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Abstract The wild nightshade Solanum lycopersicoides
(accession LA2951) was backcrossed to the cultivated
tomato (Lycopersicon esculentum cv ‘VF36'), then in-
bred through single-seed descent for several generations.
Over 300 backcross-inbred families thereby derived
were genotyped at 139 marker loci, consisting of RFLPs,
allozymes, and monogenic morphological markers, to
identify introgressed S. lycopersicoides chromosomes
and segments thereof. The pattern of genotypes observed
in the lines indicated a high degree of overall synteny
between the S. lycopersicoides genome and that of toma-
to. Two putative single-copy RFLP probes revealed sec-
ondary loci in this wide cross. Recovery of the L. escu-
lentum genome was more rapid than expected, with an
average value in the BC, generation of 97.8%, versusthe
expected value of 87.5%. This was due to widespread
segregation distortion that favored L. esculentum alleles
as well as a tendency for plants homozygous for in-
trogressed segments to be partialy or completely male-
sterile, thereby preventing the fixation of S. lycopersico-
ides markers in many lines. Despite these difficulties,
nearly every S. lycopersicoides marker (or approximate-
ly 98% of the genome, measured in centi Morgans) was
represented in at least 1 backcross-inbred line, with only
aregion on chromosome 4L missing from the population
as awhole. Although the extent of transmission and fixa-
tion of introgressed segments varied according to chro-
mosome, overall approximately 66% of the S. lycoper-
sicoides genome was represented by homozygous in-
trogressions with sufficient fertility to reproduce by self-
pollination. An excess of terminal (vs. interstitial) seg-
ments was noted, and putative heterozygous substitu-
tions for chromosomes 6, 7, 8, and 10 were found. Re-
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combination within certain introgressed regions was re-
duced over 100-fold. These backcross-inbred lines are
expected to facilitate the genetic analysis of traits identi-
fied in S. lycopersicoides and their transfer into horticul-
tural tomatoes.
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recombination - Segregation distortion - Solanaceae -
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Introduction

The primary gene pools of many crop plants are so de-
pleted in genetic variability that breeders have relied up-
on wild relatives for sources of disease resistance and
other traits (Harlan 1976). Although crop germplasm
collections contain thousands of potentially useful wild
accessions, their utilization is sometimes hindered by hy-
bridization barriers preventing interspecific crosses
and/or by undesirable characteristics inherent in exotic
germplasm. The advent of molecular marker maps for
many crops permits a more systematic and efficient ap-
proach to introgression experiments (Tanksley and
McCouch 1997). Marker-based estimates of genetic vari-
ability within and between accessions allow a more ra-
tional and efficient sampling of genebanks. Also, saturat-
ed marker maps make it is possible to introgress entire
alien genomes by the construction of segmental substitu-
tion lines or other prebreds.

Recent applications of sexual and somatic hybridiza-
tion techniques have enabled the introgression of genes
from more distantly related wild species. In many cases,
the use of molecular marker maps has facilitated a pre-
cise analysis of the progeny of such hybridization and in-
trogression experiments. Examples include the addition
of specific maize chromosomes to the oat genome
(Riera-Lizarazu et al. 1996), tomato chromosomes added
to potato (Garriga-Caldere et al. 1998), and various types
of additions or segmental substitutions in rice (Brar and
Khush 1997) and wheat (Friebe et a. 1996). The prebred



lines resulting from such wide hybridizations are useful
as sources of economic traits (e.g., disease or insect re-
sistance, stress tolerance, etc), as well as tools for ge-
nome mapping [e.g., QTL (quantitative trait locus) iden-
tification, map-based cloning, etc.].

These trends are well-illustrated in tomato (Lycopers-
icon esculentum), a crop possessing very little inherent
diversity (Rick and Fobes 1975) but rich ex situ collec-
tions of over 1000 wild accessions (Chetelat and Rick
1998) representing nine Lycopersicon and four related
Solanum taxa. Although crosses between tomato and all
but two of these species are possible, surprisingly few
prebred lines are available. This situation has been ame-
liorated by the development of a high-density restriction
fragment length polymorphism (RFLP) map based on an
F, L. esculentumxL. pennellii population (Tanksley et a.
1992). This map was used to characterize a set of 50
overlapping introgression lines representing an entire ge-
nome of L. pennellii in tomato (Eshed and Zamir 1995).
These lines have subsequently proven useful for various
genome mapping and introgression projects. Additional-
ly, a recombinant inbred population resulting from the
cross L. esculentumxL. cheesmanii is potentially useful
for high-resolution mapping purposes (Paran et al.
1995). Other prebreds, such as backcross-inbred lines
containing introgressed QTLs for specific traits [QTL-
NILs (near-isogenic lines)], have been described for L.
hirsutum and L. pimpinellifolium (Bernacchi et al. 1998).
Collections of similar prebred lines representing the oth-
er tomato wild relatives would be valuable.

