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A b s t r a c t  In the course of a heterologous transposon tag- 
ging experiment in Petunia hybrida (n=7), 135 indepen- 
dent T-DNA loci were tested for linkage to the target genes 
Hfl and Fl, which are located on the two largest chromo- 
somes.  Approximately one-third (47) of these T-DNA loci 
were linked to one of these two markers. Of  these 47 linked- 
loci, 19 mapped within 1 cM of its marker, indicating a 
highly non-random genetic distribution of introduced loci. 
However, rather than non-random integration within both 
of the marked chromosomes, this probably reflects a sup- 
pression of recombination around these marker loci in the 
particular wide hybrids used for mapping. This hypothesis 
was tested by measuring recombination between linked 
T-DNAs in an inbred background. Inbred recombination 
levels were found to be at least 3-fold higher around the 
Hfl locus and 12-fold higher around Fl compared to the 
wide hybrids. These findings may reflect the origin of  
P. hybrida by hybridization of wild species, and while rel- 
evant to genetic mapping in petunia in particular they may 
also have more general significance for any mapping strat- 
egies involving the use of wide hybrids in other species. 
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Introduction 

The advent of routine plant transformation procedures us- 
ing Agrobacterium has allowed a novel class of  genetic 
marker to be developed. The markers used to select f o r  

transformation (e.g. antibiotic or herbicide resistance) can 
serve equally well as dominant traits for segregation anal- 
ysis. Given an efficient transformation system a potentially 
limitless number of  single-locus markers that segregate in 
Mendelian fashion can be generated (Deroles and Gardiner 
1986). Despite the wide availability of introduced select- 
able markers, in a variety of genetically well-defined spe- 
cies (e.g. Feldmann and Marks 1987) there have been rel- 
atively few attempts to incorporate these into existing ge- 
netic maps. 

However, in a study using Agrobacterium-mediated 
transformation of Petunia hybrida, nine T-DNA integra- 
tion sites were localized to four out of the seven chromo- 
somes (Wallroth et al. 1986). Of  four integrations placed 
on chromosome I, a l l  were found to map to genetically dis- 
tinct sites. Similarly, ten T-DNA insertions in the tomato 
genome were found to map to distinct sites on at least 5 of  
the i2 chromosomes (Chyiet  al. 1986). In no instance were 
two inserts found at an identical location. These studies 
provided the first evidence that selectable markers could 
be placed at a variety of  loci scattered apparently at ran- 
dom throughout plant genomes. Additional support came 
from the direct physical mapping of a limited number of  
T-DNA insertions in Crepis (Ambros et al. 1986). 

In the course of a transposon tagging experiment de- 
scribed herein we mapped a large number of  independent 
transgene loci (135) with respect to several target genes. 
Our approach differed from those used previously in that 
the selectable marker was used to test for skewed segrega- 
tion of linked phenotypic markers. This allowed us to 
screen a large number of  transformants for linkage because 
it was not necessary to assay progeny individually for in- 
heritance of the transgene as in previous studies (Wallroth 
et al. 1986, Chyi et al. 1986). The high density of T-DNA 
markers allowed us to address a number of  problems r e -  
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lated to recombina t ion  and the dis t r ibut ion of  T -DNA in- 
sert ion sites within pe tunia  chromosomes .  The results  
showed that the level  of  r ecombina t ion  be tween  the T - D N A  
markers  and l inked pheno typ ic  markers  is genera l ly  much 
less than would  be expec ted  for a typ ica l  genet ic  map. We 
subsequent ly  showed that the level  of  r ecombina t ion  
be tween  l inked T-DNA markers  in an inbred  backg round  
is apparent ly  greater  than the hybr id  mapp ing  data  would  
suggest .  This p resumably  results  f rom unexpec ted ly  poor  
recombina t ion  be tween  ch romosomes  of  dis t inct  but  inter-  
fert i le lines. The impl ica t ions  of  the results  presented  here 
are d i scussed  with respec t  to both genet ic  mapp ing  in pe-  
tunia  in par t icular  and also mapping  s trategies  based  on 
wide  hybr ids  in general .  In addi t ion,  we have ex tended  and 
conf i rmed  the previous  suggest ions  that T - D N A  insert ions 
occur  at r andom with respect  to chromosomes .  

Materials and methods 

Petunia hybrida genetic stocks 

The inbred lines of Petunia hybrida used in this study, V26, M1 and 
M59, were obtained from the stock centre of the Department of Ge- 
netics at the Free University of Amsterdam. These lines were origi- 
nally derived from commercial stocks and have been inbred for at 
least ten generations. Each line has been characterized for a large 
number of genetic factors influencing anthocyanin pigmentation in 
petunia. The factors that are relevant to the mapping scheme used 
here are as follows: 

V26: Hfl, F1, Phl, ph2, po, an4 
MI: hfl,fl, Phl, Ph2, Po, An4 
M59: hfl,fl, phi, Ph2, po, An4 

The Hfl gene is required for 3'5'-hydroxylation of the B ring of flav- 
anones and dihydroflavonols. The Fl gene affects the production of 
flavonol copigments, and phl and ph2 affect the pH of the corolla 
cell sap. Finally, Po and An4 determine the pollen colour. All these 
factors can be scored independently by the visual inspection of co- 
rollas or anthers. For further details see Wiering and de Vlaming 
(1984). 

were incubated at 24~ under 3000-5000 lux for 2-4 weeks prior to 
scoring. Seedlings resistant to kanamycin (producing both true leaves 
and long branched roots) or hygromycin (fully expanded cotyledons 
and extended hypocotyls) were transferred to Magenta boxes con- 
taining Basal MS medium pH 5.8, 0.8% tissue culture agar (JRH Bio- 
sciences, Lenexa Kan.) and 3% sucrose. Once the roots were well- 
established, seedlings were transplanted into soil and placed in a 
greenhouse for scoring flower colour. 

Statistical methods 

Due to the mapping scheme employed, only kanamycin-(or hygro- 
mycin)-resistant plantlets were analysed for segregation of pheno- 
typic markers (Fig. 1). Linkage between the T-DNA insert and aphe- 
notypic marker was presumed if the marker exhibited a segregation 
deviating significantly from that of the controls. The segregations 
were not tested against a 1:1 ratio because of inherent segregation 
distortion, but instead against a pooled segregation ratio derived from 
a number of mapping populations in which the T-DNA was clearly 
linked (within 10 cM) to a distinct marker, Thus, the expected ratio 
for Hfl:hfl segregations was derived from the actual numbers found 
in crosses where the T-DNA insert appeared to be linked within 
10 cM of Fl. In the first experiment presented in Table 1A, Hfl:hfl 
segregation in 10 F/-linked progenies 1 (Acg, Acl2, Ac21, Ac80, 
Ac83, Ac112, Ac118, Ac128, Ac145, Ac172) gave a pooled ratio of 
1195:655. Conversely, Fl.'fl segregation in 14 Hfl-linked progenies 
(Ac8, Acl 1, Ac27, Ac32, Ac46, Ac48, Ac52, Ac73, Acl07, Ac114, 
Acl l9 ,  Ac163, Acl71, Ac208) was 1231:1060. In the second ex- 
periment (Table 1B), we used a ratio of 946:512 for Hf1:hfl derived 
from 8 Fl-linked populations (Ac352, Ac395, Ac424, Ac448, Ac522, 
Ac530, Ac563, Ac625) and a ratio of 789:607 for Fl.'fl derived from 
4 Hfl-linked populations (Ac332, Ac388, Ac399, Ac617). The con- 
trol populations were shown to be homogeneous using a Chi-square 
test, and all gave a probability of at least 5%. The observed segre- 
gation ratios for particular lines were then tested with the relevant 
control segregation using a standard Chi ~• contingency test: 

