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A b s t r a c t  High sucrose concentration in fruit of Lycoper- 
sicon chmielewskii is governed by the recessive sucrose 
accumulator gene (sucr) that is situated in the pericentro- 
meric region of chromosome 3. The sucr gene was intro- 
gressed into the genetic background of the hexose-accu- 
mulating cultivated tomato (L. esculentum cv 'Hunt 100') 
by marker-assisted selection using tightly linked RFLP 
markers and a tomato acid invertase cDNA as probes 
for sucr. RFLP mapping indicated that the segment con- 
taining sucr comprised over 43.2 cM in the BCIF 2 gener- 
ation, representing over one-third of the total length of 
chromosome 3. By selecting for crossovers between sucr 
and the flanking visual marker r (yellow fruit flesh) and 
RFLP marker TG288, we were able to reduce the size of 
the sucr introgression fragment to 0.8-7.1 cM by the BC 5 
generation. Smaller recombinant fragments were not ob- 
tained despite screening a large BC6F 2 population. The 
smallest sucr introgression reduced recombination be- 
tween the flanking visual markers sy (sunny) and bls (baby 
lea syndrome) by 38%. To facilitate future introgression 
and recombination experiments, a PCR-based test for the 
sucr gene was developed using primers specific to the to- 
mato invertase gene. This assay takes advantage of a small 
deletion that maps to the second intron of the L. chmie- 
lewskii invertase gene. The assay detected significant al- 
lelic variation both within and between hexose- and su- 
crose-accumulating Lycopersicon spp. 
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Introduction 

Cultivated varieties of tomato (Lycopersicon esculentum 
Mill.) are, as a whole, extremely depleted in genetic vari- 
ation, whereas the related wild species are by all measures 
highly diverse (Miller and Tanksley 1990; Rick and Fobes 
1975; Williams and St. Clair 1993). All eight of the wild 
Lycopersicon spp. can be hybridized to tomato, with var- 
ying degrees of difficulty, and therefore represent an im- 
portant resource for enhancing economic traits. For exam- 
ple, the vast majority of disease resistances in tomato rep- 
resent single dominant genes introgressed from wild Ly- 
copersicon spp. into tomato cultivars (Rick 1986). Among 
the difficulties encountered in introgression experiments 
of this type are associations with hybrid sterility or invi- 
ability, segregation distortion, and novel variation (for ex- 
amples, see: Chetelat et al. 1989; Rick 1963, 1969; Zamir 
and Tadmor 1986). The generally undesirable horticultu- 
ral qualities of wild tomatoes (e.g. small fruit, poor color, 
self-incompatibility, etc.) are in most cases caused by genes 
other than those responsible for economic traits. However, 
pleiotropic effects are possible and would be very difficult 
to distinguish from the action of tightly linked genes. For 
example, the Pto locus confers both resistance to Pseudo- 
monas syringae pv. tomato and sensitivity to the herbicide 
Fenthion, traits encoded by two tightly linked genes (Loh 
and Martin 1995). Elimination of such negative traits is a 
major objective of introgression experiments. 

Soluble solids content (SSC) is a major fruit quality de- 
terminant and breeding objective for processing varieties 
and is controlled largely by the concentration of soluble 
sugars. Fruit of the wild tomato species L. chmielewskii 
possess SSC levels roughly twice that of modern cultivars 
(Rick 1974). While fruit of L. escuIentum accumulate pri- 
marily reducing sugars (glucose and fructose) and very lit- 
tle sucrose, fruit of L. chmielewskii accumulate high 
amounts of sucrose (Yelle et al. 1988). Yelle et al. (1991) 
reported that sucrose accumulation is associated with 
higher soluble sugar concentrations in an early generation 
backcross to L. esculentum. 
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Genet ic  exper iments  have demons t ra ted  that the trait  of  
sucrose accumula t ion  in L. c h m i e l e w s k i i  is cont ro l led  by a 
s ingle recess ive  gene, sucr ,  loca ted  in the per icen t romer ic  
region  of  ch romosome  3 (Chetela t  et al. 1993). Al l  other  
green-f ru i ted  L y c o p e r s i c o n  spp. examined  also accumula te  
sucrose (Davies  1966; Miron  and Schaffer  1991; S tommel  
1992). In L. h i r s u t u m  the trait  is also monogen ic  and re- 
cess ive  in crosses  to L. e s c u l e n t u m  (S tommel  and Haynes  
1993) and is a l le l ic  to s u c r  f rom L. c h m i e l e w s k i i  (Chetela t  
et al. 1993). 

