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A b s t r a c t  A genetic linkage map of papaya (Carica pa- 
paya L.) was constructed using randomly amplified poly- 
morphic DNA (RAPD) markers and a F 2 population de- 
rived from a University of Hawaii UH breeding line 
356 x 'Sunrise' cross. A total of 596 10-mer primers were 
screened, and 96 polymorphisms were detected. At LOD 
4.0, 62 of these markers mapped to 11 linkage groups com- 
prising 999.3 cM. About 80% of the markers conformed 
to expected Mendelian segregation ratios. We have mapped 
the locus that determines sex to a 14-cM region flanked by 
RAPD markers. The results demonstrate the usefulness of 
RAPD markers for developing a basic genetic linkage map 
in papaya. 

Key words Carica papaya �9 RAPD �9 
Sex-determination - Linkage map �9 Hermaphrodite 

Introduction 

Papaya (Carica papaya L.) is a popular fruit crop in Ha- 
waii and other tropical regions. C. papaya is a polygamous 
species with both unisexual and bisexual tree types, al- 
though hermaphrodite plants are preferred for commercial 
cultivation. Sex expression and fruit development are 
greatly influenced by environmental (Awada 1958; Awada 
and Ikeda 1957) as well as genetic factors (Storey 1976). 
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Early attempts to identify markers that co-inherit with sex 
led to discovery of a loose linkage between sex and flower 
and petiole color (Hofmeyr 1939). This is the only previ- 
ous report involving genetic markers in papaya. 

Development of a detailed linkage map for papaya will 
enhance our understanding of papaya genetics and improve 
the efficiency of crop improvement programs, especially 
those involving quantitative traits. Also, the simple segre- 
gation of sex forms in cultivated papaya provides consid- 
erable leverage for locating the factor involved in sex de- 
termination and investigating its mode of action. 

The discovery of DNA-based genetic markers, initially 
as restriction fragment length polymorphisms (RFLP) 
(Grodziker et al. 1974), provides a tool that offers a poten- 
tially unlimited number of genetic markers (Helentjaris et 
al. 1985) that can be used to map and characterize entire 
genomes (Botstein et al. 1980). Within a span of 10 years, 
RFLP-based linkage maps have been constructed for sev- 
eral economically important crops including maize 
(Helentjaris et al. 1986), tomato (Bernatzky and Tanksley 
1986), lettuce (Landry et al. 1987), potato (Gebhardt et al. 
1989), rice (McCouch et al. 1988) and soybean (Tingey 
et al. 1989). The utility of a saturated linkage map for 
understanding the complex nature of the inheritance of 
quantitative traits has already been demonstrated in tomato 
(Paterson et al. 1988). 

Recently, a new method for producing DNA polymor- 
phisms, randomly amplified polymorphic DNA (RAPD), 
has been developed (Williams et al. 1990; Welsh and 
McClelland 1990). This approach is based on the polymer- 
ase chain reaction (PCR)(Saiki et al. 1988) amplification 
of template DNA using short, synthetic deoxyribonucleo- 
tides of random sequence as primers. Each primer can di- 
rect the amplification of several unrelated regions of the 
genome. RAPD technology is much faster and requires 
fewer resources then RFLP technology. An added advan- 
tage of RAPD is its ability to detect more polymorphism 
than RFLP analysis (Williams et al. 1990; Foolad et al. 
1993). This is especially important in papaya where ge- 
netic variability in the available breeding lines is limited 
(Stiles et al. 1993). Mendelian segregation of RAPD mark- 
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Fig. 1 Segregation of RAPD marker OPO10 in the F 2 population. 
An ethidium bromide-stained 1.5% agarose gel showing separation 
of the amplified fragments from the RAPD/PCR reaction run as de- 
scribed in the methods 

'Sunrise' is a gynodioecious, tall, late-bearing commercial cultivar; 
UH breeding line 356 is a dioecious, semi-dwarf, early-bearing se- 
lection. The gynodioecious F 2 population segregated for pistillate 
and hermaphrodite plants that are readily distinguishable on the ba- 
sis of floral reproductive morphology. 

ers has been demonstrated in soybean (Will iams et al. 
1990), conifers (Carlson et al. 1991) and alfalfa (Echt et al. 
1992). RAPD-based  l inkage maps are available in pine 
(Chaparro et al. 1992), Arabidopsis (Reiter et al. 1992) and 
faba bean (Torres et al. 1993). The major l imitat ion of 
RAPD technology is that most markers are dominant  as 
opposed to the codominant  nature of RFLP markers. De- 
spite this disadvantage,  due to its speed and ease, RAPD 
analysis has found applications in populat ion studies 
(Welsh et al. 1991; Hu and Quiros 1991), biosystematics 
(Stiles et al. 1993), gene tagging (Klein-Lankhors t  et al. 
1991; Mart in et al. 1991) and especially genetic mapping.  

