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ABSTRACT 
Two accessions, representing the species Lycopersicon esculentum (cultivated tomato) and Lycopersicon 

pennellii (a  wild relative), were evaluated for 11 quantitative traits and found to be  significantly 
different for 10 of the traits. Transgressive segregation was observed for eight of the traits in a large 
interspecific F2 population. When restriction fragment length polymorphism markers were  used  as 
probes for the quantitative trait loci (QTL) underlying the traits, 74 significant QTL (LOD > 2) were 
detected. Thirty-six percent of those QTL had  alleles with effects opposite to those predicted by the 
parental phenotypes. These QTL were directly related to the appearance of transgressive individuals 
in the F2 for those traits which showed transgressive segregration. However, the same  types  of QTL 
(with allelic effects opposite to those predicted by the parents) were  also observed for traits that did 
not display transgressive segregation in the F2. One such trait was dry weight accumulation. When 
two overdominant QTL (detected in the F2) for this trait were  backcrossed into the L. esculentum 
genetic background, transgressive  individuals  were recovered and their occurrence was associated 
with the two QTL demonstrating the potential for transgressive segregation for all characters and 
implicating overdominance as a second  cause of transgressive segregation. Epistasis was not implicated 
in transgressive segregation in either  the F2 or backcross generations. Results from this research not 
only  reveal the basis  of  wide-cross  transgressive segregation, but demonstrate that molecular markers 
can  be  used to identify QTL (from wild species) responsible for transgressive phenotypes and to 
selectively transfer them into crop species. This strategy might  be  used to improve many traits of 
economic importance including those for which  wild  species appear phenotypically inferior to their 
cultivated counterparts. 

T RANSGRESSION is defined  as  the  appearance 
of  individuals in segregating  populations  that 

fall beyond  their  parental  phenotypes.  It is often ob- 
served in the  progeny derived from interspecific  mat- 
ings  (DARLINGTON and MATHER 1949; LOTSY 1916; 
BRAINERD  1924;  VEGA  and  FREY  1980). RICK and 
SMITH (1953)  proposed  three  explanations  for  the 
occurrence  of  interspecific  transgression:  (1) de novo 
mutation  induced by the wide  cross itself, (2) comple- 
mentary  action  of  genes  from  the  two  parental species, 
and (3) unmasking of recessive  genes  normally  held 
heterozygous in the wild species. De novo mutation 
due  to  activation  of  quiescent  transposable  elements 
has  been  demonstrated  between  strains  of  Drosophila, 
but has not  been  demonstrated in plants  (ENGELS 
1983).  However,  evidence  supporting  both  of  the 
latter  two  hypotheses  can  be  found in experiments 
involving  a  variety of plant  species  (RICK and SMITH 
1953;  FREY et al. 1981; VEGA and  FREY  1980). 

Interspecific  transgression  has  evolutionary  impli- 
cations  since it can  potentially  affect  characters  of 
adaptive  significance  leading  to  new  races or species 
(STEBBINS 1950; LEWONTIN and BIRCH 1966).  More- 
over,  transgressive  individuals  may possess character- 
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istics that will allow them to occupy  new  ecological 
niches or to  better  compete in existing  environments 
(LEWONTIN and BIRCH 1966). Interspecific  transgres- 
sion is also  significant  with  respect to  crop  improve- 
ment since  it  represents a potential  source  of  novel 
genetic  variation. While many of the transgressive 
phenotypes  observed in progeny  of  wide crosses are 
of no  obvious practical  value,  there  are a number of 
documented cases where novel  characters of agro- 
nomic  importance  have appeared in offspring  from 
the  mating  of  crop  plants with their wild relatives 
(FREY et al. 1981; RICK and SMITH 1953; REEVES and 
BOCKHOLT 1964;  HARLAN  1976).  Gaining a better 
understanding of the  genetic basis of wide-cross 
transgression is therefore  not only  desirable  from  an 
academic view point,  but also  because of its  practical 
implications. If one  could  learn  to  predict  and  manip- 
ulate  this  type  of  genetic  variation, it might  be  har- 
nessed to  produce  crop varieties  with  novel and/or 
exceptional  characteristics. 

The  current  study was an attempt  to  answer  three 
questions  regarding  interspecific  transgression.  (1) 
Does  transgression  occur  for  most o r  only  some of the 
characters  segregating in  wide  crosses? (2) What fac- 
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tors  predict  the  occurrence and extent of transgressive 
variation? (3) Can the  individual  quantitative  trait  loci 
(QTL),  responsible for transgressive  phenotypes, be 
identified and mapped (with  molecular  markers) and 
if so what is the   na ture  of their   gene  action?  The  tools 
for conducting  this  study  were a wide  cross in tomato 
Lycopersicon esculentum X Lycopersicon pennellii (the 
former is the  cultivated  tomato and the  lat ter is a 
distantly  related,  but  crossable,  species  from  Peru) 
a n d  a well populated  restriction  fragment  length pol- 
ymorphism (RFLP) map for the  tomato genome 
(TANKSLEY et al. 1992). 

MATERIALS  AND  METHODS 

Plant material: L. esculentum cv Vendor  TM2a  (hereafter 
referred  to as E ) ,  was crossed to L. pennellii LA716  (here- 
after  referred  to as P) using E as the female. The F1 was 
self-pollinated to  produce F2 seed which were  subsequently 
germinated in Petri dishes and  transferred  to flats in the 
greenhouse. Nine days after  the  appearance of the first true 
leaf, 432 F2 seedlings were tranferred  to individual 15-cm 
diameter pots. Control plants (32 E plants; 18 P plants, and 
33 F1 plants), treated  the same way, were also included in 
the  experiment. Pots were completely randomized  and ro- 
tated weekly to minimize environmental effects due  to  het- 
erogeneity in the  greenhouse. The  average day  length was 
14.5  hr  and  the average  daytime temperature was 30”. 

The same F1 interspecific  hybrid used to  generate  the F2 
population was backcrossed to E using the  latter as the 
female. A single BCI individual,  selected  on the basis of its 
RFLP genotype in chromosomes I and 2 (see Figure l), was 
crossed again to E to  produce a BC2 population. BC2 seeds 
were sown  in the  greenhouse in May 1991,  and  142 BC2 
plants  were transplanted to the field in a  completely random- 
ized design in Ithaca on  June 4 along with 15 F1 and E 
controls. 