Low acid inver tase  act ivi ty  in fruit  is the pr inc ip le  cause 
of  sucrose accumula t ion  in L. c h m i e l e w s k i i  (Yelle et al. 
1991). The proper t ies  of  this enzyme have been wel l  stud- 
ied, and its subcel lu lar  loca l iza t ion  ass igned to the vacuole  
(Konno et al. 1993; Yelle et al. 1991). The low inver tase  
act ivi ty  of  L. c h m i e l e w s k i i  fruit  is due to low prote in  lev-  
els (Yelle et al. 1991) and apparent ly  not  to h igher  levels  
of  an inver tase  inhibitor ,  as has been found in L. e s c u l e n t u m  

(Pressey 1994). Tomato fruit  acid inver tase  c D N A s  have 
been c loned f rom L. e s c u l e n t u m  (Ell iot t  et al. 1993; Klann 
et al. 1992; O h y a m a  et al. 1992; Sato et al. 1993) and L. 
p i m p i n e l l i f o l i u m  (Ell iot t  et al. 1993). Inver tase  m R N A  was 
not  detected in L. c h m i e l e w s k i i  or sucrose -accumula t ing  
in t rogress ion l ines der ived  thereof  (Klann et al. 1993), and 
genet ic  mapp ing  of  the inver tase  gene p laced  it at the same 
locus as s u c r  (Chetela t  et al. 1993). Recent  exper iments  
demons t ra te  that down regula t ion  of  inver tase  by  ant isense  
or sense inhibi t ion leads to sucrose accumula t ion  (Klann 
and Bennet t  submit ted;  Wi lde  et al. 1994). Therefore ,  in 
all l ike l ihood,  the s u c r  gene represents  an inver tase  a l le le  
with l i t t le or no express ion  in fruit. 

The objec t ive  of  the work  repor ted  herein was to de- 
velop sui table  germ p la sm to enable  an evalua t ion  of  the 
effects of  sucrose accumula t ion  on SSC and other qual i ty  
traits in the genet ic  background  of  a process ing  tomato  cul-  
t ivar  with acceptab le  hor t icul tural  traits. Accord ing ly ,  we 
have int rogressed,  by repeated  backcrosses ,  the s u c r  gene 
f rom L. c h m i e l e w s k i i  into L. e s c u l e n t u m  and reduced  the 
size of  f lanking  fore ign D N A  by marker -ass i s ted  select ion.  
An  analysis  of  sugar  accumula t ion  and fruit  qual i ty  pa ram-  
eters of  these in t rogress ion  l ines is p resented  in an accom-  
pany ing  paper  (Chetela t  et al. 1995). Fo l lowing  e lucida-  
t ion of  the funct ion of  s u c r  as an inact ive  inver tase  allele,  
a rapid,  codominan t  po lymerase  chain react ion (PCR)-  
based  test  for the inver tase  gene was also deve loped  to fa- 
c i l i ta te  future se lect ion exper iments  and to examine  al lel-  
i sm within L y c o p e r s i c o n .  

male parent to cv. 'UC204C' to obtain the first backcross (BC1) gen- 
eration. The recurrent parent for further backcrosses was cv 'Hunt 
100'. The chromosome 3 linkage tester stock containing the visual 
markers sy, bls and sf(LA1430) was used to monitor recombination 
in the vicinity of sucr. Other wild Lycopersicon spp. examined for 
allelic variation at sucr included L. esculentum var cerasiforme ac- 
cession LA1673, L. pimpinellifolium LA722 and LA2184, L. chees- 
manii LA166, L. chmieIewskii LA1306 and LA2663, L. parvlflorum 
LA1326, L. hirsutum LA1777 and LA1223, L. pennellii LA716 and 
LA1926 and L.peruvianum LA111, LA2151 and LA1292. Seed sam- 
ples of all genotypes used in this study were obtained from the C. M. 
Rick Tomato Genetics Resource Center (TGRC), Department of Veg- 
etable Crops, University of California at Davis. 

Linkage analysis 

To determine the gene order of and map distances between markers 
flanking sucr, recombination was monitored in the backcross popu- 
lations. For the sucr - TG66 interval, results are based on a BC2F 2 
population of 103 plants; for the sucr - TG42 interval, on a BCsF 1 
population of 218 plants. Estimates of recombination rates were ob- 
tained with the LINKAGE-1 program, version 3.50 (Suiter et al. 
1983). 

Restriction fragment length polymorphism (RFLP) analysis 

RFLP markers were used to map sucr and to select for crossovers in 
the introgressed segment containing sucr. RFLP analysis was per- 
formed essentially as previously described (Chetelat and DeVerna 
1991). Probes consisted mainly of tomato genomic ("TG") clones of 
known map location (Tanksley et al. 1992), provided by Dr. S. Tank- 
sley at Cornell University. Other probes included a tomato fruit ac- 
id invertase cDNA, TIV1 (Klann et al. 1992), used in later backcross 
generations as a direct probe for sucr (Chetelat et al. 1993), and a 
proton ATPase cDNA, LHA1, which maps to chromosome 3 (Ew- 
ing et al. 1990). 