In this report we present a genetic l inkage map for pa- 
paya based on RAPD markers as a first step towards under-  
standing the papaya genome. We also investigated the ge- 
netics of sex determinat ion in papaya. 

Materials and methods 

Mapping population 

The segregating F 2 population of a cross between the Hawaiian cul- 
tivar 'Sunrise' and UH breeding line 356, derived from an introduc- 
tion from Florida, was used for the present study. Two populations 
from the same cross were grown; one at the University of Hawaii 
Poamoho Experiment Station (153 plants) and the other at the Wai- 
manalo Experiment Station (100 plants). 'Sunrise', inbred for over 
25 generations, was used as the male parent and UH breeding line 
356, derived from the third sib-mated generation, was used as the fe- 
male parent (Zee 1985). Morphologically, the parents are distinct. 

DNA isolation 

DNA extraction, purification and quantification was performed as 
previously described (Stiles et al. 1993). DNA was extracted from 
young leaves, generally once from each plant unless additional DNA 
was required. A total of 596 decamer primers were used for PCR am- 
plification. Five hundred primers were obtained from Operon Tech- 
nologies (Alameda, Calif.) (kits A through Y), and 96 primers were 
synthesized at the University of Hawaii Biotechnology Instrumen- 
tation Facility. Each potential polymorphism was confirmed at least 
three times. Ninety-six polymorphisms were scored in the F 2 popu- 
lation. 

DNA amplification 

The PCR procedure described by Williams et al. (1990) was followed 
with minor modifications. Amplification reactions were carried out 
in 25 btl containing 0.2 btM primer, 150 BM of each deoxyribonucle- 
otide triphosphate, 2 mM MgC12, I 0 mM TRIS-HCI (pH 8.3), 50 mM 
KCI, 0.001% gelatin, 15-25 ng template DNA and 0.75-1.25 U Taq 
DNA polymerase. Reaction conditions consisted of 45 cycles of 
1 min at 95~ 1 min at 35~ and 2 min at 72~ in a Coy model 50/60 
thermocycler. The PCR reaction was concluded by a 5-rain exten- 
sion at 72~ Products were separated by electrophoresis at 50 V for 
6-8 h in 1.5% agarose gels, stained with ethidium bromide and pho- 
tographed under UV light. Figure 1 shows the results of a typical gel. 
Lanes containing DNA from specific plants were scored for pres- 
ence or absence of segregating bands. Absence of a band was con- 
firmed by repetition. 

Data analysis 

Goodness-of-fit to the expected segregation of 3:1 (dominant), 2:1 
(sex) or 1:2:1 (codominant) for the F 2 population was tested by chi- 
square analysis. The linkage map was constructed using MAPMAK- 
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Fig. 2 Genetic linkage map of papaya. Genetic markers in italics 
are co-dominant (SEXI and M6). Markers to the left are dominant in 
UH breeding line 356; markers to the right are dominant in 'Sunrise'; 
numbers along the linkage groups indicate marker distance in cM; 
numbers below linkage groups indicate total size of the linkage group. 
The markers are the same as those in Tables 1 and 2 except that the 
OP or UH designation has been omitted 

ER/EXP (version 3.0) (Lander et al. 1987). The approach used was 
that described by Lincoln et al. (1993). Polymorphic markers were 
grouped at LOD 4.0 and a recombination frequency (r) of 0.35. With- 
in a group, a LOD threshold of 2.0 was used to order the markers us- 
ing the MAPMAKER 'order' command. Marker order was con- 
firmed using the 'ripple' command. The markers in a group with a 
distance less than 35 cM were ordered first, and the remaining mark- 
ers in that group (with r=0.35 to 0.45) were then mapped with a min- 
imum threshold of LOD 1.5. 