A single BC2 plant was selected from  among  the trans- 
gressive individuals in the field experiment of 199 1 and  the 
selfed progeny of that plant  were  grown in the  greenhouse 
and analyzed with RFLPs.  A single BC2F2 plant was then 
selected on the basis of its genotype. One  hundred forty- 
eight  BC2F3  progeny from this plant,  along with 17 E 
controls,  were planted again in a different field in Ithaca on 
May 29,  1992, in a completely randomized  experiment. 

Characters: After  transfer  to  the  greenhouse, individual 
F2 plants were monitored  for  appearance of the first true 
leaf (days to first true leaf = DTL)  and  the first open flower 
(days to first flower = DTF). Forty-five days after  the 
appearance of the first true leaf, the following additional 
characters were recorded  for each individual: plant  height 
(HT), total number of flower buds (BUDS), number of 
internodes on the primary stem (stem nodes = SNOD), total 
number of internodes  (TNOD),  number of well-developed 
branches  (BRAN), total fresh weight (FW) and total dry 
weight (DW) of the aerial portion of the  plant,  diameter of 
the stem at  the first internode (DIAM) and leaflet width/ 
length ratio (LR). LR  was determined by averaging meas- 
urements  from  three  separate leaflets from each  plant. TO 
obtain FW and DW measures,  plants were cut  10 cm  above 
the  ground  and allowed to regrow for DNA isolation. 

Means, standard errors and  standard deviations  were 
determined  for each character  for  the two parents,  F,  hybrid 
and F2 population using Super A N O V A  v 1.1 (Abacus Con- 
cepts).  Normality of the F2 distribution for each character 

was tested with normal probability plots. T o  improve nor- 
mality, data were transformed  for  DTL  (loglo)  and BUDS 
(square root).  Tests  for significant differences in means for 
each character  among E ,  P ,  and  the F1 were made using 
contrasts from analysis of variance. 

RFLP analysis: Ninety-eight RFLP  markers, chosen to 
cover the  tomato  genome  at intervals  of  approximately 10- 
20 cM, were used to  construct  the linkage  map of the F2 
population, which served  as the basis for QTL analysis. The 
BC2 field population was analyzed for  42  markers  from 
selected regions  of the  genome (Figure 1). The  FB-derived 
map was constructed with MAPMAKER computer software 
using the Kosambi map  unit  function (LANDER et al. 1987; 
KOSAMBI 1944). Procedures  for DNA extraction, restriction 
enzyme digests and  Southern blotting  were as described in 
BERNATZKY  and TANKSLEY (1 986). Labeling of probes was 
via primer extension  (FEINBURG and VOCELSTEIN 1983). 
HYPERGENE (YOUNG and TANKSLEY 1989) was used to 
construct graphical  genotypes,  calculate genome ratios (per- 
centage of total genome comprised of one parental  genome) 
and calculate percent homozygosity and heterozygosity for 
each  plant in the  segregating population. The homozygosity 
and heterozygosity percentages  were  estimated based on the 
genotypes of the consecutive markers along  a  particular 
chromosome. If the individual has the same genotype at two 
of those  markers, the  chromosome region  between them is 
also considered to have that  genotype  and to be homozy- 
gous. On the  contrary, if two consecutive markers have 
different  genotype,  then  that interval would be half of each 
genotype  and considered  heterozygous. 

QTL mapping: The association of markers with the QTL 
for each trait was tested using two different  procedures. 
The  first was a single point analysis using a one-way ANOVA 
from  the  PROC GLM routine in  SAS  (SAS Institute,  1988) 
with each marker considered  as  a treatment.  This analysis 
included  contrasts to compare,  for each RFLP  marker  and 
trait,  the genotypic  means  of the homozygous and  hetero- 
zygous classes. The  second was interval  mapping which 
searches for  the effects of QTL using sets of linked markers 
(LANDER  and BOTSTEIN 1989). A LOD score of 2.0 was used 
as the  threshold  for  detecting QTL locations. LOD peaks 
for each significant QTL were used to position QTL on the 
RFLP linkage map. The additive  effect (a ) ,  the dominance 
deviation ( d )  and  the  degree of dominance ( d / a )  were cal- 
culated for each QTL by MAPMAKER QTL software. 
MAPMAKER QTL was also used to test the  gene action of 
each QTL against the  dominant, additive, recessive, over- 
dominant/underdominant  (referred  to as “unconstrained 
genetics” in MAPMAKER QTL models) (PATERSON et al. 
1991).  QTL with d / a  < or > 1 and which fit the uncon- 
strained  genetics  model with LOD > 1 (compared with 
alternative models) were  considered to be significantly ov- 
erdominant/underdominant. Tests  for two-way interactions 
were made between significant QTL and all other  marker 
loci segregating in the population using the  PROC GLM 
routine in SAS (SAS Institute, 1988). 

Environmental  variance for each trait was estimated by 
averaging  the variance of the  control plants ( E ,  P and F1). 
The percentage of phenotypic variation accounted  for by 
all significant QTL  for each trait in the F2 was estimated 
from the multilocus model using MAPMAKER-QTL soft- 
ware. The percentage of genetic  variance was estimated by 
multiplying the total variance of the FZ (for  each trait) by 
the estimated percentage of  phenotypic variation and divid- 
ing this by the estimated  genetic  variance of the F2 (total F2 
variance minus environmental  error). 
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FIGURE 1.-Genetic linkage map of tomato  derived from L. esculentum cv Vendor TmZa X L. pennellii LA716 FS population of 432  F2 
plants. Symbols to right of chromosomes are RFLP-detected loci. ( p  = segregation signficantly skewed in favor of P allele. ( e )  = segregation 
signficantly skewed in favor of E allele. ( n )  = significantly skewed toward (or against) heterozygotes.  Underlined loci were also scored in BC2 
population (see  text  for  details). Symbols to left of chromosomes represent approximate positions of significant QTL (LOD > 2) detected  for 
1 1  characters in the FZ population (see Table 2 for  details). QTL underlined and bold had allelic effects opposite of that predicted by the 
parental values. Shaded and unshaded chromosome  segments correspond to those from L. pennelli and L. esculentum, respectively, in a single 
BCl plant used to generate  a BC2 population used for further evaluation of the effects of dwl and dw2. 