Chi2 = ((ad-  bc) -  0.5 N) 2 N 
(a+b)(a+b)(b+ d)(c+d) 

where a represents the number of dominant plants observed, b the 
number of recessive plants observed, e the expected number of dom- 
inant plants, d the expected number of recessives and N the total 
number of plants. 

Transformation of P. hybrida 

Two constructs were introduced into the line V26 using a previous- 
ly established transformation/regeneration protocol (Napoli et al. 
1990) based on the general method of Horsch et al. (1985). The 
pJJ2853 construct contains a neomycin phosphotransferase (NPTII) 
coding region with a NOS promoter and an OCS 3' end that confers 
resistance in pIanta to the antibiotic kanamycin (Jones et al. 1989). 
The pJJ4411 construct contains a hygromycin phosphotransferase 
(HPT) coding region with a p l '  promoter and a NOS 3' end that con- 
ferred resistance to hygromycin (Keller et al. 1992). The transfor- 
mations with p J J2853 used the conditions described previously (Nap- 
oli et al. 1990) while those with pJJ4411 were performed using 
15ug/ml hygromycin in the selection media. 

Seedling selections 

Transgenic seed was surface-sterilized for 20 min with 20% bleach, 
1% Tween and rinsed at least five times with sterile water before dry- 
ing in a laminar flow hood. Sterile seed were sprinkled onto petri 
plates containing Basal MS medium pH 5.8, 0.8% agar, 1% glucose 
or 3% sucrose and the appropriate antibiotic [100-200 ug/ml kanam- 
ycin sulphate (Sigma) or 15 ug/ml hygromycin (Calbiochem)]. Plates 

Results 

The results  p resented  here were obta ined  f rom two dis t inct  
popula t ions  of  t ransgenic  petunias,  both  der ived  by  Agro- 
bacterium-mediated t ransformat ion  of  the same inbred 
line, V26, by  the p rocedure  of  Napol i  et al. (1990). The ex- 
per iments  differ  in the T -DNA construct  employed:  
pJJ2853 confers  a kanamycin- res i s t an t  phenotype  and 
p J J4411, a hygromyc in - res i s t an t  phenotype  (see Mater ia l s  
and methods  for details) .  Both constructs  also contain  an 
Ac e lement  inser ted into a gene conferr ing s t reptomycin-  
res is tance (for further detai ls  see Jones et al. 1989; Kel le r  
et al. 1993). 

l The line Ac129 was also tightly linked to F1 (0 cM) but the Hfl ra- 
tio was significantly different from the other 10 lines when pooled 
(P< 5%) and so it was omitted from the control ratio 
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Primary transformant (V26) 

Hfl R KAN R 
Hfl FI  

select 
KAN g 

KAN R F 1 hybrid (V26/M1) 

Hfl F__/ KAN R 
hfl  f l  

X 

Recessive tester (M1) 

hfl  f l  - : _  
h f l  f l  

Recessive tester (M1) 

hfl f l  - 
hfl  f l  

select 
KAN R 

4 classes of KAN R progeny are recovered: 

Class Genotype Phenotype 

A. Hf l  F/ KANR Hfl FI 
hfl  f l  

B. Hfl  fl KAN R Hfl fl 
hf l  f l  

C. hf l  FJ KAN R hfl  FI 
hfl  f l  

D. hfl  fl KAN R hfl  fl 
hf l  f l  

Fig. 1 Scheme for mapping T-DNAs with phenotypic markers. The 
genotypes for the two inbreds used in the initial study (V26 and M1) 
are indicated for the marker genes Hfl and F1 on chromosomes I and 
II, respectively. An untinked T-DNA conferring kanamycin resistance 
in the transformation host V26 is shown. Kanamycin-resistant F 1 hy- 
brids were selected and backcrossed with M1 as shown. The selec- 
tion of kanamycin-resistant backcross seedlings will result in four 
possible phenotypic classes (A-D), all of which are readily distin- 
guished by visual inspection of corollas (Wiering and de Vlaming 
1984). If the T-DNA was unlinked to either Hfl or Fl then the four 
classes would be present in approximately a 1:1:1:1 ratio. If the 
T-DNA was linked to Hfl then classes A+B (Hfl)>C+D (hfl) or 
linked to Fl then classes A+C (FI)>B+D (fl) 

Screening kanamycin-resistant transformants for linkage 
to marker loci 

Kanamycin-resistant transformants were produced by in- 
troducing the T-DNA of pJJ2853 into the inbred line, V26. 
These primary transformants were crossed to the inbred 
tester line M1 to produce V26/M1 hybrids that are heter- 
ozygous at a number of phenotypic marker loci (see Ma- 
terials and methods). Hybrid seed was plated on kanamy- 
cin-containing medium, and lines with good penetrance for 
the kanamycin-resistance phenotype that were also appar- 
ently single locus (based on a 1:1 segregation) were se- 
lected for backcrossing as females to the M1 tester line. 
The selection of kanamycin-resistant backcross progeny 
allowed the detection of linkage between the T-DNA and 
marker loci on chromosomes I (Hfl) and II (F1) as illus- 
trated in Fig. 1. Linkage between the transgene and either 
marker gene would result in a distorted segregation in fa- 

your of  the allele derived from the transformation parent 
(V26). 

Table 1A presents the results of scoring kanamycin-se- 
lected backcross seed derived from 84 transformants for 
the two phenotypic markers Hfl and Fl. The allele ratios 
(Hfl: hfl and Fl:fl) were determined by pooling data from 
the four phenotypic classes as described in the legend to 
Fig. 1. A preliminary screen of 30-60 kanamycin-resist- 
ant selections was used as an initial linkage test (Table 1A, 
preliminary dataset). Several lines gave apparent skewing 
of phenotypic ratios towards the dominant allele of  the 
transformed parent (Hfl or Fl), as would be expected in 
the case of  linkage. To confirm a putative linkage the data 
were extended to larger confirmatory populations (typi- 
cally more than 100 individuals) for selected lines (Table 
1A, confirmatory dataset). The significance of any ob- 
served skewed ratios was calculated using a Chi-square test 
as described in the Materials and methods. Briefly, the ob- 
served ratio for a putative Hfl-linked line was compared 
to that expected based on a pooled sample of lines for which 
the T-DNA was tightly linked (within 10 cM) to FI. Con- 
versely, for a putative F/-linked line, a control ratio based 
on a pooled sample of  lines for which the T-DNA was 
tightly linked to Hfl was employed. In neither case was 
the control ratio exactly 1:1, indicating inherent segrega- 
tion distortion. Segregation distortions are a common oc- 
currence in petunia linkage analysis and can be more ex- 
treme than those reported here (e.g. Cornu et al. 1980). The 
basis for these segregation distortions are unknown, but in 
this case we can exclude pollen competition because the 
F 1 hybrid was used as the female in all cases. 