Advances in wide hybridization have extended the
limits of introgression to include the nightshades S. lyco-
persicoides (Rick et al. 1986) and, to a lesser extent, S.
sitiens (DeVerna et a. 1990). S. lycoper sicoides possess-
es extreme cold tolerance, insect and disease resistances
(Rick 1988) and possibly other horticultural traits ex-
pressed only in hybrids with tomato. Because F, L. escu-
lentumxS. lycopersicoides hybrids are both unilaterally
incompatible with tomato (i.e., style rejects pollen of L.
esculentum) and essentially male-sterile (Chetelat et al.
1997), introgressing genes from this species has been
difficult. A set of monosomic alien addition lines
(MAALS) representing 10 out of 12 S. lycopersicoides
chromosomes in a tomato background, have been assem-
bled (Chetelat et al. 1998). Though potentially useful for
the construction of chromosome-specific libraries
(Ananiev et a. 1997) and for other mapping purposes,
MAALSs are not ideal as sources of prebred germplasm
due to (1) the inevitable segregation of alien chromo-
somes in each generation (disomic additions would solve
this limitation but are rare and infertile in tomato), and
(2) the potential loss of chromosome integrity due to ho-
moeologous recombination. Diploid recombinants iden-
tified in progenies of MAALSs demonstrated the feasibili-
ty of transferring monogenic characters but did not pro-
vide an efficient method of genome-wide introgression
(Rick et al. 1988).

The goal of the experiments described herein was to
derive a set of overlapping, homozygous introgression
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lines representing the genome of S. lycopersicoides in a
diploid tomato background. We previously described a
single F; L. esculentumxS. lycopersicoides hybrid with
moderate male fertility through which direct backcrosses
to diploid L. esculentum were possible (Chetelat et al.
1997). We report herein the synthesis of a set of back-
cross-inbred lines derived from this hybrid and the identi-
fication of introgressed regions using molecular markers.
Segregation of S. lycopersicoides chromosome segments
and recombination with homoeologous L. esculentum re-
gions was studied. The prospects for developing a com-
plete library of homozygous introgressions, and their po-
tential usesin breeding and genetics, are discussed.

Materials and Methods

Plant Material and Hybridizations

The parental genotypes used in this study, L. esculentum cv
‘VF36' and S lycopersicoides LA2951, the F; hybrid between
them (90L4178), and the first backcross to ‘VF36' are described
in Chetelat et a. (1997). Of the 281 BC, plants obtained by em-
bryo culture, 58 plants (21%) produced seed, the majority of
which was obtained from pollinations with ‘VF36'. BC,s (and a
limited number of BC;S) were then inbred for a variable number
of generations (up to 6) by self-pollination using single seed de-
scent beyond the BC(, »F, generation. Pollinations were carried
out under field or greenhouse conditions; flowers were allowed to
self-pollinate naturally, or, if they failed to set fruit (e.g., due to
low fertility or stigma exsertion), were manually self-pollinated
with a dissecting needle. Seed were treated with 2.5% sodium hy-
pochlorite (half strength household bleach) for 30 min, rinsed in
running water for several minutes, then germinated on moist filter
paper in sandwich boxes at 25°C. After emergence and expansion
of the cotyledons, seedlings were transplanted to soil in the green-
house.

RFLP analysis

For the backcross-inbred families, a roughly equivalent amount of
leaf material was collected from each of 6 plants per family and
bulked into a single 50-ml centrifuge tube. DNA was isolated
from the bulk leaf samples essentially as described by Chetelat et
al. (1995), except that a polytron was used to grind samples, and
volumes were scaled up approximately tenfold. DNA samples (ap-
prox. 10 pg DNA per reaction) were digested with the restriction
enzymes EcoRI, EcoRV, Hindlll, Xbal, and Dral according to
manufacturer’s instructions. Restriction fragments were separated
by electrophoresis at 30 V for 18 h through 0.8% agarose gels us-
ing a 1x Neutral Electrophoresis Buffer system. Gels were blotted
onto Hybond N+ membrane (Amersham) in 10x SSC and blots
dried for 2 h at 80°C in avacuum oven.