Since most RAPD markers are dominant and thus provide less 
information per individual (especially in repulsion phase), two sep- 
arate maps (not shown) with markers in coupling phase were con- 
structed to confirm the linear order of the markers in the combined 
map shown in Fig. 2. The map distances were reported in centiMor- 
gans (cM) using the Haldane correction. 

Because of the unusual situation of linkage group 1, where the 
dominant homozygous class (SEX1-H/SEXI-H) is missing, the map- 
ping data for markers tightly linked to SEX1 was reexamined, and q 
was calculated with an adjustment for the missing class. Figure 3 
shows the expected genotypes and 'RAPD phenotype' for RAPD 
markers in coupling phase with SEXI-H. Above each gamete class 
is the probability of that class, either ( 1 -q)/2 for parental gametes or 
q/2 for recombinant gametes. The probability of each class is the 
product of the probability of the gametes making up that class. The 
total probability for the apparent lethal classes (shaded in Fig. 3) is: 

[(1 - 0)/2] 2 + 2(0/2)[(1 - 0)/2] + (0/2) 2 = 1/4 

The probabilities of the recombinant classes are: 

RAPD marker +, female plant 
{2 [(1 - 0)/2] (0/2) + (0/2) 2 } + 3/4 = 2/30 + 1/30 2 

RAPD marker -,  hermaphrodite plant 
{2(0/2)[(l  - 0)/2]} + 3/4 = 2 / 3 0 -  2/302 

Total recombinants 4 / 3 0 -  02 

The probabilities of the parental classes are: 

RAPD marker - ,  female plant 
{[ (1-  0)/2] 2} + 3/4 = 1 /3 -  2/30+ 1/302 

RAPD marker +, hermaphrodite plant 
{2[(1 - 0)/2] (0/2) + 2[(1 - 0)/2]-+ 2(0/2) 2} 
+ 3/4 = 2/3 - 2/30 + 2/302 

R e s u l t s  

P o l y m o r p h i s m s  

T h e  parents ,  ' S u n r i s e '  and U H  b r e e d i n g  l ine  356, w e r e  
s c r eened  wi th  596 10-base  p r imers .  An  a v e r a g e  o f  e ight  
m a j o r  f r agmen t s ,  r ang ing  f r o m  200 bp to 2500  bp in size,  
w e r e  a m p l i f i e d  pe r  pr imer ,  a l t hough  about  15% o f  the p r im-  

ers d id  not  g i v e  any a m p l i f i c a t i o n  p roduc t .  S ix ty  o f  the 
p r imer s  d e t e c t e d  a total  o f  96 p o l y m o r p h i s m s  of  w h i c h  61 
sa t i s f ied  the m a p p i n g  c r i te r ia  o f  l i nkage  at L O D  4.0 or  

g rea te r  in the F 2 m a p p i n g  p o p u l a t i o n  (Table  1). O n l y  l o f  
the 96 p o l y m o r p h i s m s  ( O P M 6 )  was  inhe r i t ed  in c o d o m i -  
nant  fash ion .  S ix ty  p e r c e n t  o f  the p o l y m o r p h i c  marke r s  
g a v e  a s ing le  p o l y m o r p h i s m  per  pr imer ,  37% g a v e  2 po ly -  
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S e g r e g a t i o n  analys is  

C h i - s q u a r e  analys is  was  p e r f o r m e d  to c h e c k  for  g o o d n e s s -  

of - f i t  to the  e x p e c t e d  M e n d e l i a n  s e g r e g a t i o n  (Table  2). In-  
he r i t ance  o f  sex and 48 R A P D  marker s  s h o w e d  the ex-  
pec t ed  M e n d e l i a n  s eg rega t i on  in the F 2 popu la t ion .  O f  the 

13 marke r s  that  d id  not  f o l l o w  the e x p e c t e d  s eg rega t i on  8 
exh ib i t ed  s t rong  dev ia t ions  f r o m  e x p e c t e d  rat ios  ( s igni f i -  
cant  at P<0 .01) .  