The analysis of  the preliminary linkage screen indicated 
that 17 lines showed linkage to Hfl and 18 lines showed 
linkage to FI at the 5% significance level (Chi2>3.84). In 
general, the significance of a linkage was improved when 
confirmatory populations were scored, with the exception 
of Ac29, which remained the same. Three families (Acl7, 
Ac37 and Ac222) gave results that were inconsistent with 
the preliminary screen when expanded populations were 
analysed. One line (Acl02) appeared to show significant 
linkage to both Hfl and Fl. The cause of this anomaly re- 
mains to be determined and could be a simple bookkeep- 
ing error. Alternatively, it could result from a translocation 
between chromosomes I and II. Such translocations have 
been reported previously following irradiation treatment 
(Maizonnier and Cornu 1971). It is conceivable that such 
an event might have been induced during the transforma- 
tion-regeneration procedure. Tissue culture is a well- 
known source of chromosomal abnormalities. 

Confirmatory or expanded datasets were also prepared 
for 20 lines for which no significant linkage was detected 
in the preliminary dataset. In 3 cases new significant link- 
ages (Ac95, Ac124, Acl71)  were revealed as might be ex- 
pected for a larger sample. An indeterminate number of ad- 
ditional linkages may have been undetected for lines where 
the linkage populations were not expanded. Mapping data 
for lines that were both significant at the 1% level (appro- 
priate for the number of lines studied) and free of anoma- 
lies are summarized in Table 2A. The estimates for link- 
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Table 1A Segregation data for kanamycin-selected backcross map- 
ping populations for 84 independent single-locus transformants. A 
preliminary screen of 30-60 individuals was used to detect linkage 

by comparison with control ratios (see Materials and methods for de- 
tails). Tentative linkages were confirmed with larger populations to 
improve the significance by the Chi 2 test 

Ac Preliminary dataset 
number 

Confirmatory dataset 

Hfl :h f l  FI:fl Chi 2 a. Hfl :h f l  Fl:fl Chi 2 

Ac004 39:15 27:27 NS 71:31 51:51 NS 
Ac006 46:14 34:26 NS 88:27 61:54 NS 
Ac007 26:13 23:16 NS; ph2 
Ac008 53:3 27:29 14.0 211:4 105:110 78.6 
Ac009 17:11 28:0 14.4 123:72 191:4 101.8 
Ac010 37:16 24:29 NS 122:73 103:92 NS 
Ac011 41:2 23:20 11.1 192:9 110:91 59.8 
Ac012 37:18 55:0 30.6 132:67 193:6 97.8 
Ac013 20:11 14:17 NS; ph2 56:47 55:48 NS 
Ac014 30:11 39:2 16.4 
Ac015 47:9 26:30 4.6 106:28 70:64 6.5 
Ac016 45:34 45:34 NS; po 
Ac017 30:11 41:0 22.2 ,b. , , 
Ac021 33:20 53:0 29.3 124:51 175:0 102.8 
Ac022 29:11 20:20 NS 139:70 112:97 NS 
Ac023 24:17 23:16 NS 
Ac025 26:15 19:22 NS 
Ac027 56:1 20:37 19.3 232:3 120:115 90.1 
Ac028 22:7 17:12 NS 
Ac029 37:1 20:18 11.4 65:8 39:34 11.2 
Ac030 22:17 20:19 NS; po 
Ac032 53:4 26:31 12.2 89:4 42:51 26.7 
Ac036 23:9 16:16 NS 169:83 134:18 NS 
Ac037 16:13 21:9 NS * * * 
Ac038 33:27 32:28 NS; po 71:54 66:59 NS 
Ac041 18:10 16:12 NS; an4 
Ac043 26:9 22:13 NS; an4 
Ac045 27:9 19:17 NS 104:46 75:75 NS 
Ac046 36:2 26:12 9.1 131:13 80:64 28.0 
Ac048 23:0 13:10 7.7 141:2 77:66 53.5 
Ac051 27:13 26:14 NS; ph2 73:48 71:50 NS 
Ac052 25:1 18:18 6.4 129:3 76:66 45.7 
Ac057 34:6 21:19 NS 
Ac058 25:14 29:10 NS 
Ac065 25:8 20:13 NS 195:94 169:120 NS 
Ac066 24:10 26:8 NS 57:23 52:28 NS 
Ac068 27:15 19:23 NS 
Ac070 11:10 12:9 NS 40:17 35 :24  NS 
Ac073 28:1 16:13 7.7 301:5 175:131 114.7 
Ac078 13:12 14:11 NS; po 
Ac079 19:8 22:5 NS 133:77 126:83 NS 
Ac080 28:11 39:0 21.0 128:61 188:1 107.8 
Ac083 20:13 33:0 17.4 155:112 256:11 123.7 
Ac085 36:5 26:15 5.0 
Ac090 25:11 25:11 NS 
Ac091 26:7 17:13 NS 
Ac093 19:12 15:16 NS 
Ac094 25:9 21:15 NS 59:30 52:39 NS 
Ac095 30:7 27:10 NS 217:29 135:111 37.5 
Acl01 29:13 26:16 NS 
Acl02  44:3 24:23 10.5 217:25 174:68 42.5 c 
Ac107 34:2 24:12 8.3 200:5 122:83 71.4 
Ac112 46:30 69:7 24.3 
Ac114 39:0 20:19 14.6 251:1 103.8 
Ac 118 40:22 62:0 34.8 230:135 364:1 213.8 
Ac119 40:0 26:14 15.1 279:1 144:135 116.0 
Ac124 31:5 19:17 NS 142:29 88:81 13.3 
Ac125 23:11 21:13 NS 
Ac126 24:12 17:19 NS; an4 274:162 239:198 NS 
Ac128 27:13 40:0 21.5 128:69 200:0 117.9 
Ac129 33:9 42:0 22.7 111:34 143:0 83.6 
Ac133 29:12 17:24 NS 
Ac135 31:5 29:7 4.8; ph2 
Ac138 21:13 20:14 NS; ph2 