DNA isolations from large populations were performed as de- 
scribed by Bernatzky and Tanksley (1986), with modifications as fol- 
lows. Several young leaflets were placed in a small plastic weigh 
boat to which 800 gl extraction buffer and a dash of sterilized sand 
were added, then crushed with a plastic rod. The homogenate was 
rinsed into a 2-ml microcentrifuge tube with a second 800 gl aliquot 
of extraction buffer. Nuclei were pelleted at 10,000 rpm for 10 min, 
then resuspended in 300 gl of extraction buffer and lysed with 200 gl 
nuclei lysis buffer and 120 gl 5% sarkosyl. Following a 1-h incuba- 
tion at 60~ samples were extracted with 1 ml chloroform-isoamyl 
alcohol (24:1). DNA was precipitated from the aqueous phase with 
0.6 ml cold isopropanol and pelleted 2 min at 10,000 rpm. The DNA 
pellet was washed with 70% ethanol, vacuum dried, resuspended in 
50 gl TE buffer pH 8.0 and incubated for 1 h at 60~ The extrac- 
tion buffer consisted of 63.7 g/1 sorbitol, 12.1 g/1 TRIS, 1.68 g/l 
EDTA (disodium), at pH 7.5, to which 3.8 g/1 sodium bisulfite was 
added just prior to use. The nuclei lysis buffer consisted of 0.2 M 
TRIS, 0.05 M EDTA, 2 M NaC1, 20 g/1 CTAB, at pH 7.5. 

PCR detection of sucr 

Materials and methods 

Plant material 

L. chmielewskii accession LA1028 was used as the donor parent for 
the sucrose accumulation trait, sucr. The tomato cultivars used at 
various stages in the backcrossing program were 'UC82B', 
'UC204C', and 'Hunt 100'. The F 1 L. esculentum• chmielewskii 
hybrid was synthesized using cv. 'UC82B' as the female parent. A 
sucrose-accumulating F 2 individual derived thereof was crossed as 

On the basis of the known sequences of the invertase cDNA (Klann 
et al, 1992; Genbank Accession no. M81081) and genomic clones 
(Elliott et al. 1993; Genbank Accession no. Z12027), primers were 
chosen to permit PCR amplification of a fragment of the invertase 
gene. The sequence of the upstream and downstream primers were 
CTATCTTCTATTATGGCCACTCAG and CCCAAATAGCTGAA- 
TCTGGATTGT, respectively. Each PCR reaction contained approx- 
imately 500 ng of total DNA template, 0.2 mM each dNTP, 2.5 mM 
MgC12, 50 mM KC1, 10 mM TRIS-HC1 pH 8.3, 10 pmol of each 
primer and 5 units AmpliTaq DNA polymerase (Applied Biosystems) 
in a total reaction volume of 100 ~tl. PCR was carried out for 40 cy- 
cles under the following conditions: 1 min at 94~ 1 min at 60~ 



and 2 min. at 72~ PCR products were digested with the appropri- 
ate restriction enzyme according to manufacturer's recommenda- 
tions, then electrophoresed on 2% agarose/1 xTBE gels, stained with 
ethidium bromide and visualized under UV light. 

Results 

Size of the sucr  introgression in BC1F 2 

Several plants accumulating sucrose were identified in the 
segregating BC1F 2 generation by an analysis of fruit sug- 
ars (Yelle et al. 1991). One of these plants (GH4077-13) 
was used for further backcrossing to cv 'Hunt 100'. RFLP 
mapping indicated that this plant carried a large chromo- 
some 3 segment from L. chmielewski i ,  that spanned mark- 
ers TG66 and TG242 but not markers TG56, TG152 or 
TG244 (Fig. 1). On the basis of the RFLP map of tomato 
(Tanksley et al. 1992), the estimated fragment size is at 
least 43.2 cM, representing over one-third of the total ge- 
netic length of chromosome 3. 

Fragment size reduction 

Analysis of the BC1F 2 population with the TG102 probe 
indicated that some plants homozygous for the L. chmie- 
lewski i  marker (i.e. putatively sucr/sucr)  did not produce 
fruit under greenhouse conditions (Chetelat et al. 1993). 
Sucrose accumulators also had yellow fruit, caused by an 
allele of r (Chetelat et al. 1993). Additional backcrosses 
accompanied by selection for sucr  were therefore carried 
out in order to break the putative linkage between sucrose 
accumulation and these associated traits and to simultane- 
ously recover a greater proportion of the recurrent parent 
genome. 

The sucr /sucr  BC1F 2 individual GH4077-13 was back- 
crossed for two additional generations, using cv 'Hunt 100' 
as the L. esculentum recurrent parent, followed by one gen- 
eration of selfing. The resulting BC3F 2 progeny were gen- 
otyped at sucr  using the tightly linked RFLP marker, 
TG 102. Out of a total population of 300 plants, 40 sucr /sucr  
individuals were identified, of which 11 had red fruit, in- 
dicating recombination events between sucr  and r. Prog- 
eny resulting from the selfing of 1 red-fruited recombinant 
(GH5180-184) were scored for the RFLP marker TG66, 
which is closely linked to r (Fig. 1). This permitted the 
identification of plants homozygous for the recombinant 
chromosome (i.e. of genotype TG66+/TG66 +, r+/r +, 
sucr/sucr, where "+" indicates the reference allele, in this 
case from L. esculentum),  from which subsequent back- 
cross generations were derived. 