RESULTS 

RFLP segregation and map construction: The 
RFLP linkage map of the F2 covered 1 14 1 cM and 
the average distance between markers was 13.5 cM 
(Figure 1) .  The  order of  all markers  on the map was 
the same as that previously reported (DEVICENTE and 
TANKSLEY 199 1 ; TANKSLEY et al. 1992). Seventy-eight 
(80%) of the 98 marker loci analyzed deviated signif- 
icantly ( P  < 0.05) from  the  expected 1:2:1 frequency. 
These loci represent 16 linked segments spread 
around all 12 chromosomes  (Figure 1).  Of those 78 
markers, 64  (82%) showed significant deviation to- 
ward the P allele, while only 3 loci (4%) were skewed 
toward the E allele. Results from  the F2 are consistent 
with other studies using the  same interspecific cross 
in tomato  and in  which deviations toward the P allele 
in the F2 have been also reported (ZAMIR and TADMOR 
1986). There was no evident trend of the  distorted 
segregations  being  related to  the  appearance of trans- 
gressive QTLs  (Figure 1) .  

Genome composition: The average  percent  heter- 

ozygosity per plant in the F2 population was 52 k 
8.7%, with a  range  from 22% to 87%. The average 
heterozygosity for an F2 individual was close to the 
expected (50%), and  the  range exceeded three stand- 
ard deviations on each side. The average  percent 
homozygosity was 17 k 6.9% (range: 0-41%) for E /  
E genotypes and 32 k 9.5% (range: 7-94%) for P/P 
genotypes. The parental  genome  ratio was 43% E :  
57% P. Deviations from  expected homozygous ratios 
were observed with an  overabundance of P alleles  in 
most  cases. 

Character evaluations: The cultivated tomato ( E )  
and its wild relative L. pennellii ( P )  differed signifi- 
cantly for 10 of the 1 1  traits  examined  (Table 1) .  
Only for H T  (height) were the parental means indis- 
tinguishable (Table 1).  In all  cases, F2 progeny were 
observed  that fell beyond the high or low mean of the 
two parents  (Figure 2). The occurrence of some ex- 
treme FZ individuals is expected due to  environmental 
rather  than genetic reasons since the FZ population 
was much  larger  than  the  parental populations. Chi- 
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TABLE 1 

Controls  means  and  standard deviations for all traits  studied in the FZ experiment 

Contrasts 

Trait E P F1 F2 EIP  MPIF,  EIF, F , f P  

DTL 
DTF 
H T  
BUDS 
SNOD 
T N O D  
BRAN 
FW 
DW 
DIAM 
LR 

10.3 f 0.1 
33.5 f 0.3 
54.9 f 0.7 
22.9 f 1.0 

(13.8 f 0.2) 
21.6 f 0.5 

2.7 k 0.1 
(108.5 f 3.8) 

(19.3 f 0.6) 

0.6 f 0.0 
(10.8 f 0.2) 

(11.7 f 0.2) 
(45.0 f 0.0) 
57.1 f 1.5 

(55.6 f 3.6) 
12.9 f 0.3 

(28.2 f 1.5) 
(3.4 f 0.3) 
56.0 f 3.4 
10.0 f 0.6 
8.1 f 0.3 

(1.0 f 0.0) 

- 18 fo.4 
37 f 0.3 
- 70.4 f 2.3 

40 f 2.4 
14.1 f 0.2 
30.4 f 1.3 

4.6 f 0.2 
9% f 4.2 

20 f 0.7 
10.6 f 0.3 
0.7 f 0.0 

11.7 & 2.3 
39.1 t 3.4 
66.1 f 16.3 
34.6 f 20.5 
13.8 f 1.2 
27.8 f 10.0 

3.7 f 1.7 
83.8 f 25.7 
15.1 f 3.6 
10.6 f 2.0 
0.7 f 0.1 

** 
** 
NS 
** 
* 
** 
* 
** 
** 
** 
** 

** 
* 
** 
NS 
* 
** 
** 
* 
** 
** 
** 

** 
** 
** 
** 
NS 
** 
** 
* 

NS 
NS 
** 

** 
** 
** 
** 
* 

NS 
** 
** 
** 
** 
** 

Significance for the contrasts (comparisons among means) is represented with asterisks: P < 0.05 (*), P < 0.001 (**), NS = non-significant. 
E = esculentum, P = pennellii, F1 = interspecific hybrid ( E  X P ) ,  F2 = self-progeny of the interspecific hybrid, MP = mid-parent value. 
Parentheses are used to designate the control  parent with a significant higher value for each particular trait. Underlining is  used to show 
cases  in  which the F, was significantly greater than both parents. 

square tests were used to compare the  number of 
individuals (in a  population the size  of the  F2)  expected 
to  exceed the means of the  parents by at least 2 SD 
(observed in those parental  distributions and assuming 
that  the size  of those populations were equal to  the 
F2) with the actual  number of F2 individuals that 
exceeded  those  thresholds.  For all characters,  except 
DW, FW and  LR,  the  number of observed  extreme 
individuals significantly ( P  < 0.01)  exceeded the ex- 
pected, suggesting transgressive segregation.  In some 
instances transgression was extreme (e .g . ,  HT, 
TNOD,  DTL) with some F2 individuals having values 
more  than two fold higher or lower than  the  parental 
values (Figure 2). For DW, FW and  LR,  the  number 
of extreme individuals was actually less than  expected 
due  to environmental effects alone  (data  not shown). 

Relationship  between  heterozygosity  and  expres- 
sion  of  quantitative  characters: The effect of heter- 
ozygosity on each trait was estimated by regressing 
the phenotypic value of each individual F2 plant on its 
percent heterozygosity (determined by RFLP  prob- 
ing, see MATERIALS AND METHODS for details). Values 
obtained  from such regression analyses can be taken 
as an estimation of the effect of heterozygosity per se 
on  a  particular  trait  (EDWARDS, STUBER and  WENDEL 
1987). R-squared values ranged  from 0.0% to  4.3% 
and only for DTL,  DTF, DW and LR were these 
values significantly different  from  zero ( P  C 0.05). 
These results indicate that only a small portion of the 
overall variability in the F2 can be  explained by het- 
erozygosity alone. 