Table 1A Continued 

961 

Ac Preliminary dataset Confirmatory dataset 
number 

Hfl :h f l  Fl:fl Chi a a .  Hfl :h f l  Fl:fl Chi 2 

Ac143 21:14 14:21 NS 
Ac145 19:11 30:0 15.6 88:39 124:1 69.4 
Acl51 20:6 21:5 NS; an4 
Ac152 22:15 14:23 NS; an4 
Ac155 26:8 27:7 3.9 
Ac158 26:20 41:5 12.5 
Ac163 27:2 21:12 5.6 127:10 88:53 31.1 
Ac165 38:10 25:23 NS; ph2 
Ac169 62:48 86:24 13.6 
Acl71 7:0 3:4 NS 92:0 45:47 37.5 
Ac172 22:13 35:0 18.6 4l:27 68:0 38.4 
Ac175 13:8 7:14 NS 5l :41 56:36 NS 
Ac177 16:12 12:18 NS; an4 
Ac179 22:14 21:15 NS 
Acl80 20:11 14:17 NS 269:136 221:184 NS 
Ac184 32:18 24:26 NS 
Ac189 17:16 19:14 NS; an4 
Ac208 52:0 26:26 20.3 100:8 27:29 24.0 
Ac222 26:13 36:3 12.9 * * * 
Ac234 20:16 17:19 NS 

a 2 Chi 2• values were calculated by comparison with control segregation ratios as described in the Materials and methods. Significantly 
2 skewed allele ratios (P< 0.05 or Chi >3.84) are italicized. Lines with no significant linkage to either marker are indicated NS. Lines with 

a significant linkage to others markers tested (an4, po, ph2, data not shown) are also indicated 
b Some confirmatory datasets were not consistent with preliminary datasets (indicated *), and these lines have therefore been omitted from 
the summary in Table 2 
c The confirmatory dataset showed a significant linkage to Fl with a Chi a of 16.4, perhaps a result of a translocation between chromosomes 
I and II 

age distance include a correction factor for segregation dis- 
tortion as described in the footnote. A disproportionate 
number of very tight linkages is apparent and will be dis- 
cussed in the following section. The minimum number of 
linked lines for Hfl  (18) and Fl (14) represent 21.4% and 
16.7% respectively of the total number of kanamycin-re- 
sistant loci mapped with respect to these markers as sum- 
marized in Table 3A. 

Screening hygromycin-resistant transformants 
for linkage 

A second population of 51 transformants was generated by 
introducing the pJJ4411 construct (Keller et al. 1992), 
which confers resistance to hygromycin into the same in- 
bred line, V26. In this case, a different recessive tester line, 
M59, which is only distantly related to M1, was employed 
(for reasons relating to transposon tagging experiments). 
Again the backcross scheme shown in Fig. 1 (substituting 
M59 for M1) was used to test for linkage of the transgene 
loci to Hfl  and Fl, but in a distinct hybrid genotype 
(V26/M59) and using a different dominant selectable 
marker (hygromycin-resistance). 

The results of both preliminary and confirmatory scores 
for Hfl  and Fl markers in this experiment are presented in 
Table lB. The control segregation ratios used for deter- 
mining the significance of linkage were calculated as be- 
fore and were slightly different from those obtained with 

the V26/M1 hybrid (see Materials and methods for further 
details). The preliminary screen produced 16 lines (7 Hfl;  
9 Fl) that were tentatively linked (5 % level of significance), 
of which nearly all were highly significant when confir- 
matory populations were scored. Table 2B presents a sum- 
mary of lines showing significant linkage (1% level of sig- 
nificance) to either Hfl  or Fl. In a few cases a control for 
the normal transmission of alleles in the absence of hygro- 
mycin selection was performed (see footnote for details). 
If  a borderline F/-linked line was included in the analysis 
(Ac422) then 6 Hfl  linkages and 9 Fl linkages were found, 
representing 11.8% and 17.6%, respectively, of the 51 lines 
tested. The distribution of T-DNA insertions between chro- 
mosomes 1 and 2 is summarized in Table 3B. The results 
are in broad agreement with the results of the kanamycin- 
resistance study, although apparently fewer Hfl  linkages 
were detected in the V26/M59 hybrids. 

As for the kanamycin-resistant (KAN R) loci, the major- 
ity of linkages to hygromycin-resistant (HYG R) loci indi- 
cated a very low level of recombination. The average link- 
age to Hfl  was particularly tight for the HYG R loci, with 
two-thirds of the linkages (4/6) being within 1 cM com- 
pared to apparently fewer Hfl- l inked KAN R loci (3/17). 
Both populations showed frequent tight linkages to Fl with 
approximately half of both HYG R (5/9) and KAN R (7/13) 
loci being mapped within 1 cM. This is unlikely to reflect 
an enhanced ability to detect tight linkages since highly 
significant linkages were detected at distances up to 30 cM 
(e.g. Ac616). 
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Table 1B Segregation data for hygromycin-selected backcross 
mapping populations for 51 independent single-locus transformants. 
A preliminary screen of 30-60 individuals was used to detect link- 

age by comparison with control ratios. Tentative linkages were con- 
firmed with larger populations to improve significance by the Chi 2 
test 

Ac Preliminary dataset 
number 

Confirmatory dataset 

Hfl :hfl Fl:fl Chie a. Hfl :hfl Fh fl Chi 2 

Ac301 32:17 23:26 NS 
Ac331 79:38 69:48 NS 
Ac332 38:0 11:27 13.8 273:0 145:128 113.9 
Ac352 25:14 36:3 11.3 101:55 128:28 22.7 
Ac366 33:24 26:31 NS 
Ac371 36:22 33:25 NS 
Ac386 33:18 27:24 NS 
Ac388 54:0 37:17 20.6 472:1 275:198 195.7 
Ac389 17:15 18:14 NS 59:40 54:45 NS 
Ac393 26:8 27:7 NS 
Ac395 37:21 56:2 23.7 
Ac397 42:18 33:27 NS 
Ac398 34:18 30:22 NS 102:69 98:73 NS 
Ac399 57:0 32:25 21.9 326:2 198:130 130.8 
Ac400 40:28 36:32 NS 
Ac405 27:17 29:15 NS 67:34 60:41 NS 
Ac406 66:13 49:30 6.24 249:133 232:150 NS 
Ac420 32:29 42:19 NS 
Ac422 24:9 29.4 6.60 
Ac423 41:16 22:35 NS 
Ac424 36:24 60.0 30.8 122:88 210:0 114:1 
Ac438 37:19 34:22 NS 
Ac441 29:22 31:20 NS 
Ac448 40:19 56:3 21.6 87:66 148:5 66.8 
Ac456 33:26 38:21 NS 
Ac458 42:22 42:22 NS 
Ac461 27:18 21:24 NS 
Ac469 36:19 31:24 NS 
Ac472 38:19 35:22 NS 
Ac478 24:18 21:21 NS 
Ac488 26:19 25.20 NS 
Ac493 33:27 38:22 NS 
Ac494 26:29 20:35 NS 
Ac501 35:24 38:21 NS 
Ac507 18:12 17:13 NS 
Ac511 31:27 38:0 NS 59:42 62:39 NS 
Ac522 37:22 59:0 30.3 207:92 299:0 163.6 
Ac530 22:16 37.1 15.6 179:93 271:1 145.2 
Ac540 22:20 22:20 NS 
Ac555 15:21 25:11 NS 
Ac562 42:17 44:15 NS 
Ac563 42:15 57:0 29.2 119:54 173:0 93.6 
Ac568 33:26 33:26 NS 
Ac576 37:23 42:18 NS 
Ac584 25:6 17:14 NS 
Ac615 27:20 24:23 NS 
Ac616 45:10 29:26 NS 184:55 140:99 7.92 
Ac617 56:0 33:23 21.4 321:1 171:151 131.4 
Ac625 25:14 37.2 13.6 94:43 135:2 67.0 
Ac630 31:31 36:26 NS 