In the BCsF 1 generation, 218 plants were genotyped at 
sucr  using TIV1 and several markers along the chromo- 
some on the side opposite r. The resulting gene order 
(Fig. 1) is in good agreement with the existing RFLP map, 
except for the position of TG102, which was placed be- 
tween TG222 and TG246 (Tanksley et al. 1992). One 
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Fig. 1 Reduction in size of the chromosome 3 introgression frag- 
ment containing the sucrose accumulator gene, sucr, from L. chmie- 
lewskii during backcrossing to L. esculentum. Solid sections repre- 
sent L. chmielewskii DNA, open sections L. escuIentum DNA. Mark- 
ers used include tomato genomic clones (TG), cDNA clones of the 
invertase gene (TIV1) and a proton ATPase gene (LHA1) and the 
visual markers sy, r, bls and sf. BCn indicates the number of back- 
cross generations. Map distances are given in centiMorgans and are 
based on recombination rates obtained during the introgression pro- 
cess. The approximate positions of other markers are based on the 
maps of Tanksley et al. (1992) and van der Biezen et al. (1994) 

BCsF 1 individual (GH6086-182) carried a recombination 
between TIV1 and the next closest marker, TG288; this 
plant, which was heterozygous for TIV1 and TG102 but 
homozygous (+/+) for TG288 and all other markers tested 
on chromosome 3, carried the smallest introgression frag- 
ment detected. Another plant (GH6086-218) contained a 
slightly larger introgression fragment containing a cross- 
over between TG288 and TG222. The BCsF 2 progeny from 
these 2 plants (families 92L6770 and 92L6773, respec- 
tively) were utilized to study the effects of sucrose accu- 
mulation on yield and fruit quality traits, the results of 
which are reported in an accompanying paper (Chetelat et 
al. 1995). 

In an attempt to identify further recombinants within 
the smallest fragment, 854 BC6F 2 plants (derived from 
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BCsF1 plant GH6086-182) were genotyped at sucr  using 
the TIV1 and TG102 probes as well as the linked RFLP 
markers TG366 and TG388; TG388 is situated within the 
same cluster of genes to which sucr  maps, whilst TG366 
is between sucr  and TG66 (Fig. 1; Chetelat et al. 1993; 
Tanksley et al. 1992). No recombinants were found among 
plants carrying at least one copy of sucr. A BC6F 3 family 
was also genotyped for several more distal markers located 
between TG66 and sucr  (TG525, TG542 and TG605), of 
which all were homozygous +/+, indicating the introgres- 
sion fragment did not span these loci (Fig. 1). Using these 
data, we estimate the size of the smallest introgression frag- 
ment to be between 0.8 cM (min) and 7.1 cM (max), based 
on the RFLP map (Tanksley et al. 1992), or less than 3 cM, 
based on an integrated map (van der Biezen et al. 1994). 

(F2) to 42.6% (BC) (Table 1). The BC data were compared 
to a control cross free of introgressed segments and made 
in the same direction (i.e. heterozygous female) by C. M. 
Rick (personal communication, 1971). Recombination be- 
tween sy and his was reduced by 38.4% in the presence of 
the sucr  introgression (• heterogeneity=l 8.0, significant 
at P<0.001), while recombination between bls and s f  was 
not significantly affected. The unexpectedly high fre- 
quency of double crossovers indicates a slightly negative 
interference in the presence of the sucr  introgression (Ta- 
ble 1). 

Development of a PCR-based assay 
for the invertase gene 

Recombination between flanking visual markers 

To determine if recombination on chromosome 3 is af- 
fected by the presence of the sucr  introgression fragment, 
the recessive seedling markers sy, bls and sfwere  used. A 
sucr /sucr  plant from BCsF 2 (derived from GH6086-182) 
was crossed to a chromosome 3 tester stock homozygous 
for all three visual markers. The F 1 was selfed, or back- 
crossed (as female parent) to the linkage tester, to produce 
F 2 and BC progeny, respectively, in which the seedling 
markers were scored (Table 1). Single locus segregations 
fit the expected Mendelian ratios, except for bls in the F 2 
population, which showed a significant (Z2=6.13, P<0.05) 
deviation in the direction of the L. esculentum (mutant) al- 
lele (Table 1). The observed recombination rate for the 
sy -b l s  interval ranged from 17.5% (F2) to 18.9% (BC), 
while for the b l s - s f i n t e rva l  the values ranged from 41.4% 

Table 1 Segregation and recombination in self (F2) and backcross 
(BC) progeny of the linkage cross sy-bls-sf  x +-+-+, where the 
nonmutant chromosome carried an introgression from L. chmielews- 
kii conferring sucrose accumulation (sucr). Backcross data are com- 
pared to a control cross from C. M. Rick (personal communication) 
in which the nonmutant chromosome carried no introgressions 

Crossovers Phenotypic classes Number of plants 

F 2 BC BC 
(sucr) (sucr) (control) 

Parental 

Single 

Double 

+ + + 244 156 120 
sy bls sf 29 159 134 
+ bls sf 19 29 55 
sy + + 22 33 67 
+ + sf 63 102 85 
sy bls + 64 116 77 
+ bls + 32 28 31 
sy + sf 7 34 31 