QTL affecting characters: Each character was sub- 
jected  to QTL mapping using RFLP  markers  mapped 
in the F2 population. A total of 74  QTL  (LOD > 2) 
were detected  for all characters with a  range of  2-10 
QTLs detected  per  character  (Figure 1 ,  Table 2). The 
percentage of phenotypic variance explained by each 

QTL for each character  ranged  from  2.6%  (for 
DIAM) to  34.0%  (for BUDS) (Table 2). Multilocus 
analysis indicated that  the  combined action of all the 
QTL detected  for each character could account  for 
7-60% of the phenotypic variation and 15-88% of 
the genotypic variation in the F2 (Table  3). The phe- 
notypic and genotypic variation attributable  to  de- 
tected QTL, averaged  over all characters, was 37% 
and  56%, respectively (Table 3). 

Epistasis: Markers linked to each of the  74 signifi- 
cant QTL were tested for possible  two-way interac- 
tions with  all other segregating  markers (total of 708 1 
two-way tests). Three  hundred  and forty-six (4.9%) of 
the  interactions were significant ( P  5 0.5) which is 
close to the  percentage  expected by chance. The loci 
showing significant interactions seldom coincided with 
the location of other QTL for  the same character 
suggesting that epistasis was not  a  major  factor  under- 
lying the genetic inheritance of these traits. 

Gene  action  of QTL: A histogram of the d / a  values 
for all QTL indicates a  continuum of gene action 
centered  approximately at zero and ranging  from 
underdominance ( d / a  < -1.0) to  overdominance ( d /  
a > 1.0)  (Figure 3). Overall, 7% (5/74) of the QTL 
showed significant overdominance/underdominance. 
A few QTLs ( e .g . ,  for  DTF, BUDS and DW) showed 
extreme overdominance/underdominance and will be 
discussed later (Table 2 ). 

By comparing the difference between the means of 
the parental  controls with the genotypic ( a )  value of 
each QTL allele, it was possible to  determine  whether 
each allele had  an effect in the  expected or opposite 
direction relative to  the  parental means. For example, 
if P had  a value greater than E ,  any QTL allele from 
P that increased the  character in the F2 would be in 
the  expected  direction and any QTL allele from P 
that  decreased the  character would be in the opposite 
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direction. Using this method of classification, at least 
one QTL for each character was found to have allelic 
effects in the opposite direction  from  that  predicted 
by the  parental  phenotypes, and overall 36% of the 
QTL were of this nature (Figure 4). 

Relationship  between  gene  action of QTL and 
transgressive  phenotypes: QTL with effects opposite 
to those predicted by the  parents or with overdomi- 
nance/underdominance could be directly responsible 
for  the  occurrence of individuals with transgressive 
phenotypes in the F P  population. For example,  trans- 
gressive individuals might have a combination of com- 
plementary positive QTL alleles from  both  parents, 
causing them to exceed the parental  phenotypes. This 
hypothesis predicts  that  characters  for which  many 
transgressive individuals appear are also likely to be 
the  characters  for which a  large  proportion of the 

QTL have allelic effects opposite of that  predicted by 
the parents. T o  test this hypothesis, a logistic regres- 
sion was run between the  percentage of QTL with 
opposite allelic effects and  the  number of individuals 
which surpassed the parental means by at least two 
standard deviations (both high and low). The results 
suggest a  strong positive relationship between these 
two variables (Table 4). To confirm this, three FP 
plants were selected from the high end of the distri- 
bution  for three characters: HT,  TNOD and DIAM. 
These traits were ones in  which extreme transgression 
had been observed. Graphical genotypes (YOUNG and 
TANKSLEY 1989) were generated  for each plant and 
used to examine the allelic composition at  the signifi- 
cant QTL for each character. For HT, on average, 
the tallest plants had a combination of 2.3 QTL alleles 
increasing height (1 QTL from E and 1.3 QTL from 
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TABLE 2 

List of QTLs detected for each  trait 

Trait QTL LOD variance a d d l [a I  
Percent T 

DTL 

DTF 

HT 

BUDS 

SNOD 

TNOD 

(dtl?) 
dt16 
dt112 

d tfl 
dtf2 
(d t f3)  
d tf5 
d t f l o  
dt f l  I 
d t f l 2  

h t l  
ht? 
(ht5a)  
(ht5b) 
ht6 
(h t7)  
ht9 
( h t l o )  
( h t l l )  

budsl 
buds3 
buds4 
(buds5a) 
(buds5b) 
buds7 
(buds8) 
buds9 
budsl 1 
(buds l2)  

snod 1 
m o d 2  
(snod4) 
mod6 
(snod9) 

( t n o d l )  
h o d 2  
h o d 3  

11.91 13.1 
2.72 3.8 
2.43 2.6 

3.11 8.0 
2.48 5.5 
8.00 10.2 
6.93 12.2 
2.20 4.0 
2.50 3.5 
3.34 4.4 

4.49 7.2 
4.35 5.2 
3.85 5.0 
6.05 8.2 
8.20 8.4 
2.39 3.3 
2.38 3.1 
4.54 5.6 
2.22 4.0 

2.76 6.6 
34.11 34.0 

2.78 4.2 
4.17 4.6 
5.30 5.6 
3.03 3.3 
2.20 3.2 
4.95 5.8 
3.19 3.5 
2.54 2.8 

4.35 6.5 
5.39 7.4 
3.35 4.9 
3.18 4.8 
5.71 6.4 

5.08 6.5 
2.75 4.7 
7.98 8.9 

0.04 -0.04 (p) 
-0.02 -0.02 (e) 
-0.02 -0.01 (e) 

-0.04 -1.91 (p) 
-0.08  -1.58 (e) 

1.96  -0.47 (p) 
-1.67 0.80 (p) 
-0.84 -0.48 (e) 
-0.71 1.17 (p) 
-0.83 -0.78 (e) 

-5.01 7.55 (p) 
-4.83 6.16 (p) 

4.60 2.47 (e) 
7.53 -0.86 (p) 

-7.63 1.44 (p) 
4.41 2.42 (e) 

-3.61 3.05 (p) 
7.97  -6.77 (p) 
3.85 2.87 (e) 