a 2 Chi 2x2 values were calculated by comparison with control segregation ratios as described in the Materials and methods. Significantly 
skewed allele ratios (P< 0.05 or Chi2>3.84) are italicized. Lines with no significant linkage to either marker are indicated NS. Lines with 
a significant linkage to others markers tested (an4, po, ph2, data not shown) are also indicated 

Mapping  T -DNA inserts to other ch romosomes  

The mapping scheme described in Fig. I in which either 
M1 or M59 is used as the recurrent  parent al lows mapping 
to markers on the two largest chromosomes  of  petunia; Hf] 
(I) and Fl (II). It was possible  to test l inkage of  T -DNA loci  

to additional markers on distinct ch romosomes  using V26 
as the recurrent  parent as this l ine is recess ive  for Ph2 (IV), 
Po (V) and An4 (VII). A segregat ion analysis was carried 
out for these markers  for 78 of  the lines described in Ta- 
ble 1A. A Chi-square  test was used to establish significant  
l inkages by the same criteria as those used for HfI  and Fl, 



Table 2A Summary of iinkage data for KAN R transformants that 
reveal a significant linkage a to either Hfl or F1 in Table 1A 

Hfl-linked lines Hfl.'hfl total Map distance b (cM) 

Ac008 211:4 2.4 
Ac011 192:9 5.8 
Ac015 106:28 27.2 
Ac027 232:3 1.7 
Ac029 65:8 14.2 
Ac032 89:4 5.6 
Ac046 131 : 13 11.7 
Ac048 141:2 1.8 
Ac052 129:3 3.0 
Ac073 301:5 2.1 
Ac095 217:29 15.3 
Ac107 200:5 3.2 
Ac l l4  251:1 0.5 
Ac l l9  279:1 0.5 
Ac124 142:29 22.0 
Ac163 I27:10 9.5 
AclT1 92:0 0.0 
Ac208 100:8 9.6 

Fl-linked lines FI.'fl total Map distance (cM) 

Ac009 191:4 2.2 
Ac012 193:6 3.2 
Ac014 39:2 5.2 
Ac021 175:0 0.0 
Ac080 188:1 0.6 
Ac083 256:11 4.4 
A c l l 2  69:7 9.9 
Ac 118 364:1 0.3 
Ac128 200:0 0.0 
Ac129 143:0 0.0 
Ac145 124:1 0.9 
Ac158 41:5 11.6 
Ac169 86:24 23.3 
Ac172 68:0 0.0 
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Table 2B Summary of linkage data for HYG R transformants that re- 
veal a significant linkage a to either Hfl or Fl in Table 1B 

Hfl-linked Hfl.'hfl total Control c Map distance b (cM) 

Ac332 273:0 53:41 0.0 
Ac388 472:1 85:56 0.3 
Ac399 326:2 63:33 0.8 
Ac451 134:34 N.D. 26.3 
Ac616 184:55 N.D. 29.9 
Ac517 321:1 60:50 0.4 

Fl-linked Fl:fl total Control Map distance (cM) 

Ac352 128:28 57:42 20.3 
Ac395 56:2 56:54 0.4 
Ac422 29:4 N.D. 13.7 
Ac424 210:0 58:52 0.0 
Ac448 148:5 N.D. 3.7 
Ac522 299:0 55:45 0.0 
Ac530 272:1 55:42 0.4 
Ac563 173:0 N.D. 0.0 
Ac625 135:2 N.D. 1.6 

a Significantly linked lines are those that gave a significantly skewed 
allele ratio in the mapping backcross described in Fig. 1. Only lines 
with that gave a significant Chi square of 6.63 or more (P<0.01) are 
summarized from Tables 1A (in 2A) and 1B (in 2B) 
b The map distances were calculated from the recombination fraction 
and adjusted as follows to take account of the skewed transmission ob- 
served in controls (see Materials and methods section). Thus, distanc- 
es in Table 2A were multiplied by factors of 1.30 for Hfl linkages or 
1.07 for F1 linkages. Likewise, distances in Table 2B were multiplied 
by factors of 1.30 for Hfl linkages or 1.13 for F1 linkages 
c For certain HYG a lines a control sowing of unselected seed was 
scored to ensure normal segregation of linked alleles in the absence of 
selection (N.D.=not determined). However, these data were insuffi- 
cient to act as a control for all linkage tests 

and the s igni f icant  l inkages  that resul ted  are ind ica ted  in 
Table 1A. When  the s igni f icant  l inkages  for all markers  
were summar ized ,  it  was poss ib le  to de te rmine  the p ropor -  
t ion of  inserts  m a p p e d  to each c h r o m o s o m e  (Table 3A). 
Since each marke r  ident i f ies  a unique l inkage  group in pe-  
tunia  it  is poss ib le  to compare  the obse rved  number  of  
l inked l ines with the m a x i m u m  expec ted  number  based  on 
the approx imate  phys ica l  size o f  the c h r o m o s o m e  (Smith  
et al. 1973). None  o f  the markers  tested appear  to have sig- 
n i f icant ly  more  l inkages  than expec ted  based  on chromo-  
some size, a l though severa l  approach  the theoret ica l  max-  
imum assuming  all T-DNAs on a given ch romosome  show 
l inkage  to the marke r  gene. 

The  da ta  co l lec ted  with  the Hfl,  Fl, Ph2, Po and An4 
markers  d id  not  es tabl ish  the ch romosoma l  loca t ion  of  37 
(or poss ib ly  only 31) of  the 84 K A N  R loci  tested.  The strin- 
gency  with which  the l inkage  tests can es tabl ish  l inkage  to 
the markers  e m p l o y e d  at the 1% level  of  s ign i f icance  var-  
ied f rom one popu la t ion  to another  because  popu la t ion  
sizes were  var iable .  Also  the severe  skewing  of  Hfl:h f l  
(2:1 in controls)  would  tend to obscure  l inkage,  espec ia l ly  
in smal  ! popula t ions .  Thus, some of  the 37 (or 31) un- 
m a p p e d  loci  could  map  to sites loose ly  l inked  to one of  the 

markers .  Fur ther  analys is  would  be requi red  with larger  
popula t ions ,  and p robab ly  addi t ional  markers ,  to de te rmine  
whether  any ch romosome  is more  or less l ike ly  to carry  
T -DNA inserts  than would  be expec ted  on the basis  o f  phys-  
ical  or  genet ic  size. 