Fig. 3 Phenotype of individuals in the F 2 population. The pheno- 
type, recombination status and viability of various classes from a self 
of the F I . S h a d e d  classes are inviable. The probability of each gam- 
ete, either (1-0)/2 for parental gametes or 0 / 2  for recombinant gam- 
etes, is given with each gamete class 

T a b l e  1 Sequence of primers from the 5' prime end 

Name Sequence Name Sequence 

UHC5 'GAGTTCCGCA' U H C l l  'AGCAAAGGCC' 
UHD4 'TTGGGACAGT' UHDI2 'TGGCGTTGCT' 
UHE12 'ACCATCCCCA' UHF3 'ATCTGTGTGG' 
UHF5 'CACAGGTTCT' UHF9 'GCATCTCAGT' 
UHG12 ~ UHH11 'TTAGGGCCTC' 
OPBl l  'GTAGACCCGT' OPD2 'GGACCCAACC' 
OPD18 ~ OPD20 'ACCCGGTCAC' 
OPE2 'GGTGCGGGAA' OPE7 'AGATGCAGGCC' 
OPEl6 'GGTGACTGTG' OPF12 'ACGGTACCAG' 
OPGI0 'AGGGCCGTCT' OPH3 'AGACGTCCAC' 
OPHI3 'GACGCCACAC' OPH18 'GAATCGGCCA' 
OPI9 'TGGAGAGCAG' OPII4 'TGACGGCGGT' 
OPJ19 'GGACACCACT' OPK3 'CCAGCTTAGG' 
OPL12 'GGGCGGTACT' OPL15 ~ 
OPM6 'CTGGGCAACT' OPM13 'GGTGGTCAAG' 
OPO10 'TCAGAGCGCC' OPO15 'TGGCGTCCTT' 
OPP15 'GGAAGCCAAC'  OPP5 'CCCCGGTAAC' 
OPQ12 'AGTAGGGCAC' OPR15 'GGACAACGAG' 
OPR20 'ACGGCAAGGA' OPS12 'CTGGGTGAGT' 
OPTI 'GGGCCACTCA' OPT4 'CACAGAGGGA' 
OPT12 'GGGTGTGTAG' OPUI3 'GGCTGGTTCC' 
OPV14 'ACCCCCTGAA' OPV16 'ACACCCCACA' 
OPW2 'ACCCGCCAA' OPX17 ~ 

m o r p h i s m s  per  pr imer ,  and 3% g a v e  3 p o l y m o r p h i s m s  per  
pr imer .  T h r e e  p o l y m o r p h i c  marke r s  d id  not  s eg rega t e  in 

the  F 2 popu l a t i on  (i.e. w e r e  p resen t  in all F 2 plants) .  T w o  
o f  these  marke r s  (OPA4  and U H E 5 )  w e r e  d o m i n a n t  in the 
ma te rna l  parent ,  the  U H  b r e e d i n g  l ine  356, and 1 ( O P L 8 )  
was d o m i n a n t  in the pa te rna l  pa ren t  ' S u n r i s e ' .  

Table 2 Segregation of RAPD markers in P 2 population ~' 

Primer Parent Present Absent Expected Chi-square 
ratio 

UHC5A SR 183 62 3 
UHC5B SR 189 54 3 
U H C l l  356 187 60 3 
UHD4 SR 176 70 3 
UHDI2 SR 163 35 3 
UHEI2 356 196 46 3 
UHF3 SR 183 63 3 
UHF5 SR 183 62 3 
UHF9 356 176 66 3 
UHG12 356 195 57 3 
UHH11 356 176 74 3 
OPB11 356 140 37 3 
OPD2A 356 156 97 3 
OPD2B SR 187 60 3 
OPD2C 356 176 72 3 
OPD18A SR 160 80 3 
OPD20A SR 161 29 3 
OPD20B 356 128 57 3 
OPE2 356 146 43 3 
OPE3 SR 141 59 3 
OPE7C SR 157 30 3 
OPE7D SR 125 40 3 
OPE16A 356 134 109 3 
OPE16B 356 183 60 3 
OPF12 SR 140 46 3 
OPGIOA 356 198 50 3 
OPH3 356 198 51 3 
OPHI3 SR 192 56 3 
OPH18B SR 162 86 3 
OPI9A 356 187 58 3 
OPI9B SR 200 45 3 
OPI14 SR 187 62 3 
OPJ9 356 196 50 3 
OPK3 356 139 55 3 
OPL12A 356 150 43 3 
OPL12B 356 177 10 3 
OPLI5A SR 116 78 3 
OPL15C SR 143 42 3 
OPM6 Codo- 43 95 58 1 

minant 
OPM13 356 152 45 3 
OPP5C SR 163 33 3 
OPO10 356 147 51 3 
OPO15 SR 159 51 3 
OPP10 SR 155 34 3 
OPP15A SR 157 38 3 
OPP15B 356 146 40 3 
OPQ12A 356 149 51 3 
OPQ12B SR 156 42 3 
OPR15A SR 150 50 3 
OPR20A SR 143 44 3 
OPS12A 356 127 58 3 