-0.01 0.91 (p) 
-1.61 0.65 (p) 
-0.45  -0.35 (e) 

0.48 -0.47 (p) 
0.57 -0.44 (p) 

-0.48 0.07 (n) 
0.47  -0.23 (p) 

-0.59  -0.18 (e) 
-0.32  -0.42 (e) 

0.38  -0.27 (p) 

0.62  -0.09 (p) 
0.64 -0.28 (p) 

-0.49  0.42 (p) 
0.71 -0.14 (p) 

-0.60 0.03 (n) 

3.16  1.48 (e) 
-2.40  -1.53 (p) 
-4.70 1.80 (p) 

-1.10 
-1.23 
-0.88 

-5 1.87 
-18.96 

-0.24 
0.48 

-0.58 
1.65 

-0.94 

1.51 
1.28 
0.54 

-0.1 1 
0.19 
0.55 
0.85 

-0.85 
0.74 

79.39 
0.40 

-0.79 
-0.98 
-0.78 

0.14 
-0.48 
-0.31 
-1.30 
-0.7 1 

-0.14 
-0.43 

0.86 
-0.20 

0.05 

0.47 
-0.64 

0.38 

Percent 
Trait QTL LOD variance a d d l [a I  

tnod4 4.77 6.2 -3.62 1.31 (p) 0.36 
( tnod5)  3.66 4.7 2.59 -2.77 (p) -1.07 
( tnodh)  3.01 3.7 3.34  -0.46 (p) -0.14 
tnod7 3.51 4.6 -2.89 1.73 (p) 0.60 
tnod9 10.76 12.8 -5.12 -0.26(e) -0.05 
( tnodl2)  4.25 5.0 2.79  -2.23 (p) -0.80 

BRAN ( b r a n l )  5.27 8.2 0.71 0.02 (n) 0.02 
bran2 3.67 9.5 -0.43 -0.74 (e) -1.74 
bran? 5.00  6.0  -0.66  0.31 (p) 0.47 
bran4 4.68  6.6  -0.63 0.30 (p) 0.48 
(bran5)  3.44 4.1 0.46 -0.35 (p) -0.75 
bran7 4.66  6.9  -0.38 0.68 (p) 1.79 
bran9 7.50  9.5  -0.74 0.16 (p) 0.21 
( b r a n l 2 )  2.74 3.1 0.36  -0.32(p) -0.89 

FW (fwl) 2.19 4.4 -4.01 10.81 (p) 2.70 
2.74 3.0  6.01 2.15(e) 0.36 

DW dwl  3.40 7.0  0.01 1.92 (e) 233.54 
(dw2) 2.33 3.7 -0.22 1.38 (p) 6.38 
dw? 2.51 3.2 0.78 0.52 (p) 0.67 
dw5 3.05 4.0  1.04  -0.09 (p) -0.09 
dw12 3.48 3.8  0.95 0.38 (e) 0.40 

DIAM ( d i a m l )  3.26 3.6 -0.37 -0.51 (e) -1.40 
(diam2) 3.09 4.5 -0.57 0.40 (p) 0.70 
d i a d  4.48  5.4  0.71  -0.06 (e) -0.09 
(diam5) 4.14 4.4 -0.60 0.36 (p) 0.61 

d i a d  3.07 4.9 0.63  0.25 (e) 0.39 
diam9 2.26 2.6 0.46  0.05 (e) 0.10 

LR l r l a  21.56 29.8 -0.06  -0.02 (e) -0.41 
l r l b  19.64 21.2 -0.05  -0.02 (e) -0.41 

1 r4 5.03 7.1 -0.03 0.00 (p) 0.04 
lr5 2.55 3.7 -0.01 -0.02 (e) -1.50 
lr6 2.30 3.1 -0.02 -0.01 (e) -0.33 
1 r8 9.39 11.6 -0.04 0.00 (n) 0.08 
lr lV 2.62 3.1 -0.02 -0.01 (e) -0.32 
l r l 1  8.01 9.1 -0.02 -0.03 (e) -1.18 

(diamh) 4.37 6.3 -0.74 -0.17  (p) -0.23 

(17.2) 2.68 4.3  0.02  -0.02 (p) -0.73 

L 
The number following  the QTL designation corresponds to the  chromosome to which the QTL was located. Letters are used to distinguish 

QTLs  on the same chromosome  affecting  the same trait. Parentheses (in the QTL column) indicate that the QTL had an effect opposite to 
that expected from the parental means. For each QTL:  LOD = log-likelihood,  percent variance = percent phenotypic variance explained 
(single-locus model), a = genotypic value = (EE-PP)/2, as the effect of adding an E allele, d = dominance effect = EP-(EE + PP)/2, and d/ 
[ a ]  = degree of dominance. The letter in parenthesis by the  d value indicates the origin of the dominant allele (e = esculentum, p = pennellii, 
n = no dominance).  Underlined d / [ a ]  values show significant overdominance or underdominance (A LOD > 1 ,  see MATERIALS AND METHODS 
for details). 

P )  and only 0.3  QTL decreasing  height  (from P) .  
Similar results were seen for T N O D  and DIAM, 
where the  extreme individuals contained  complemen- 
tary combinations of QTL alleles from  the two parents 
(data  not shown). 

Relationship  between  phenotypic  diversity of par- 
ents  and  degree of transgression: A regression be- 
tween the  difference in the parental means for each 
trait and  the  number of transgressive individuals ap- 
pearing in the F P  revealed a significant negative asso- 
ciation between these variables (Table 4). In other 
words the  more similar the phenotype of the  parent, 

the  more likely that transgressive individuals would 
occur in the F2. These results at first appear  to be 
counterintuitive,  but would be  explained if the two 
species contain  different  mixtures of  positive and neg- 
ative QTL alleles leading to similar phenotypic means 
for some characters. If this is the case, one would 
predict  a high proportion of QTL with  allelic effects 
opposite to  that  predicted by the  parents  for charac- 
ters  for which the  parents  had similar means. This 
prediction was also borne  out in a significant negative 
correlation between parental mean differences and 
the  percentage of QTL with  allelic effects opposite of 
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TABLE 3 