A n  inbred  r ecombina t ion  assay 

One poss ib le  explanat ion  for the ex t r eme ly  t ight  l inkages  
obse rved  in the above  mapping  schemes  is that r ecombi -  
nat ion around the marker  loci  was suppressed  in the F I hy- 
brid. In an a t tempt  to measure  r ecombina t ion  in an inbred  
si tuation,  a novel  scheme for mapp ing  T-DNAs with re- 
spect  to each other  was devised  (Fig. 2A).  The method  re- 
quires that homoz ygous  stocks are ava i lab le  for 2 (or more)  
l ines that carry dominan t  in t roduced  markers  (e.g. K A N  R) 
loca ted  in the same l inkage  group. In the example  shown, 
2 homoz ygous  l ines are c rossed  to give a doub ly  hemizy -  
gous F 1 hybr id .  Recombina t ion  be tween  the t ransgenes  
was de tec ted  by the appearance  o f  kanamyc in - sens i t ive  
seedl ings  on outcross ing  to an un t ransformed line. 
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Table 3A Summary of 49 KAN R loci showing significant linkage 
to markers on five distinct petunia chromosomes 

Marker gene Significant a Possible b Proportion c 

Hfl (I) 18 2 21.4% (23.8%) 
F1 (II) 14 4 16.7% (21.4%) 
Ph2 (IV) 6 - 7.7% 
Po (V) 4 - 5.1% 
An4 (VII) 7 - 9.0% 
Unlinked 35 29 40.1% (33.0%) 

Table 3B Summary of 15 HYG R loci linked to markers on two dis- 
tinct petunia chromosomes 

Marker gene Significant a Proportion 

Hfl 6 11.8% 
F1 9 17.6% 
Unlinked 36 70.6% 

aSignificant linkages are those at the 1% significance level 
(Chi2>6.63) from Tables 1A (summarized in Table 3A) and Table 1B 
lsummarized in Table 3B) 

Possible linkages are those borderline cases significant at the 1-5% 
level of significance (Ac85, Ac135 and Ac155) and those with prob- 
lematical datasets (Acl7, Acl02 and Ac222) 
c The proportion showing linkage to Hfl or Fl is based on mapping 
data for all 84 KAN R loci using the M1 backcross (Fig, 1). The pro- 
portion showing linkage to Ph2, Po or An4 is based on a subset of 
78 KAN a loci that were mapped using the V26 backcross (see text 
for details) 

In order to test the suitability of our available KAN R 
homozygous lines for this analysis, each was crossed to an 
untransformed V26 stock and plated on kanamycin to test 
the penetrance of the KAN R marker (Table 4). Three I-Ifl- 
linked lines (Acl 1, Ac46 and Ac163) were selected that 
were loosely linked to Hfl in the hybrid assay (5.8- 
11.7 cM). All 3 lines were shown to be highly penetrant 
(>99%) with only a single "sensitive" seedling scored. 
Similarly, 3 Fl-linked lines (Ac9, Ac80 and Ac118) that 
were rather more tightly linked (0.3-2.2 cM) were tested. 
All 3 lines again appeared to be highly penetrant (100%), 
although the population for Ac 118 was small. Intercrosses 
were then made between the 3 Hfl-linked homozygous 
lines, as shown in Table 5. Similarly, intercrosses were 
made between the 3 H-linked lines. As a control for two 
unlinked T-DNAs, Ac9 (Fl-linked) was crossed to Acl  1 
(Hfl-linked). The F 1 hybrid seed was plated on kanamy- 
cin and, as anticipated, almost all progeny were resistant 
(Table 5; 2nd column). F 1 selections were grown up and 
crossed as females to a sensitive tester line (V26) to pro- 
vide seed for the recombination assay; the results are also 
presented in Table 5 (3rd column). The control cross 
between an Hfl-linked line and an F/-linked line 
(Ac9xAcl 1) gave approximately the 3:1 ratio expected for 
independent segregation of two dominant markers. Sur- 
prisingly, several of the testcrosses also gave approxi- 
mately 3:1 ratios. Only 2 marker pairs (Ac163 and Ac46 
for the Hfl linkage group and Ac80 and Ac118 for the Fl 
linkage group) gave significantly fewer than 25% sensi- 

tive seedlings. Thus, for each linkage group one of the 
markers (Ac l l  for Hfl and Ac9 for Fl) was behaving es- 
sentially as an unlinked marker. 

The fraction of sensitive seedlings can be converted to 
a map distance (in cM) between T-DNAs by multiplying 
by a factor of 2 to account for the doubly resistant class of 
recombinants not detected in the assay (Fig. 2A). The ob- 
served map distance between the KAN R markers ( cM obs, 
Table 5; 3rd column) was consistently higher than the max- 
imum map distance expected ( cM exp, Table 5; 4th col- 
umn) based on the hybrid mapping data. This map expan- 
sion appears to be less dramatic for the Hfl-linked lines 
(1.0-3.5 fold) than for the Fl linkage group (12.2-21.8 
fold). This may reflect the more loosely linked lines that 
were used for Hfl than for Fl, and a comparable expansion 
for more tightly linked lines cannot be excluded. These 
map expansions are almost certainly underestimates since 
the map distance for markers that appear unlinked cannot 
be accurately determined. Moreover, the worst case sce- 
nario for hybrid distances was used, with T-DNAs assumed 
to flank either side of the phenotypic marker gene. The 
most reliable estimate of map expansion is probably 
between Ac80 and Ac 118, which were 0.6 and 0.3 cM from 
Fl on the hybrid map. These T-DNA inserts showed a sep- 
aration of 11 cM on the inbred map suggesting at least a 
12-fold expansion of the map in this region. 

One potential drawback of the above scheme is that one 
or both transgene loci could be silenced (for recent reviews 
see Jorgensen 1992; Matzke and Matzke 1993). The silenc- 
ing of either transgene locus in the F 1 hybrid would result 
in kanamycin-sensitive progeny that could not be distin- 
guished from recombinants. To circumvent this problem 
we adopted an alternative strategy of scoring doubly re- 
sistant recombinant progeny by utilizing loci with distinct 
marker phenotypes, i.e. KAN R and HYG R. To evaluate this 
approach we chose 3 KAN R loci linked to F1 for crossing 
to a HYG R locus also linked to F1. An F 1 hybrid was made 
between homozygous KAN R and HYG R stocks as shown 
in Fig. 2B. The resulting double hemizygote was out- 
crossed to V26, and linkage was measured by the frequency 
of doubly resistant outcross progeny as shown. As a con- 
trol, the F 1 seed populations were tested and shown to be 
doubly resistant, and so both loci were fully penetrant (Ta- 
ble 6; 2nd column). To calculate the recombination fre- 
quency, the proportion of doubly resistant seedlings in the 
outcross was multiplied by 2 to produce the linkage dis- 