Genomic (TG) and cDNA (CT and CD) probes were provided
by Dr. Steve Tanksley at Cornell University and were chosen
based on their map locations (Tanksley et a. 1992) to provide cov-
erage of the entire genome at intervals of less than 30 cM. A poly-
galacturonase inhibitor protein (PGIP) cDNA probe was provided
by Dr. Ann Powell at the University of California — Davis. The
map locations of PGIP and other markers not on the Tanksley map
were based on a BC, L. esculentumxS. lycopersicoides mapping
population (Chetelat et a. 1999). Probes were amplified from
plasmid DNA by the polymerase chain reaction (PCR) as de-
scribed (Chetelat and DeVerna 1991), then labeled with [32P]-
dCTP and/or [32P]-dATP using the random hexamer primer meth-
od (Feinberg and Vogelstein 1983). Blots were washed three times
to afina stringency of 0.5x SSC at 65°C.
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Statistical Analysis

For the calculation of segment lengths and genome ratios, the half-
intervals flanking a marker locus were considered to be of the
same genotype; in other words, introgressed segments were as-
sumed to extend halfway between the outermost marker for which
agiven line carried the S. lycopersicoides allele and the first adja-
cent marker for which the same line was homozygous for the L.
esculentum alele. Since adjacent segments in different lines may
not overlap, estimates of S. lycoper sicoides genome representation
are maximal values. For missing marker data, plants were as-
sumed to have the same genotype as that of flanking markers. If
flanking markers were not concordant, as would be expected
around recombination events, then introgressed segments were as-
sumed to extend halfway between the nearest informative mark-
ers, as described above. The Tanksley map was used to estimate
distances between markers, the length of chromosomes and intr-
ogressed segments, and the overall genome size for genome ratio
calculations; athough the BC,; L. esculentumxS. lycopersicoides
map was largely colinear, it exhibited reduced recombination in
many regions and did not include all of the markers scored in the
backcross-inbreds, hence was not used for the statistical analyses.
Simulated backcross-inbred populations were generated and ana-
lyzed with QGENE version 2.3 (Nelson 1997).

Results and Discussion
Production of Introgression Lines

From the origina cross L. esculentum cv ‘VF36' xS,
lycopersicoides LA2951, 58 BC;s were produced that
exhibited sufficient fertility for further backcrossing or
selfing (Chetelat et al. 1997). Of these, 32 BC;s eventu-
ally produced viable backcross-inbred lineages, while
seed from the remaining 26 either failed to germinate or
progeny were sterile. During inbreeding plants were se-
lected on the basis of a number of morphological traits
which distinguish S. lycopersicoides from L. esculentum.
These included the following S. lycoper sicoides-specific
monogenic characters (see Fig. 1 for chromosomal loca-
tions): aubergine fruit (Abg), beta-carotene fruit (B), bril-
liant corolla (Bco), dialytic anthers (DIS), laciniate leaf
(Lac), indeterminate habit (sp*), clear leaf veins (obvt),
and white anthers (\Wa) (Chetelat 1998; Rick et al. 1988,

1994, 1996). Additional phenotypic traits, including sev-
eral novel variants not observed in either parent, were
selected for during line development. Early selection was
also based on 21 informative isozyme loci (Chetelat et
al. 1997). For each allozyme or morphological marker,
the objective was to identify fertile plants containing the
S. lycopersicoides allele, preferably in the homozygous
state. Given the small population sizes (generally 6-24
per family), selection in each generation was usualy
l[imited to single characters.

In this fashion, five out of the eight morphological
characters (B, sp*, Lac, DIs, and Wa), and 15 out of the
21 isozyme markers were each fixed in at least 1 back-
cross-inbred line through selection in early generations.
Although each of these lines produced seed after artifi-
cial self-pollination, most exhibited reduced seed set.
This fecundity problem was due to low pollen produc-
tion and/or fertility in most cases, as evidenced by nor-
mal fruit set following pollination with ‘VF36'. Sterility
was more extreme in field plantings, where high temper-
atures (>37°C) regularly encountered at Davis during the
summer can prevent fruit set even on normally fertile ge-
notypes. Also, homozygous introgressions tended to be
more sterile than heterozygotes; plants homozygous for
large introgressions frequently produced no seed at all,
despite intensive manual selfing. Such highly sterile
lines required hand pollination under more moderate
greenhouse conditions. Many other lines presented few,
if any, discernible morphological or alozymic differ-
ences vis-a-vis the recurrent parent. These were inbred
by selecting 1 plant at random within each inbred line
from which to collect seed for the following generation.