Percentages of phenotypic and genetic variance explained by 
the QTLs (multiple locus model) 

~~~ 

Trait  Phenotypic  Genetic 

DTL 18  27 
DTF 43 51 
H T  42  54 
BUDS 61 88 
SNOD 23 41 
TNOD 52 72 
BRAN 53 88 
FW 7 15 
DW 21 70 
DlAM 26 41 
LR 60 73 
X 37  56 

See MATERIALS AND METHODS for details. 
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FIGURE 3.-Distribution of the  degree of dominance (d /a )  for 
individual QTL detected  for  the 1 1  traits studied in the FP gener- 
ation. Striped bars correspond to QTL with significant overdomi- 
nance (d/a > 1 .O)  or underdominance (d /a  < - 1  .O).  

that  predicted by the parental  phenotypes  (Table 4). 
QTL with significant overdominance/underdom- 

inance behavior: Overdominance (or underdomi- 
nance) potentially represents  a single locus  basis for 
trangressive variation and might  account  (at least  in 
part)  for some of the  extreme phenotypes  observed in 
the F2 generation.  However, the lack of a significant 
correlation in  most instances between heterozygosity 
and phenotype variation in the F2 (see previous sec- 
tion) suggests that  overdominance was not likely to be 
a major factor in these  experiments. Nonetheless, 
examination of the d / a  values from Table 2 reveals 
that ou t  of the 74 QTL detected in this study, 18 
gave d / a  values indicative of overdominance (or un- 
derdominance) ( d / a  < - 1  or d / a  > +1) 5 of  which 
were significant (Table 2, Figure 3, see MATERIALS 
AND METHODS for details). Positive (overdominant) d /  
a values (EP > EE and P P )  were detected  for BUDS 
and DW. Negative (underdominant) d / a  values (EP < 
EE and P P )  were found  for  DTF. In some cases the 
d / a  values were very extreme (e .g . ,   buds l ,   d /a  = 79; 
d w l ,   d / a  = 233). 

Relationship between overdominant/underdomi- 
nant QTL and heterosis: For DTL,  HT  and BRAN, 

FIGURE 4.-Histogram depicting percentage of  QTL detected 
with allelic effects  opposite of that predicted by the parental phe- 
notypes (solid) and QTL with overdominant gene action (striped). 
Both types of  QTL can contribute to transgressive segregation (see 
text for details). 

TABLE 4 

Results from regression analyses of % transgressive QTL (% 
trans), number of transgressive progeny in Fr (# trans) and 

distance between  parental means (distance, expressed in 
standard deviations) 

Explanatory Response Sign of the Wald chi- P > chi- 
variable variable regression square square 

% Trans # Trans + 102.6 0.0001 
Distance % Trans - 4.5 0.0300 
Distance # trans - 147.1 0.000 1 

All calculations based on F2 data. 

heterosis could be observed in  F1 hybrids (; .e. ,  the FI 
mean was significantly greater or less both  parental 
means) (Table 1). I f  overdominant/underdominant 
QTL were to be  uncovered, one might expect to find 
them  for  traits showing heterosis in the FI hybrid. 
However, few such QTL were found  for these char- 
acters.  Instead, significant overdominant/underdom- 
inant QTL were detected  for  characters  not showing 
heterosis in the FI (e.g., DTF, BUDS,  DW) (Table 2). 
For HT, where the greatest heterosis was observed, 
none of the QTL were overdominant  (Table 2). All 
showed some degree of dominance in favor of the 
allele generating  the  extra  height, regardless from 
which parent they came-a result that could also ex- 
plain the heterotic response for this character in the 
F1 hybrid. 

Advanced  backcross generation analysis of two 
overdominant QTL: L. pennellii grows at a  rate ap- 
proximately one-half that of the L. esculentum parent 
(Table 1) and while  most of the QTL detected from 
P slowed down the  growth  rate, dwl  (chromosome 1 )  
and dw2 (chromosome 2 )  increased the  rate  of  dry 
matter accumulation in heterozygous F1 individuals. 
dwl  acts in an  extremely  overdominant  manner (d /a 
= 233) and dw2 in a less extreme  manner ( d / a  = 6) 
(Table 2). Using linked RFLP  markers, dwl  and dw2 
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FIGURE 5.-Distribution of phenotypes in the BC2 population 
for dry weight accumulation (A)  and fruit yield (B)  and in the 
BC2F3 population for fruit yield (C). Arrows indicate means for E 

were transferred  into  an L. esculentum background via 
two sequential backcrosses to E .  A BC2 population of 
142 plants was transplanted to the field  in Ithaca in 
the  summer of 199 1 along with 15 F1 and 15 E control 
plants. P does  not survive well under field conditions 
and was not utilized in these field experiments. The 
graphical genotype of the BC1 plant used to generate 
the BC2 population is shown in Figure 1. While ad- 
ditional P chromosomal segments (other  than those 
containing  dwl and dw2) were present, the majority 
of the chromosome segments (70.6%) in the BCl 
individual were derived  from E based on  RFLP  prob- 
ing (Figure 1) .  The average BC2 individual in that 
population would be  expected to contain only 15% P 
alleles and  thus this population should provide  a test 
of behavior of dwl  and dw2  in the absence of other 
potentially epistatic P alleles. 

Approximately 7 weeks after transplanting to  the 
field, each plant in the BC2 was rated visually for 
vigor. At the  end of the season, the total biomass and 
fruit yield of each plant was determined.  Total bio- 
mass and visual rating  for vigor were significantly 
correlated (R2  = 0.3, P < 0.01), and  for subsequent 
analyses only biomass was used. A significant number 
of BC2 individuals exceeded the parental ( E )  and FI 
means (Figure 5A). RFLP  markers linked to dwl  and 
dw2 were scored in the BC2 and used for QTL analysis 
of both biomass and  fruit yield. RFLP  markers linked 
to both  dwl and dw2 were significantly associated with 
increases in  biomass accumulation and resulted in 
transgressive individuals (Figures 5 and 6). LOD 
scores and P values from  ANOVA analysis were 1.41 
0.02 and 4.7/0.0001 for dwl-  and dw2-linked mark- 
ers, respectively. Moreover,  the  gene action of each 
QTL was the same as that observed in the F2 (i.e., the 
heterozygous individual had increased biomass pro- 
duction).  Although the LOD  score was low, the AN- 
OVA also indicated a significant, positive effect of 
dwl  on  fruit yield ( P  = 0.05) (Figure 6). dw2 had no 
detectable effect on  fruit yield (data  not shown). These 
results indicate  that  both of the overdominant QTL 
detected in the F2 continued to  exert  their effects in 
the BC2 where most  of the  other P alleles had been 
