dass das den Eierstoek 
bes t immende  P~ kein Prote in  erzeugt. 
Abb. 6 zeigt den Fall  f i ir  Haptoide. In 
Abb. 5 und  6 wird  ZeIlenvervielf~l t i -  
gung an  den Stellen akt ivier t ,  die sieh 
in den Hoden entwickeln.  

EXAMPLE OF ~ = X10 X 0 

X 2  ~ . ~ . . . . . "  R x O  

X o ~ X o , 1 ~  

; - - "  ~ a ]ACTIVATORRNA; = , , , , ", 
1 3; 4 5 1 2 3 4. 5 

., ~" ; ' - ; '~ , ; - - .TOR--n;L '?"  . .eM , 

I M R M 
~ -  tACTIVATOR RNAz "~= 

2 p O ~ z P  M "THEREFORE THE BEE IS FEMALE 

FIG. 4. 

DIPLOID BEE X80 X O 

i.-'~ C O~M p L'--~E T E ~  ..:=... r~- , ~;., - - . . . ,  ~ ' A C T , V ~ T O R R " A ~  
~ RM [~r not produced 

i M 

2 p M > p  0 THEREFORE THE BEE IS A DIPLOID MALE T 

F I G .  5.  

HAPLOID  BEE X10 

0 X 0 
~ , :  . , ~ . L  ~ ~c~-~P~'TP>" R ~  " oO 

1 2 3 - -  5 ACTIVATOR RNA' 1 ' 2 ' 3 - -  5 = 

R M 

p M ~ p O  THEREFORE THE BEE IS A HAPLOID M A L E  

FIG. 6. 

t he  p o s s i b l e  c o n t r o l  of  t h e  genes  xa a n d  xb. S i n c e  in  t h e  s c h e m e  i t  is  o b l i g a t o r y  

to h a v e  a s i n g l e  r e c e p t o r  g e n e  R( x= + xb), X" a n d  x b m a y  h a v e  r e s u R e d  f r o m  a 

b r e a k a g e  i n  a n  o r i g i n a l  l a rge  x gene ,  v e r y  l i k e l y  t h e  s a m e  one  Still  e x i s t i n g  in  

A p i s ,  B o m b u s  a n d  T r i g o n a .  F i g u r e  9 i n d i c a t e s  t h a t ,  e i t h e r  t h e  g e n e  ac t s  u n d e r  

t h e  i n f l u e n c e  of  t h e  j u v e n i l e  h o r m o n e  o r  is t h e  b a t t e r y  t h a t  p r o d u c e s  it,  i t s  a c t i o n  

f o l l o w s  a t h r e s h o l d  : b e l o w  a c e r t a i n  l eve l  s o m e t h i n g  does  no t  w o r k  a n d  t h e  m a l e  

g e n e s  s u p p l a n t  t h e  f e m a l e  effect .  Cas te  d e t e r m i n a t i o n  a p p e a r s  to  f o l l o w  t h i s  

s a m e  p r i n c i p l e  i n  t h e  T r i g o n i n i ;  h g w e v e r ,  i n  B o m b u s  a n d  A p i s  t h e  l eve l  of  

e x p r e s s i o n  of  t h e  e o n t r o l l e r  g e n e  is d e p e n d e n t  on  t h e  a m o u n t  of h o r m o n e  p r e s e n t .  

I n t e r m e d i a t e s  b e t w e e n  t he  cas te s  a r e  t h e r e f o r e  e a s i l y  f o u n d  in  t h e s e  t w o  g e n e r a .  

I t  m u s t  be  e m p h a s i z e d  t h a t  t he  p r e s e n t  s t a t u s  of  t h e  r e s e a r c h  does  no t  l oca l i ze  

t h e  a c t i o n  of t h e  j u v e n i l e  h o r m o n e  i n  t h e  S genes ,  o r  d i r e c t l y  i n  t h e  I g e n e s ;  

i t  m a y  b e  t h a t  t h e y  a re  t h e  f ina l  p r o d u c t  of t h e  f i r s t  b a t t e r y  t h a t  w o u l d  ac t  in  
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X~  R ( Xa  + Xb )  P r  N 

1-5 " 1 " Z 3 4 5 6 7 8 9 1 0 , ~  ,~ 
~ ' ~ c ~ ' ~ " ~ ' ~ L ' ~  R(X~X~) l P, N 

i 2 3 4 5 6 7 8 9 ~ 0  

S 7 8.  "-40 6 - 1 0  ACTIVAT..~OZ~ 

[ ~  I i IM r  a THEREFORE THE DIPLOID 
t ! I ADULT WILL BE A QUEEN,THAT IS~A 

COMPLETE FEMALE(WITH OVARIES AND 
FEMALE EXTERNAL CHARACTERS) 

C a s e  x=z/x%; x~z/x~= wel l  fed prepura 
(heavier than 90 mR).  