Total no.: 
% Coincidence: 
% Recombination (_+ SE): 

sy - bls 
bls - sf 

480 657 600 
113 117 90 

17.5_+4.4 18.9_+1.5 30.7_+1.9 
41.4_+3.742.6_+1.9 37.3_+2.0 

To facilitate future introgression experiments, a method for 
the rapid, non-radioactive detection of sucr  was needed. 
Accordingly, a test based on the polymerase chain reaction 
was developed. Using the published sequences of the to- 
mato fruit acid invertase cDNA (Klann et al. 1992) and ge- 
nomic (Elliott et al. 1993) clones, we chose primers to per- 
mit amplification from the 5' end of the coding sequence 
(nucleotide no. 3521 of the L. esculentum genomic clone) 
to the beginning of the third exon (nucleotide no. 5490). A 
single band of approximately the expected size (ca. 1.98 kb 
for L. esculentum) was obtained from genomic DNA of 
both L. esculentum and L. chmielewski i ,  with no difference 
in amplification efficiency noted (data not shown). A 
Southern blot of the gel probed with TIV1 confirmed that 
the PCR products were bona-fide invertase sequences (not 
shown). On certain gels the L. chmie lewski i  invertase frag- 
ment was detectably smaller, however digestion with ei- 
ther XbaI  or Hinf[ revealed consistently detected, codom- 
iant polymorphism (Fig. 2). In the case of  XbaI,  which cuts 
the L. esculentum genomic clone at nucleotide 4597, a 
small deletion (<40 bp) is detectable in the L. chmielews-  
kii allele (Fig. 2). In the case of HinJI, the L. chmie lewski i  
invertase gene lacks one of the seven restriction sites found 
within this amplified region of the L. esculentum gene, gen- 
erating a distinct restriction pattern (Fig. 2). The approxi- 
mate position of the L. chmie lewski i  deletion was deter- 
mined by digesting the same PCR products with additional 
restriction enzymes (AluI, BglII,  HindIII ,  HpaII,  NdeI  and 
PstI)  that cut the genomic clone at known sites within the 
amplified region. The AluI  digest indicated a location of 
the deletion between nucleotides 4661 and 5481, while the 
BgIII digest indicated a position between nucleotide 4694 
and 5490; hence the deletion is somewhere between 4694 
and 5481, a position corresponding to the large second in- 
tron (Elliott et al. 1993). 

Using this PCR assay, we analyzed a sample of several 
wild Lycopers icon spp. for polymorphisms in the invertase 
gene. On the basis of the XbaI  digest, L. escuIentum cv 
'Hunt 100' could be distinguished from another hexose 
accumulator, a cherry tomato (L. esculentum var 
cerasi forme)  by the slight size difference of the larger frag- 
ment (Fig. 3). The two additional L. chmie lewsk i i  acces- 
sions analyzed were indistinguishable from LA1028 (do- 



Fig. 2 Detection of the L. 
chmielewskii invertase gene by 
PCR. Lanes are: Kb DNA size 
ladder, ESC L. esculentum cv 
'Hunt 100', CHM L. chmie- 
lewskii LA1028, C/C BC6F 2 
homozygous for L. chmielews- 
kii allele; E/C BC6F 2 heterozy- 
gous, E/E BC6F e homozygous 
for L. esculentum allele. Am- 
plification products represent- 
ing approximately 1.9 kb start- 
ing at the 5' end of the gene 
were digested with the restric- 
tion enzymes Hinfl or XbaI and 
are visualized with ethidium 
bromide following electropho- 
resis 
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Fig. 3 Comparison of several 
Lycopersicon spp. using PCR 
detection of the invertase gene 
followed by digestion with 
XbaI. Lanes are, from left to 
right: ESC L. esculentum cv 
'Hunt 100'; CER L. esculentum 
var cerasiforme LA1673, PIM 
L. pimpinellifolium, LA722 and 
LA2184, CHE L. cheesmanii 
LA166, CHM L. chmielewskii 
LA1028, LA1306 and LA2663, 
PAR L. parviflorum LA 1326, 
HIR L. hirsuturn LA1777 and 
LA 1223, PEN L. pennellii 
LA716 and LA1926, PER L. 
peruvianum LA111, LA2151 
and LA1292. Template DNAs 
were bulk samples of genomic 
DNA from 5 plants within each 
accession 

nor of sucr),  while the sibling species L. parv i f lorum had 
a banding pattern similar to that of L. pennel l i i  (Fig. 3). 
Additional polymorphisms were seen between L. hirsutum, 
L. pennel l i i  and L. peruv ianum,  and among the three L. pe-  
ruvianum accessions (Fig. 3). Digestion of PCR products 
with Hinf l  yielded similar results (data not shown). 