Table 4 Penetrance of KAN R marker for lines selected for inbred 
mapping study based on an outcross of homozygous stocks to a sen- 
sitive tester line 

Ac l i n e  Linkage a KAN R KAN s Penetrance 

Acll I-If] (5.8 cM) 302 0 100% 
Ac46 Hfl (11.7 cM) 422 0 100% 
Ac163 Hfl (9.5 cM) 480 1 99.8% 
Ac9 F1 (2.2 cM) 256 0 100% 
Ac80 Fl (0.6 cM) 218 0 100% 
Acll8 F1 (0.3 cM) 16 0 (100%) 

a Linked marker and linkage distance based on data in Table 2A 
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Fig. 2A, B Two alternative schemes for measuring recombination 
between transgene markers in an inbred line. Two lines homozygous 
for distinct T-DNAs that have previously been placed in the same 
linkage group are crossed as shown. All F~ progeny will carry one 
copy of each T-DNA (denoted KAN1 and KAN2 for kanamycin-re- 
sistant loci and HYGI for a hygromycin-resistant locus) at distinct 
sites on the respective homologues. By crossing the F 1 progeny to 
an untransformed line it is possible to assay recombination in the 
KAN 1-KAN2 interval by assaying for KAN ~ seedlings (A) or in the 
KANI-HYG1 interval by scoring for doubly resistant (i.e. HYGR+ 
KAN R) seedlings (B). In scheme A sensitive seedlings can only 
result from crossovers in the KAN1-KAN2 interval. Since the 
reciprocal recombination event will be resistant and therefore indis- 
tinguishable from the parental chromosomes, the actual recombina- 
tion frequency will be twice the frequency of sensitive seedlings. 
Similarly in scheme B the actual recombination frequency will be 
twice the observed frequency of doubly resistant seedlings 

tance, presented as cM observed in Table 6. These dis- 
tances can be compared with the maximum distance pre- 
dicted by the hybrid mapping data (taken from Table 2A 
and B). In each case, the linkage distances derived from 
intercrosses between transformants were greater than the 
maximum expected distances from the hybrid-based map- 
ping, and the expansion in map distances was of a similar 
magnitude (4-28 fold) to that found with the recombina- 
tion assay based on kanamycin sensitivity. 

Discussion 

Among 135 Agrobacterium T-DNA loci introduced into 
petunia, at least 47 were shown to be significantly linked 

to either Hfl or Fl (markers for chromosomes I and II). Of  
these linked T-DNAs, a highly disproportionate number 
were found to be very tightly linked; 7 of the 23 loci on 
chromosome I mapped within 1 cM of Hfl, whilst 12 of 
the 22 loci on chromosome II mapped within 1 cM of Fl 
(Table 2). Thus, 19 of the linked loci (40.4%) are located 
in two distinct 2-cM genetic intervals. If  random T-DNA 
integration with respect to the genetic map is assumed, 
these data might suggest a total genetic length for the pe- 
tunia genome of only 28 cM. Obviously, the petunia ge- 
netic map must be much larger than this because a mini- 
mum of one genetic exchange per chromosome pair is re- 
quired for normal disjunction (i.e. one would expect a min- 
imum size of 350 cM). Therefore, we conclude that T-DNA 
integration must be substantially non-random with respect 
to the recombination map in petunia. Two possible expla- 
nations for this are: (1) there are hotspots for T-DNA inte- 
gration near the marker loci or (2) the region surrounding 
the markers have suppressed recombination compared to 
the genome as a whole. The second possibility is favoured 
by two independent lines of  evidence presented in this 
paper. 

Firstly, the data presented in Table 3 indicates that there 
is no significant bias for integration into any one particu- 
lar chromosome. These findings confirm and extend sim- 
ilar results in petunia (Wallroth et al. 1986) and tomato 
(Chyi et al. 1986) that argue for integration of T-DNA ap- 
parently at random throughout the genome. More recently, 
the application of inverse polymerase chain reaction (PCR) 
has enabled 37 T-DNA inserts to be placed on the tomato 
restriction fragment length polymorphism (RFLP) map, 
again apparently at random with respect to the chromo- 
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Table 5 Inbred recombination 
assay between KAN R markers 
in the same linkage group 
based on an outcross of F 1 hy- 
brids to a sensitive tester line 
(see Fig. 2A for details) 

Cross F 1 (R:S) a F 1 • V26 (R:S) b cM obs ~ Max cM exp d 

Hfl-linked x Hfl-linked intercrosses 
Acl 1 x Ac46 210:0 132:42 48.3 17.5 
Acl 1 x Ac163 132:2 104:38 53.5 15.3 

Ac163 x Ac46 249:0 588:69 21.0 21.2 

F/-linked x Fl -linked intercrosses 
Ac9 • Ac80 152:1 184:58 47.9 2.8 
Ac9 x Ac118 189:1 115:43 54.4 2.5 

Ac80 x Ac118 214:1 411:24 11.0 0.9 

F/-linked x Hfl-linked intercross (control) 
Ac9 x Acl l  112:0 316:87 43.2 "50.0" 

a Homozygous stocks of KAN R lines for which the T-DNA was linked to either Hfl or F1 were crossed 
as indicated, and the F1 seed was plated on kanamycin and scored for resistance (R) versus sensitivity 

~~ F 1 plants (doubly hemizygous) were grown, and crossed as females to a sensitive tester line 
(V26) and scored for kanamycin resistance. Sensitive seedlings can only result from recombination 
between the linked transgenes as shown in Fig. 2A 
~ Observed recombination between transgenes was calculated from the fraction of sensitive seedlings in 
the previous column. The recombination estimate is expressed as a map distance in cM taking account 
of the fact that only 50% of recombination events are detected (see Fig. 2A) 
d For comparison the maximum expected distances based on the hybrid mapping data were calculated 
assuming that the KAN R markers are on opposite sides of the phenotypic marker. The expected distanc- 
es would be considerably less if both KAN ~" markers are on the same side of the phenotypic marker 

Table 6 Inbred recombination assay by scorin~g doubly resistant 
seedlings derived from F 1 hybrids between KAN ~ and HYG R mark- 
ers in the same linkage group (II) 

Cross (KANR/HYG R) F~ (R:S) a FI• b cM obs c cM exp a 

Ac9 x Ac424 90:0 7:145 9.2 cM 2.2 cM 
Ac80 x Ac424 96:0 5:212 4.6 cM 0.6 cM 
Acll8 x Ac424 I01:0 9:197 8.6 cM 0.3 cM 

a Crosses were made between homozygous lines for 3 different 
R R KAN loci and 1 HYG locus all linked to the same phenotypic mark- 

er, F1 on chromosome II. F 1 seed was plated on double-selection 
plates containing 15 ug/ml hygromycin and 100 ug/ml kanamycin 
and scored for double resistance by the emergence of true leaves. In 
control platings neither singly HYG u or KAN R lines were able to 
~roduce true leaves under double-selection conditions 

R R HYG KAN F~ plants were crossed as females to a sensitive test- 
er (V26) and scored for double resistance as above. Only recombi- 
nant seedlings should carry both resistance markers, as shown in 
Fig. 2B 
~ The observed distance is based on twice the frequency of doubly 
resistant seedlings since the doubly sensitive class of recombinants 
will not be scored (Fig. 2B) 
d The expected distance is the maximum possible based on the sum 
of hybrid map distances in Table 2, (i.e. assuming the markers to be 
on opposite sides of the phenotypic marker) 

somes (Thomas et al. 1994). Neither the data in Table 3 
nor these other studies test adequately the possibil i ty of 
non-un i fo rm integration within a chromosome (i.e., hot- 
spots within each of the chromosomes).  Nonetheless,  be- 
cause of the large number  of t ransformants studied here, 
the data constrains the magni tude of any chromosomal  bias 
to a greater degree than do the previous studies. 