F m .  7. : 

a 
X 1 R (Xa  + Xb}  

Pr N 

~ '~ "CE~" - .~ .  R ( X a +  Xb}~ �9 Pr N 
�9 ACTIVATOR I I r = r ~ = ~ T 

b 5 RNA 1 2 3 5 6 7 / 8  S 10 

6-~0 A c : r ~ A ~  a ~ " /  
.X2 / - ~ - - - - - -  R M pM 

I I I I / - r  t ,  
IM  R M pM 

~ ]  I I I I I I I 

~* .  I M ~ PM:~-Pr ADULT DIPLOID IMAGO POSSESSES 
' ' ' OVARIES BUT HAS MALE-LIKE EXTERNAL 

CHARACTERS (=WORKER' )  

Case x=~/x"2; Xb~/Xb.~ wel l  fed. 

Fit;. 8. 

X~ R(Xa + Xb}  Pr N t~ t7~ ~ T ~ O ~  
X 2 .. R ( Xa. ,+  Xb )  Pr  N 

" " ~ ; i I J J i i i I I 
1 2 3 4 5 8 7 / $ 9 1 0  

R M pM 

.I M " ~,~'~O~._R~ - - " ~ - - ~  R P 
, ~ - _ ~  , ,  , , 

V ~  i" ~" p / ~  P, THE DIPLO~D IMAGO 
[ POSSESSES OVARIES SOT HAS 

MALE-UKE EXTERNAL CHARACTERS 
(=WORKER) 

C a s e  x%/x%,  Xbz/Xb.., a n d  x 'x /x"1 ,  X~z/Xbz. 
Undernourished.  There is not enough 
a m o u n t  of  j u v e n i l e  h o r m o n e ;  g e n e s  x �9 
and x b do  n o t  w o r k  o r  w o r k  p o o r l y .  

X a R {Xa 4. Xh l  

12 f l , ~  56  8 r g f l o  t ' - ' ' ' ~ "  

ACTIVATOR RNA 

~ IM ~ -~""~ACTIVAI 'ORI RNA "~" ' .~4 ~ RM I PMi 

HAPLOID PUPA HAS TESTIS AND MALE EXTERNAL 
CHARACTERS (=MALE)  

Case of  a haploid bee x"l; xb2. 

FiG. 9. Fro. 10. 

Fz6. 7 to 10. - -  Genie control of sex determinat ion genes which act during prepupal 
stage of the bee development,  in Melipona quadrifasciata.  Five cases are pre- 
s e n t e d :  figure 7 and 9 present the heterozygous  bee, respect ively  wel l  fed and 
undernourished;  figure 8 and 9 present the case of a homozygote ,  respectively,  we l l  
fed and undernourished;  figure 10 shows  the haplo id  condition.  

ARm 7 bis  10. - -  Genische Kontrol le  der Geschlechtsbestimmungs-gene, die wiihrend der 
Vorpuppenstufe der Bienenentwicklung in der Melipona quadrifasciata.  Fiinf Fiille 
werden dargestellt .  Abb. 7 und 9 repriisentieren die heterozygot isehen Bienen, woh l -  
gen~ihrt bez iehungsweise  untererniihrten. Abb. 8 und 9 zeigen den Fal l  einer wokl -  
geniihrten bez iehungsweise  untererniihrten Homozygote .  Abb. 10 zeigt  den Haploi -  
zustand.  

a s e c o n d  b a t t e r y  t h a i  w o u l d  be the  actu:al f e m a l e n e s s  g e n e s .  O n l y  f u t u r e  r e s e a r c h  
w i l l  c l a r i f y  t h i s  p o i n t .  

B o t h  in  c a s e s  o f  p o o r l y  f ed  M e l i p o n a  f e m a l e  p r e p u p a e  or  w h e n  o n e  x a  o r  x b  

a l l e l e s  is  h o m o z y g o u s ,  the  f e m a l e n e s s  g e n e  b a t t e r y  s tops ,  t h e  m a l e n e s s  g e n e s  t a k e  

o v e r  and  the  i n s e c t ,  that  a l r e a d y  h a s  o v a r i e s ,  d e v e l o p s  s t r o n g  m a s c u l i n e  e x t e r n a l  
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c h a r a c t e r s .  T h e r e f o r e ,  a w o r k e r  i s  f e m a l e  i n s i d e  b u t  a l m o s t  m a l e  o u t s i d e .  T h i s  

e x p l a i n s  w h y  w o r k e r s  o f  M. quadr i fasc ia ta  a r e  m o r e  s i m i l a r  to  m a l e s  t h a n  t o  

q u e e n s  a s  s h o w n  b y  m u l t i v a r i a t e  a n a l y s i s  (fig.  1).  

A C K N O W L E D G E M E N T S .  - -  I t h a n k  P r o f e s s o r  : C. D. M1CHENEB, JULIAN ADAMS a n d  GUSTAV 
SIEKMANN, fo r  r e a d i n g  a n d  co r r ec t i ng  t h i s  pape r .  
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