1 0.00 
1 0.85 
1 0.03 
1 1.39 
1 5.27* 
1 4.36* 
l 0.02 
1 0.00 
1 0.55 
1 0.64 
1 2.58 
1 1.07 
1 23.29** 
1 0.03 
1 1 .93  
1 8.44** 
1 9.09** 
1 3 . 0 2  
1 0.38 
1 1 .95  
1 7.53** 
1 0.03 
1 49.94'* 
1 0.00 
1 0.00 
1 2.84 
1 2.36 
1 0.64 
I 1 1 . 8 6 " *  
1 0.16 
1 5.93* 
1 0 .01  
1 2.61 
1 0.90 
1 0.61 
1 b 37.46** 
1 2 3 . 1 2 " *  
1 0 . 4 0  
2 : 1 2.73 

1 0.37 
1 5 . 2 7  
1 0.03 
1 0.01 
1 4.59* 
1 2.87 
1 1 .02  
1 0 .01  

1.3O 
1 0 . 0 I  
1 0 . 1 4  
1 3 .61 
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Table 2 (Continued) 

Primer Parent Present Absent Expected Chi-square 
ratio 

OPT1B 356 155 42 3 : I 1.23 
OPTIC SR 145 52 3 : 1 0.12 
OPT4 356 154 40 3 : 1 1.75 
OPT12 SR 135 47 3 : 1 0.03 
OPUI3A 356 153 53 3 : 1 0.82 
OPV14A SR 139 51 3 : 1 0.10 
OPVI4B SR 152 39 3 : 1 1.89 
OPV16 356 136 33 3 : 1 2.41 
OPW2 356 158 34 3 : 1 5.15" 
OPX17 356 142 50 3 : 1 0.05 
Sex c 173 (H) 80 (I.) 2 : 1 0.21 

* P<0.05, ** P<0.01 
a For 25 markers, a total of 253 plants were scored and for the re- 
maining markers, 200 plants were scored. Those polymorphisms 
which could not be scored unambiguously or could not be repeated 
were reported as missing. 
b This marker shows linkage to the Sex]-fallele from UH breeding 
UH breeding line 356 and thus should be present in all plants unless 
a recombination event has taken place 
c Female allele is from UH breeding 356; hermaphrodite allele is 
from 'Sunrise'. H, hermaphrodite plants; ~M, female plants 

Genetic linkage map 

A total of 72 markers were assigned to linkage groups us- 
ing a minimum LOD score of 4.0. Ten of these markers, 
those that could not be ordered unambiguously and that did 
not meet the set criteria, were discarded. Hence, the ge- 
netic linkage map consists of 61 RAPD markers and 1 mor- 
phological marker in 11 linkage groups comprising a total 
of 999.3 cM (Fig. 2). About 57% (29) of the intervals are 
less than 20 cM, 20% (10) are between 21 cM and 30 cM, 
20% (10) are between 31 cM and 40 cM and 3% (2) are 
between 41 cM and 45 cM. 

Linkage group 1, with 9 loci, included the SEX1 locus. 
The markers flanking SEX1, OPT12 and OPTIC, are in- 
herited in a dominant fashion (3:1), while the sex locus it- 
self segregated in a ratio of two hermaphrodite plants to 
one female due to the lethality of the dominant SEX1-H/ 
SEX1-H class. N-point mapping using MAPMAKER 
placed OPT 12 and OPT 1C on opposite sides of SEX1, each 
at a distance of 7 cM. Because of the unusual 2:1 segrega- 
tion of SEX1 and the 3:1 segregation of these flanking 
markers, a more detailed analysis was carried out. For 
OPT 1C the recombinant class was 0.078 (15 recombinants 
in 193 plants). When the lethal class is taken into account, 
the actual 0 is 0.061. Likewise, the total recombinant class 
for OPT12 is 0.071 (12 recombinants in 169 plants), giv- 
ing a 0 of 0.056. From a comparison of q values calculated 
for total recombinants and for individual classes, it is ev- 
ident that both the recombinant and parental classes that 
contain dominant RAPD markers are over-represented in 
both OPTIC and OPT12. 