Discussion 

The use of marker-assisted selection can facilitate genetic 
introgression by (1) accelerating recovery of the recurrent 
parent genome, (2) identifying recombinants in the target 
region and (3) providing codominant markers for pheno- 

typically recessive traits (for review see: Tanksley et al. 
1989). Without the use of markers, identification of recom- 
binants near the target gene may be ineffective, and the in- 
trogressed fragment can remain surprisingly large, despite 
many backcross generations, due to linkage drag (Young 
and Tanksley 1989). Application of whole genome selec- 
tion can significantly accelerate recovery of the recurrent 
parent genome (Tanksley et al. 1989). Computer simula- 
tions by Hospital et al. (1992) suggest an optimal strategy 
to achieve both goals with minimum population sizes: in 
early backcross generations, perform whole genome selec- 
tion accompanied by selection for recombinants in the tar- 
get region using distal markers, then, in later generations, 
select only for recombinants using tightly linked markers. 
Although recombination involving alien chromosome seg- 
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merits may be progressively reduced during backcrossing 
(Rick 1969), crossovers can nonetheless be identified in 
highly advanced generations using marker-assisted selec- 
tion (Young et al. 1988). 

In order to study the effects of sucrose accumulation on 
soluble solids concentration, yield and other parameters, 
the recessive gene sucr was introgressed from L. chmie- 
lewskii into tomato. The primary objective of this intro- 
gression program was to overcome the negative traits (un- 
fruitfulness, color defects) associated with sucr/sucr gen- 
otypes. These associated traits were tentatively attributed 
to the action of linked genes rather than pleiotropic effects 
of sucr since: (1) the original sucr introgression segment 
comprised over one-third of the total length of chromo- 
some 3, ample size to include numerous genes and (2) the 
yellow fruit character was shown to be allelic to r (Chete- 
later al. 1993). The size of the sucr introgression fragment 
was reduced in two steps by selecting for recombinants be- 
tween sucr and r on one side and between sucr and TG288 
on the other. This process was greatly facilitated by the use 
of the tightly linked RFLP marker TG102, and later an in- 
vertase cDNA clone, TIV1, both of which provided co- 
dominant markers for the recessive sucr trait. Emphasis 
was placed on breaking the linkage between sucr and the 
negative traits, hence genomic selection with unlinked 
markers was not applied. However, even in the absence of 
selection, the proportion of the L. esculentum genome re- 
covered should exceed 98.5% by BC 5, assuming Mende- 
lian inheritance. Though complicated somewhat by 
changes in the recurrent parent cultivar in early genera- 
tions, this process should be accelerated by segregation dis- 
tortions in the direction ofL. esculentum often seen in back- 
crosses from interspecific hybrids (Paterson et al. 1990; 
Rick 1969, 1971). 

On the basis of the existing RFLP map (Tanksley et al. 
1992), the smallest introgression segment containing sucr 
is between 0.8 and 7.1 cM in length. The failure to obtain 
recombinants closer to sucr in a large BC6F 2 population 
could be due to recombination suppression in this region. 
This is consistent with the map location of sucr in the per- 
icentromeric region of chromosome 3 (Chetelat et al. 
1993). This region shows the most pronounced clustering 
of genes observed anywhere in the genome, a phenome- 
non attributed to recombination suppression around the 
centromere (Tanksley et al. 1992). Furthermore, crosses to 
the chromosome 3 linkage tester stock indicated that the 
sucr introgression significantly reduces recombination be- 
tween the flanking markers sy and bls relative to that ob- 
served within L. esculentum. Recombination suppression 
near sucr could be even more pronounced since the intro- 
gression fragment comprises less than one-fifth of the 
sy-bls  interval based on the integrated map of Koornneef 
et al. (1993). Similarly, Rick (1971) observed an approxi- 
mately tenfold recombination suppression in the sy-bls  
interval during introgression of an entire L. pennelli i  chro- 
mosome 3. Also consistent with our results, this effect did 
not extend to the long arm, marked by bls - sf(Rick 197 lb). 
The observed segregation distortion towards bls in the F 2 
population is consistent with previous data showing the re- 

duced transmission of sucr in certain F 2 but not BC popu- 
lations (Chetelat et al. 1993). On the basis of available maps 
for chromosome 3 (Chetelat et al. 1993; Tanksley et al. 
1992; van der Biezen et al. 1994), both bls and sucr are 
near the centromere, a fact which probably explains why 
segregation for the distal markers sy and sfwas normal. 

By using primers recognizing the tomato invertase 
cDNA, we were able to amplify by PCR an approximately 
1.9-2-kb fragment from the genomic DNA of either L. es- 
culentum or L. chmielewskii.  Under the stringent anneal- 
ing temperature used, this result suggests considerable se- 
quence homology between invertase alleles in the two spe- 
cies, consistent with the near identity of the L. esculentum 
and L.pimpinel l i fol ium sequences (Elliott et al. 1993). Fol- 
lowing restriction enzyme mapping, a small deletion was 
identified in the large second intron of the L. chmielews- 
kii allele, which provided a clear size polymorphism that 
can be used to score sucr in future introgression experi- 
ments. The use of this non-radioactive PCR test should ex- 
pedite screening of large populations since the quantity and 
purity of DNA template needed are lower than for South- 
ern analysis. Performing PCR directly on plant tissues 
(Klimyuk et al. 1993) and the converting of flanking RFLP 
markers to PCR-based markers provides an efficient strat- 
egy to search for rare recombinants (Balint-Kurti et al. 
1994). To enrich recombinant individuals, future molecu- 
lar genotyping will be restricted to plants with crossovers 
between the visual markers sy and bls, thereby providing 
roughly a fivefold greater efficiency. 