eliminated.  Moreover, unlike with the F2 generation, 
significant numbers of BC2 individuals were trans- 
gressive. 

To further examine the relationship between dwl 
and yield, a single BC2F2 plant was selected from 
among  the  progeny of one of the transgressive BC2 
plants from  the field. This individual was heterozy- 
gous for  the  region  on  chromosome 1 containing  dwl. 
Except for  an  additional small piece of pennellii DNA 
on chromosome 12, this plant was determined  to  be 

parent, F,, BC2 and BC2F3 populations. Bars below plots represent 
the range observed for the E and F, controls. Fruit yield was not 
measured on Fls because of low fruit set. 
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FIGURE  6.-QTL plots for d w l  (chromosome I )  and dw2 (chro- 
mosome 2 )  monitored in the BC2 population for biomass per plant 
(A, C) and fruit yield per plant (B). Upper half of each plot is for 
LOD scores based on  MAPMAKER-QTL  (see MATERIALS AND 

METHODS for  details). Lower half is for  difference  between  hetero- 
zygous plants ( E / P )  and  homozygous plants (E/,!?) in the BC2 
population, calculated with MAPMAKER-QTL at intervals of 2 
cM. * = significant effect based on  ANOVA ( P  < 0.05). Bar across 
top of plots indicates approximate position of d w l  and dw2 as 
deduced from FP analysis. 

otherwise  entirely of an esculentum genotype based on 
probing with RFLP  markers throughout  the genome 
(Figure  1).  In  the  summer of 1992, a BC2F3 popula- 
tion of 148 plants,  derived  from self-pollinating this 

individual, as  well as 17E  controls, were transplanted 
to  the field in Ithaca. Fifteen weeks later, total fruit 
yield/plant was determined  for each individual. 
Twenty-six BC2F3 plant (1 8%) exceeded  the  controls 
(Figure 5C). The association of yield  with RFLP  mark- 
ers in the d w l  region was verified with a single point 
analysis  of variance ( P  = 0.001). A one-tailed contrast 
revealed that individuals heterozygous at dwl  signifi- 
cantly out yielded either homozygous genotype ( P  < 
0.03),  confirming that  the  gene action of this QTL is 
indeed  overdominant as observed in previous popu- 
lations. The genotypic means for  the  marker closest 
to d w l  (CT98) were as follows: EE = 7.79  kg/plant, 
EP = 9.02  kg/plant, PP = 2.49 kg/plant. 

Possible pleiotropic effects of dwl and dw2:  In the 
F:, population, two of the seven QTL affecting the 
number of  days to flowering (dtfl  and dtf2) mapped 
very  close to d w l  and dw2, respectively (Table 2,  
Figure  1). The d / a  values for  both of these QTL 
indicated  a  strong overdominance/underdominance 
gene  action,  a characteristic also displayed by dwl  and 
dw2. The close proximity and similar gene  action of 
these QTL controlling DW and  DTF may be due  to 
chance genetic linkage, but might also result from 
single QTL which affect both  the  growth  rate  and 
flowering date. 

DISCUSSION 

If different species carry  a high frequency of com- 
plementary alleles, then interspecific hybridization has 
great  potential  for  generating novel phenotypes-in- 
cluding those for  characters  important  for  adaptation 
in natural  habitats  as well as ones valuable in agricul- 
ture. Results from  the current study suggest that this 
is likely to be the case. For eight of the characters 
examined, there was evidence for transgressive seg- 
regation based on the  occurrence of significant num- 
bers of extreme individuals in the F:! population. The 
occurrence of this transgression was directly linked to 
the presence of complementary QTL alleles  in the 
two parental species. In the cases where the parents 
were similar in their means (e.g., plant height),  prog- 
eny with extreme  phenotypes were identified. For 
these same characters,  a high proportion of QTL 
alleles with effects opposite of that  predicted by the 
parents were identified and could be associated 
causally  with progeny expressing transgressive phe- 
notypes. This study therefore  demonstrates  that com- 
plementary QTL alleles occur in a wide cross in a 
frequency  not dissimilar from intraspecific crosses 
(STUBER,  EDWARDS and WENDEL 1987).  Moreover, it 
establishes as the  major cause of the transgression the 
complementary action of genes from the two parental 
species. It is important  to  note  that  for  three of the 
characters  examined, DW, FW and LR, there was no 
evidence of transgressive segregation in the F:, popu- 



594 M. C. deVicente  and S. D. Tanksley 

lation. Nonetheless, when QTL analysis was per- 
formed,  complementary QTL alleles could also be 
identified in the two species. 

Significant overdominance/underdominance was 
observed for several QTL (7%). However, it was not 
possible to causally relate these QTL to  either  the 
occurrence of heterosis in the F1 hybrids or appear- 
ance of transgressive individuals in the F2 generation. 
When two  of these overdominant QTL were trans- 
ferred to an  advanced backcross generation (BC2), 
they continued to  exert  the same genetic effect as 
seen in the F2 population. The same gene action was 
confirmed  for  one of those overdominant QTL when 
transferred  to  a BC2F3 generation. Unlike with the 
F2,  in the BC2 and BC2F3 populations significant 
number of transgressive individuals did  appear which 
were directly related to  either two (BC2) or  one 
(BC2F3) of the  overdominant QTL. Presumably at 
that  point, many other segregating QTL had been 
eliminated (compared with the F2) and these two 
overdominant QTL then  had  large  enough effects to 
give rise to individuals with extreme  phenotypes. 
These results suggest that, while overdominance may 
not be a major factor  contributing  to wide-cross 
transgression (compared with the  occurrence of com- 
plementary QTL), this genetic mechanism can lead to 
transgressive segregation.  It should be also pointed 
out  that, while it is clear that some QTL (such as dwl  
and dw2)  have a significant overdominant/underdom- 
inant  gene  action, we cannot  determine  from  these 
data  whether this is due  to single gene  overdominance 
or pseudo-overdominance due  to tight linkage of 
dominant  and recessive alleles  of opposite effects. 
Studies are  currently underway to distinguish these 
possibilities via high resolution QTL mapping of dwl  
and dw2. 

The inability to  detect significant two-locus inter- 
actions between QTL and  other loci  in the F2 gener- 
ation suggests that epistasis was not  a  major  factor 