OPL12B that is in coupling phase and linked with 
sexl-f (i.e. dominant in UH breeding line 356, the female 

parent) is present in 95% of the plants. 0 values were cal- 
culated taking into account the missing classes in a man- 
ner analogous to that done for the RAPD markers linked 
and in coupling phase with SEX1-H. In this case the total 
recombinants (10 in 190 plants) gave a 0 value of 0.082 
(r = 2 / 3 0 -  1/302). On the basis of 0 equal to 0.082 and a 
population of 190 plants, the RAPD - hermaphrodite class 
(r = 2 / 3 0 -  2/30 2) should contain 9.5 individuals, and 10 
individuals were observed in this class. The RAPD - fe- 
male class (r = 1/30 2) should contain 0.4 individuals, and 
we observed no individuals in this class. 

Linkage group 7 is the largest group (217.1 cM), with 
12 loci accounting for over one-fifth of the total distance 
covered by the map. Of the 11 linkage groups, 7 have 5 or 
more loci. 

Discussion 

Polymorphisms and segregation 

We have screened a total of 596 10-base primers and de- 
tected 96 polymorphisms between the parents 'Sunrise' 
and UH breeding line 356. The observed frequency of 0.16 
polymorphisms/primer is lower than the frequency of poly- 
morphisms observed in inter-varietal crosses of faba bean 
(Torres et al. 1993), alfalfa (Echt et al. 1992) and Arabi- 
dopsis thaliana (Reiter et al. 1992). The parents in the 
present study were chosen to maximize polymorphisms by 
selecting unrelated and morphologically distinct lines. 
However, the magnitude of the morphological differences 
between the parents does not seem to correlate well with 
differences at the molecular level. This observation is con- 
sistent with the findings of Stiles et al. (1993) who reported 
a narrow genetic diversity among ten domesticated papaya 
cultivars, including the parents used for the present study. 
This lack of polymorphic DNA may be magnified by the 
relatively small genome size of papaya (Armuganathan and 
Earle 1991), which would limit the amount of the gener- 
ally more polymorphic repetitive DNA. 

Mendelian segregation of 80% of the RAPD loci ob- 
served in the F 2 segregating population is higher than that 
reported in Belula alleghaniensis (Roy et al. 1992), alfalfa 
(Echt et al. 1992) and conifers (Carlson et al. 1991). The 
larger size of the F 2 population and the use of an intra-spe- 
cific cross may have contributed to the reduced level of 
segregation distortion observed in the present investiga- 
tion. 

The lack of segregation for two polymorphisms having 
dominant markers in UH breeding line 356 can be attrib- 
uted to very tight linkage to the sexl-f allele or to mater- 
nal inheritance of plastids. The uniparental inheritance in 
the F 2 population of the marker (OPL8), which is domi- 
nant in the male parent 'Sunrise', is not clear. However, 
we have previously shown that RAPD markers are still seg- 
regating in the progeny from third-generation sib-mated 
UH breeding line 356 (Stiles et al. 1993). It is possible that 
the plant of UH breeding line 356 used as the female par- 
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ent for this cross may have been heterozygous or homozy- 
gous dominant for this marker. 

One other marker, OPL 12B, that shows significant de- 
viation from the expected 3:1 segregation can be explained 
by its linkage, in coupling phase, to sexl-f. Since every 
plant should have at least one copy of sexl-f, any marker 
linked in coupling should also be present except when un- 
coupled by recombination. MAPMAKER places OPL12B 
7.8 cM from SEX1, which is close to the 0 value of 0.082 
calculated from the total recombinant class. For this 0 and 
population size (190 plants), the OPL12B null-hermaph- 
rodite class should contain 9.5 individuals and the OPL12B 
null-female class should contain 0.4 individuals. The ob- 
served class sizes of 10 and 0 are close to the expected val- 
ues. 

Sex determination 

Sex in papaya is determined by a single gene with multi- 
ple alleles (Storey 1938; Hofmeyr 1938). The alleles for 
male SEX]-M and hermaphrodite SEX1-H are dominant 
over the female sex-f allele. It has also been hypothesized 
that this simply inherited locus in fact represents a com- 
plex of many tightly linked genes affecting secondary sex 
characters (flower number, peduncle length), cross-over 
suppression ( 'C ' )  and lethality ( 'L')  (Storey 1953). The zy- 
gotic lethal factor ( 'L')  is responsible for the death of the 
homozygous dominant types (SEX1-M/SEX1-M, SEX1-M/ 
SEXt-H, SEX1-H/SEX1-H) during early seed develop- 
ment. This gives rise to a 2:1 segregation for sex type rather 
than the normal 3:1 ratio for a single autosomal dominant 
gene. 