The observation that all red or orange-fruited tomato 
species accumulate hexoses whilst the green-fruited spe- 
cies accumulate sucrose has prompted the suggestion of a 
common evolutionary origin for sucrose (or hexose) accu- 
mulation (Chetelat et al. 1993). Therefore, the PCR-based 
assay was used to compare the invertase alleles in a broad 
sample of Lycopersicon germ plasm. With just one restric- 
tion enzyme, more than one invertase allele could be re- 
solved within each of the subgeneric groups. Significant 
similarities between accessions within a species were also 
noted. The data therefore indicate that mutations have ac- 
cumulated within this region of the invertase gene since 
the divergence between green and red/orange-fruited spe- 
cies. This is not unexpected since primarily non-coding 
(intronic) sequences were amplified. 

Acknowledgements We thank Mike Kuehn (Campbell's R & D) for 
collaborating on early backcrosses and field experiments, and Steve 
Tanksley (Cornell University) for providing TG probes and for 
helpful discussions. Hong Yu Yang (UCD) and Dawn Adams 
(Campbell's) provided valuable technical assistance. Supported by 
BARD grant # US1872-90C. 

References 

Balint-Kurti PJ, Dixon MS, Jones DA, Norcott KA, Jones JDG 
(1994) RFLP linkage analysis of the Cf-4 and Cf-9 genes for re- 
sistance to Cladosporium fulvum in tomato. Theor Appl Genet 
88:691-700 

B ernatzky R, Tanksley SD (1986) Genetics of actin-related sequenc- 
es in tomato. Theor Appl Genet 72:314-321 



333 

Chetelat RT, Rick CM, DeVerna JW (1989) Isozyme analysis, chro- 
mosome pairing, and fertility of Lycopersicon esculentum x Sol- 
anum Iycopersicoides diploid backcross hybrids. Genome 32: 
783-790 

Chetelat RT, DeVerna JW ( 1991) Expression of unilateral incompat- 
ibility in pollen of Lycopersicon pennellii is determined by ma- 
jor loci on chromosomes 1, 6 and 10. Theor Appl Genet 
82:704-712 

Chetelat RT, Klann E, DeVerna JW, Yelle S, Bennett AB (1993) In- 
heritance and genetic mapping of fruit sucrose accumulation in 
Lycopersicon chmieIewskii. Plant J 4:643-650 

Chetelat RT, DeVerna JW, Bennett AB (1995) Effects of the Lyco- 
persicon chmielewskii sucrose accumulator gene (sucr) on fruit 
yield and quality parameters following introgression into toma- 
to. Theor Appl Genet 91:334-339 

Davies JN (1966) Occurrence of sucrose in the fruit of some species 
of Lycopersicon. Nature 209:640-641 

Elliott KJ, Butler WO, Dickinson CD, Konno Y, Vedvick TS, Fitz- 
maurice L, Mirkov TE (1993) Isolation and characterization of 
fruit vacuolar invertase genes from two tomato species and tem- 
poral differences in mRNA levels during fruit ripening. Plant Mol 
Biol 21:515-524 

Ewing NN, Wimmers LE, Meyer D J, Chetelat RT, Bennett AB (1990) 
+ Molecular cloning of tomato plasma membrane H -ATPase. Plant 

Physiol 94:1874-1881 
Hospital F, Chevalet C, Mulsant P (1992) Using markers in gene in- 

trogression breeding programs. Genetics 132:1199-1210 
Klann E, Yelle S, Bennett AB (1992) Tomato fruit acid invertase 

complementary DNA. Plant Physiol 99:351-353 
Klann EM, Chetelat RT, Bennett AB (1993) Expression of acid in- 

vertase gene controls sugar composition in tomato (Lycopersi- 
con) fruit. Plant Physiol 103:863-870 

Klimyuk VI, Carroll B J, Thomas CM, Jones JD G (1993) Alkali treat- 
ment for rapid preparation of plant material for reliable PCR anal- 
ysis. Plant J 3:493-494 

Konno Y, Vedvick T, Fitzmaurice L, Mirkov TE (1993) Purification, 
characterization, and subcellular localization of soluble invertase 
from tomato fruit. J Plant Physiol. 141:385-392 

Koornneef M, Bade J, Hanhart C, Horsman K, Schel J, Soppe W, 
Verkerk R, Zabel P (1993) Characterization and mapping of 
a gene controlling shoot regeneration in tomato. Plant J 3:131- 
141 

Loh Y-T, Martin GB (1995) The disease-resistance gene Pro and the 
fenthion-sensitivity gene Fen encode closely related functional 
protein kinases. Proc Natl Acad Sci (USA) 92:4181-4184 

Miller JC, Tanksley SD (1990) RFLP analysis of phylogenetic rela- 
tionships and genetic variation in the genus Lycopersicon. Theor 
Appl Genet 80:437-448 