Secondly, we present  evidence for a suppression of re- 
combinat ion  in the region surrounding each marker locus. 
This was provided by an approach based entirely on se- 

lectable markers in an inbred genotype. This method di- 
rectly assesses recombinat ion  between T-DNA loci inte- 
grated independent ly  into the same chromosome of an in- 
bred line. Analysis  of 3 T-DNA loci around Hfl  demon-  
strated that two intervals measured to be 15,3 and 17.5 cM 
in crosses between two distinct inbred lines (the transfor- 
mat ion host V26 and the tester l ine M1) were expanded to 
at least 50 cM (i.e. unl inked)  in crosses within a single in- 
bred l ine (V26). The situation for 3 F l - l inked  T-DNA loci 
was even more extreme such that markers previously 
mapped to a 0.9-cM interval were found to span at least 
11 cM in the inbred map. Thus, these data indicate that the 
level of recombinat ion  in the vicini ty of Hfl  may be at least 
3-fold higher, and in the vicini ty of Fl 12-fold higher, 
within V26 as compared to a V26/M 1 hybrid. Though these 
data could be inf luenced by some degree of gene silenc- 
ing, this problem does not pertain to the data obtained by 
the double resistance assay (Table 6), which indicate a sim- 
ilar degree of map expansion neighbour ing the Fl locus. 

The results presented here confirm some unusual  as- 
pects of recombinat ion  in petunia  that were suggested by 
previous l inkage studies. Clusters of loci that exhibit  low 
levels of recombinat ion  are common  in the petunia  genetic 
map (Cornu et al. 1989). In many such clusters, recombi-  
nat ion distances vary widely depending on the parents em- 
ployed (Cornu et al. 1980). The causes of these variations 
could be either structural incompatibi l i t ies  be tween  homo- 
logues or unl inked genetic factors that regulate recombi-  
nat ion frequency throughout the genome. A locus called 
Rml  has been proposed to enhance recombinat ion  in most  
petunia  chromosomes (Cornu et al. 1989), inc luding those 
studied here (I and II). It is suggested that Rml  is a semi- 
dominant  enhancer  of recombinat ion  that gives intermedi-  
ate levels of recombinat ion  in a R m l / r m l  heterozygote 



(Robert et al. 1991). In our results, recombination is higher 
in the inbred (V26) than in the hybrid (V26/M1) and so if 
V26 carries Rml ,  and M1 does not, then the hybrid would 
be expected to show less recombination than the inbred, 
which was the situation observed. In the study of Robert 
et al. (1991) the R m l / r m l  heterozygote showed no less than 
half the recombination of the R m l / R m l  homozygote, 
which seems inconsistent with the 12-fold suppression of 
recombination observed for the Fl interval in this study. 
Therefore, the presence or absence of the Rml  factor alone 
does not appear to fully explain the effects of genetic back- 
ground on recombination observed here. 

The origin of cultivated P. hybrida is believed to have 
involved hybridization between two or more wild species 
of the genus Petunia (Sink 1984). Molecular evolutionary 
studies of the chalcone synthase gene family demonstrate 
that much of the diversity of the genus Petunia at these loci 
has been retained in modern P. hybrida (Koes et al. 1987). 
Thus, a cross between any two inbred lines could bring to- 
gether two homotogues derived from two different wild 
species. If so, structural differences between the parental 
genomes could be sufficient to inhibit recombination. In 
the case of chromosomes I and II in the genotypes studied 
here, this interpretation would predict that the V26 chro- 
mosomes derive from a different species than their homo- 
logues in M1 and M592. Recently, a collection of random 
amplified polymorphic DNA (RAPD) markers were used 
to determine the relative contribution of the parental wild 
species to the chromosomes of P. hybrida (Peltier et al. 
1994). It appears that chromosome blocks have been de- 
rived intact from the wild species of Petunia that are be- 
lieved to have been used by plant hybridizers in the mid- 
nineteenth century to create P. hybrida. In addition, there 
is evidence that recombinant chromosomes have appeared, 
and so modern genotypes are comprised of alternating seg- 
ments derived from the parental species. The conservation 
of chromosomal blocks of linked polymorphic markers 
over the albeit brief history ofP. hybrida is consistent with 
the idea that little or no recombination is occurring over 
large segments of the petunia genome when maintained as 
wide hybrids. 

The results presented here have significant implications 
for the construction of both classical and molecular genetic 
maps in petunia. This could influence the design of either 
a directed transposon tagging scheme or, alternatively, any 
map-based cloning scheme. Both schemes require the iden- 
tification of tight linkage between the target locus and ei- 
ther a transposable element or a flanking set of RFLP mark- 
ers. As we have shown, linkage testing in a petunia hybrid 
may result in apparent tight linkages while the recombina- 
tion distance in the inbred background could be very large. 
Clearly, schemes that involve mapping in an inbred back- 

2 It is interesting to note that the recessive fl allele is found in the 
purple-flowered species (P. violacea, P. inflata) whereas the domi- 
nant F1 allele is found in one of the white-flowered species (P. pa- 
rodii). This is consistent with the notion that in a V26/M 1 or V26/M59 
hybrid which is heterozygous for Fl, the chromosome II region 
around Fl may therefore differ in parental origin 
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ground, either with induced mutants or selectable markers 
as described here, would have considerable advantages 
over schemes involving wide hybrids. 

The extent to which this is also a problem with RFLP- 
based mapping schemes in general is uncertain. However, 
as RFLPs by their nature require divergent chromosomes, 
this should be considered a possibility. For example, the 
tomato RFLP map is based on a single interspecific hybrid 
(Bernatzky and Tanksley 1986), and yet it is clear that do- 
mains introgressed from wild species can have a suppres- 
sive effect on recombination (Rick 1969). Nonetheless, the 
total hybrid map length in tomato, 1276 cM (Tanksley et 
al. 1992), is significantly greater than that suggested for 
petunia here and in previous work. This suggests that the 
effects of chromosome divergence are probably less ex- 
treme in tomato than in petunia but may nevertheless be 
locally significant. 
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