Alternatively, Hofmeyr's  (1967) genic balance theory 
of sex determination in papaya proposes that the male and 
hermaphrodite regions are inert, which accounts for the zy- 
gotic lethality in the homozygous condition. Based on the 
more frequent occurrence of sex reversal in hermaphro- 
dites and males than in female plants, he proposed that a 
greater concentration of genes affecting femaleness are 
concentrated on sex chromosomes while those affecting 
maleness are distributed all over the autosomal chromo- 
somes. The interaction between these factors determines 
the sex of the plant. 

On the basis of our current understanding of the regu- 
lation of floral development and its control through trans- 
acting regulatory proteins (e.g., see review by Gasser 
1991), it is reasonable to hypothesize that SEX1-M encodes 
a trans-acting regulatory factor that induces male floral 
parts while inhibiting carpel development. The dominant 
SEX1-H allele is intermediate, it has the ability to induce 
male structures but only reduces carpel size. Functional 
carpels remain in SEX1-H/sexI-f plants. The sexl-f  allele 
is incapable of inducing male structures and could be a null 
allele. The lethality of zygotes lacking at least one copy of 
sexl-fcould result from an additional required function for 
the SEX1 locus that is present in the sexl-fallele but lack- 
ing in both SEX1-M and SEX1-H. Alternatively, a chromo- 
somal aberration, perhaps a deletion, that inactivates a re- 

quired function gene may be tightly linked to the SEX1-M 
and SEX1-H alleles. 

Linkage map 

We have developed a primary genetic linkage map of pa- 
paya using 61 RAPD markers (60 dominant and 1 codom- 
inant) and 1 codominant morphological locus (SEX1). The 
map is comprised of 11 linkage groups with a total mapped 
distance of 999.3 cM. C. papaya is a diploid species with 
2n=18 (C=9) (Meurman 1925). On the basis of a normal 
chromosomal size range of 50-150 cM (Kashi 1985), the 
papaya genome is expected to be around 1350 cM. The 
present map covers a significant portion of the papaya ge- 
home. Although the map distances may be inflated due to 
the use of mostly dominant markers, this is a major im- 
provement over the previous map that comprised 3 mark- 
ers and covered only 41 cM (Hofmeyr 1939). At present, 
we can not assign any linkage group to a chromosome as 
the chromosomes have not been characterized morpholog- 
ically. 

We have mapped the locus that determines flower sex, 
SEX1, to a region on linkage group 1 flanked by markers 
in coupling phase. These loci, T12 and TIC, are both 7 cM 
from SEX1 but appear to segregate in a normal 3:1 ratio 
(Table 2), while SEX1 segregates 2:1 due to the lethality 
of the homozygous dominant class. 

The map surrounding SEX1 was constructed by auto- 
mated n-point analysis using the 'order'  routine of MAP- 
MAKER. Because of the unusual segregation in this re- 
gion as a result of the missing and presumed lethal SEX1- 
H/SEX1-H class (that should include one-fourth of the in- 
dividuals) and the over-abundance of the flanking domi- 
nant RAPD alleles, 0 for the various classes was calcu- 
lated. The combined recombinant q values for OPT1C and 
OPT12 were not significantly different from those deter- 
mined by MAPMAKER. However, both the recombinant 
and parental classes that contained the dominant RAPD 
markers were over represented. This accounts for the 3:1 
segregation of the RAPD markers surrounding the 2: l-seg- 
regating SEX1 locus. The reason for the additional RAPD 
markers is not clear. However, this over-representation is 
not a general problem since the majority of the RAPD 
markers showed the expected pattern of dominant Mende- 
lian segregation. We are currently cloning OPT1C and 
OPT12 so that they can be used as co-dominant markers 
to map this region in more detail. 

This papaya linkage map, having 51 intervals, with a 
mean distance between markers of 19.6 cM, with over 75% 
of the intervals shorter than 30 cM, is adequate for genetic 
analysis of quantitative traits (Sondur et al. 1995). The re- 
sults of our study confirms the utility of RAPD markers in 
constructing genetic linkage maps. 
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