Miron D, Schaffer AA (1991) Sucrose phosphate synthase, sucrose 
synthase, and invertase activities in developing fruit of Lycoper- 
sicon esculenturn Mill. and the sucrose accumulating Lycopersi- 
con hirsuturn Humb. and Bonpl. Plant Physiol 95:623-627 

Ohyama A, Hirai M, Nishimura S (1992) A novel cDNA clone for 
acid invertase in tomato fruit. Jpn J Genet 67:491-492 

Paterson AH, DeVerna JW, Lanini B, Tanksley SD (1990) Fine map- 
ping of quantitative trait loci using selected overlapping recom- 
binant chromosomes, in an interspecies cross of tomato. Genet- 
ics 124:735-742 

Pressey R (1994) Invertase inhibitor in tomato fruit. Phytochemis- 
try 36:543-546 

Rick CM (1963) Differential zygotic lethality in a tomato species hy- 
brid. Genetics 48:1497-1507 

Rick CM (1969) Controlled introgression of chromosomes of Sola- 
num pennellii into Lycopersicon esculentum: segregation and re- 
combination. Genetics 62:753-768 

Rick CM (1971) Further studies on segregation and recombination 
in backcross derivatives of a tomato species hybrid. Biol Zen- 
tralbl 90:209-220 

Rick CM (1974) High soluble-solids content in large-fruited toma- 
to lines derived from a wild green-fruited species. Hilgardia 
42:493-510 

Rick CM, Fobes JF (1975) Allozyme variation in the cultivated to- 
mato and closely related species. Bull Torrey Bot Club 102: 
376-384 

Rick CM (1986) Germplasm resources in the wild tomato species. 
Acta Hort 190:39-47. 

Sato T, Iwatsubo T, Takahashi M, Nakagawa H, Ogura N, Mori H 
(1993) Intercellular localization of acid invertase in tomato fruit 
and molecular cloning of a cDNA for the enzyme. Plant Cell Phys- 
iol 34:263-269 

Stommel JR (1992) Enzymic components of sucrose accumulation 
in the wild tomato species Lycopersicon peruvianum. Plant Phys- 
iol 99:324-328 

Stommel JR, Haynes KG (1993) Genetic control of fruit sugar accu- 
mulation in a Lycopersicon esculentumxL, hirsutum cross. J Am 
Soc Hortic Sci 118:859-863 

Suiter KA, Wendel JF, Case JS (1983) LINKAGE-l: a Pascal com- 
puter program for the detection and analysis of genetic linkage. 
J Hered 74:203-204 

Tanksley SD, Young ND, Paterson AH, Bonierbale MW (1989) 
RFLP mapping in plant breeding: new tools for an old science. 
Bio/Technology 7:257-264 

Tanksley SD, Ganal MW, Prince JR de Vicente MC, Bonierbale MW, 
Bronn R Fulton TM, Giovannoni J J, Grandillo S, Martin GB, 
Messeguer R, Miller JC, Miller L, Paterson AH, Pineda O, Rod- 
er M, Wing RA, Wu W, Young ND (1992) High-density molec- 
ular linkage maps of the tomato and potato genomes. Genetics 
132:1141-1160 

van der Biezen E, Overduin B, Nijkamp HJJ, Hille J (1994) Integrat- 
ed genetic map of tomato chromosome 3. Rep Tomato Genet 
Coop 44:8-10 

Wilde R, Chapman R, Seedhouse C, Bird C, Schuch W (1994) Down- 
expression of tomato vacuolar invertase results in sucrose-accu- 
mulating fruit. In: Fourth Int Congr Plant Mol Biol. Amsterdam, 
The Netherlands, abstract no. 1265 

Williams CE, St Clair DA (1993) Phenetic relationships and levels 
of variability detected by restriciton fragment length polymor- 
phism and random amplified polymorphic DNA analysis of cul- 
tivated and wild accessions ofLycopersicon esculentum. Genome 
36:619-630 

Yelle S, Hewitt JD, Robinson NL, Damon S, Bennett AB (1988) Sink 
metabolism in tomato fruit. III. Analysis of carbohydrate assim- 
ilation in a wild species. Plant Physiol 87:737-740 

Yelle S, Chetelat RT, Dorais M, DeVerna JW, Bennett AB (1991) 
Sink metabolism in tomato fruit. IV. Genetic and biochemical 
analysis of sucrose accumulation. Plant Physiol 95:1026-1035 

Young ND, Tanksley SD (1989) RFLP analysis of the size of chro- 
mosomal segments retained around the Tin-2 locus of tomato dur- 
ing backcross breeding. Theor Appl Genet 77:353-359 

Young ND, Zamir D, Ganal MW, Tanksley SD (1988) Use of iso- 
genic lines and simultaneous probing to identify DNA markers 
tightly linked to the Tin-2 a gene in tomato. Genetics 120:579-585 

Zamir D, Tadmor Y (1986) Unequal segregation of nuclear genes in 
plants. Bot Gaz 147:355-358 