contributing  to transgressive segregation. This con- 
clusion is supported by the fact that d w l  and dw2 in 
the BC2 and dwl  also in the BC2F3 generation con- 
tinued to  exert  the same effects as seen in the F2 
generation. If the effects of these two QTL had been 
dependent  on  the  presence of P alleles elsewhere in 
the  genome  one might expect  that  the loss of such P 
alleles during  the backcrossing process would have 
modified or eliminated the effects of dwl  and dw2. 

Evolutionary  implications: Interspecific hybridi- 
zation and subsequent  introgression of genes  from  the 
genome of one species into  that of another occurs in 
nature,  and in the case  of crop plants, takes place 
frequently at  the hands of plant breeders  (RIESEBURG 
and BRUNSFELD 199 1 ; HARLAN  1976). The evolution- 
ary significance of interspecific introgression has been 
the subject of much debate  (ANDERSON  1949). Con- 

servatively, introgression is thought  to lead to new 
races or species with adaptations  and characteristics 
intermediate between the  parental species (STEBBINS 
1950). At the  other  extreme, it has been proposed 
that interspecific hybridization can lead to new races 
or species  with characteristics or adaptations  that ex- 
ceed those of the parents.  BRAINERD  (1924)  demon- 
strated  the transgressive generation of “new” plant 
types in interspecific crosses  in the  genus Viola and 
proposed the possible birth of a new species in the 
naturally  occurring  offspring of one such cross Viola 
affinis X Viola sagattata. Likewise, LEWONTIN and 
BIRCH (1 966)  provided evidence that introgressive 
hybridization in tephritid flies  can lead to new  bio- 
types with adaptation  to  extreme  temperatures. 

While the  research  described here involved artificial 
hybridization, it nonetheless demonstrates  that dis- 
tinct,  but crossable, species are likely to contain com- 
plementary alleles for many if not most characters. 
Moreover, novel combinations of these alleles  can 
readily produce  phenotypes  that greatly exceed the 
range of the  parents.  This work thus lends credibility 
to  the proposal that interspecific hybridization can 
result in relatively rapid  adaptations  to new environ- 
ments (LEWONTIN  and BIRCH 1966). Left unanswered 
by this research is the frequency with  which interspe- 
cific transgression has actually led to speciation in 
nature  and  the magnitude  to which transgressive hy- 
bridization has played a  role in the evolution of new 
adaptive functions. 

Implications for the  genetic  improvement of crop 
plants: For most crop species , the largest reservoir 
of genetic variation exists not within modern cultivars, 
but in their feral counterparts. In tomato it has been 
estimated  that less than 5 %  of the available genetic 
variation exists in cultivars and  the  remainder is found 
in  wild relatives (MILLER and TANKSLEY 1990). Wild 
relatives have been exploited  as  a  source of disease 
and insect resistance in many crops,  but  their use 
beyond this has been rather limited (HARLAN  1976). 
Breeders have been reluctant to use  wild  species for 
two  main reasons. First, while it is often possible, using 
conventional breeding  methods,  to  transfer gene(s) 
for desirable traits  from wild  species into cultivars, the 
transfer is often accompanied by undesirable, linked 
genes,  a  phenomenon referred  to as linkage drag 
(ZEVEN, KNOTT andJoHNSON 1983). Even after many 
backcross generations and selection, selected genes 
are often accompanied by linked DNA segments large 
enough  to  carry  hundreds of undesirable genes 
(YOUNG and TANKSLEY 1989). The use  of molecular 
linkage maps in crops has provided a way to  monitor 
and facilitate interspecific gene  transfer and  to miti- 
gate linkage drag, improving the prospects for SUC- 

cessful introgression of desirable genes from wild spe- 



Transgressive QTL in Tomato 595 

cies (TANKSLEY et al. 1989; YOUNG and TANKSLEY 

A second difficulty with using wild germplasm is  in 
identifying accessions that  contain the  trait of interest. 
Normally germplasm is screened  for the  trait of inter- 
est, and those accessions demonstrating  the  trait  are 
then used as parents in backcrossing schemes to  the 
cultivated species. While this approach is straightfor- 
ward for  characters such as disease resistance, it is 
often difficult to apply successfully for other charac- 
ters. Yield, for  example, is not  a  character  than can 
be readily measured in  wild germplasm. Wild species 
often have characteristics, selected against in modern 
cultivars ( e .g . ,  prostrate  growth habits or seed shatter- 
ing),  that cause them  to yield much less than  their 
cultivated counterparts. In tomato,  for  example, many 
of the wild species are self-incompatible and will not 
set fruit  under commercial field situations where  nat- 
ural pollinating insects are absent. If one were to 
measure yield  in these species, it would be  concluded 
that they are  not a  potential  source of  yield genes. 

The study reported  here suggests that, while  wild 
species  may not display a  character of interest (or have 
reduced  amounts of that  character  compared with 
their cultivated counterparts), it is  likely that they 
possess alleles that can improve the  character.  For all 
of the  characters  examined in this study, at least one 
QTL was identified in the wild species that  had  an 
allellic effect opposite of what would be  expected 
based on the phenotype of the wild plant.  Moreover, 
two overdominant QTL, dwl and dw2, were identi- 
fied, which when backcrossed into  the cultivated to- 
mato, positively affected  characters of agronomic im- 
portance  (growth  rate  and  fruit yield). This result was 
confirmed again for dwl in a  more  advanced  genera- 
tion.  Reports of transgressive variation for yield from 
wild species suggests that this is not  an isolated phe- 
nomena (FREY e t  al. 198 1). By combining wild  species 
crosses  with molecular linkage maps, it should  be 
possible to identify and selectively introgress new al- 
leles that can improve  characters  for which  wild spe- 
cies are normally not  considered  to  be  a  source of 
useful variation. This may be especially important in 
self-pollinated crops like tomato,  cotton, soybean and 
wheat where the existing cultivated germplasm base 
for  breeding is narrow and would likely benefit by the 
infusion of  new alleles. 
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