RFLP Analysis and Map Synteny

In order to more precisely identify regions of the S. lyco-
persicoides genome that had been introgressed, a group
of backcross-inbred families were analyzed with RFLP
markers. The 311 families examined had been back-
crossed and/or selfed for varying numbers of genera-

Table 1 Number of L. esculentumxS. lycopersicoides backcross-inbred families analyzed, average number of introgressed segments in

each, average heterozygosity, and average genome ratio

Generation Number of lines Number of segments/line2 Percentage heterozygosity? Genome ratio (%)°
analyzed
+/S SIS Expected Observed Expected Observed
BC,Fs-Fg 12 12 12 16-3.1 2.2 75.0 96.8
BC,F, 9 2.1 0.22 12.5 5.0 875 96.5
BC,F, 73 1.7 0.30 6.25 4.2 87.5 97.1
BC,F, 146 11 0.58 3.13 2.0 875 98.0
BC,F5 63 0.68 0.63 1.56 1.0 87.5 98.5
BC,F 4 0.50 0.75 0.78 11 87.5 98.3
BC, 3 1.7 0 12.5 1.6 93.8 98.1
BC;F; 1 3 1 3.13 4.8 93.8 96.3
Total 311 12 0.54 - 24 - 97.8

aS/S=homozygous; +/S=heterozygous for S. lycopersicoides segments
b Calculated as percentage of marker loci heterozygous out of total scored for the group

¢ Pertentage recurrent parent (L. esculentum) genome



tions, with the mgjority falling in the range of BC,F; —
BC,F; (Table 1). DNA samples from severa plants in
each family were pooled and genotyped at 110 previous-
ly mapped RFLP loci detected with 108 single- or low-
copy genomic and cDNA probes. These markers covered
over 98% of the tomato genome, measured in genetic
distance obtained from the Tanksley map; the remaining
2% represented genetic intervals distal to the markers
used on each arm (Fig. 1). The average distance between
markers was 11.5 cM. Comparing genotypes for adjacent
markersin each line indicated that the 108 probes detect-
ed S lycopersicoides-specific aleles at the expected
(i.e., homologous) genetic loci. The results establish a
high degree of overall synteny between the L. esculent-
um and S. lycopersicoides genomes.

The inferred colinearity of the two genomes agrees
with previously obtained comparative mapping data
around specific S. lycopersicoides isozyme and morpho-
logical markers (Chetelat 1998; Chetelat and DeVerna
1993; Chetelat et al. 1989, 1993; Rick et al. 1988), as
well as with cytological observations of nearly complete
bivalent pairing of the F, pachytene chromosomes (Men-
zel 1962; Menzel and Price 1966). Furthermore, a link-
age map based on BC; L. esculentumxS. lycopersicoides
provided little evidence for large rearrangements, except
on chromosome IDL (Chetelat et a. 1999). On the other
hand, small structura differences could not be ruled out,
and would be consistent with the recombination suppres-
sion observed in the BC, map as well as cytological evi-
dence of reduced crossing-over in the F; hybrid: de-
creased chiasmata frequency and the presence of univa-
lents at diakinesis and metaphase-l (Menzel 1962; Rick
1951). As arule, however, there is a high level of syn-
teny between various interspecific and intraspecific maps
involving Lycopersicon genomes. For example, no dif-
ferences in marker order were discovered in genetic
maps based on L. esculentumxL. pimpinellifolium (Gran-
dillo and Tanksley 1996), L. esculentumxL. hirsutum
(Bernacchi and Tanksley 1997), L. esculentumxL. pen-
nellii (Tanksley et a. 1992), and L. peruvianumxL. peru-
vianum (van Ooijen et al. 1994) hybrids.

The only exceptions to the overall synteny revealed
by the present study were probes that detected secondary
loci or those that produced banding patterns that were
not concordant with flanking markers. In the former cat-
egory, the putatively single-copy probe TG267 detected
not only the expected locus on chromosome 1, but also a
second locus (TG267B) on chromosome 3, between
TG152 and TG244 (Fig. 1); since TG267 detected at
least two restriction fragments in all tested DNA sam-
ples, including L. esculentum, it appears that the
TG267B locus exists in both species and was revealed
because of the wider cross employed in this population
compared to the Tanksley map (F, L. esculentumxL. pen-
nellii). This is consistent with the higher overall rate of
isozyme and DNA polymorphism between L. esculentum
and S. lycopersicoides than between the former and L.
pennellii; for example, in a separate survey of over 1151
probexRE combinations, accessions of S. lycopersico-
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ides differed from L. esculentum on average approxi-
mately 80% of the time, versus 63% for L. pennellii
LA716.

Results for 3 additional probes (CT20, CT79, and
CT133) were not concordant with those of the expected
flanking markers. Although each probe had an insert size
consistent with the predicted values, CT20 and CT79
produced banding patterns in L. esculentum and L. pen-
nellii that were inconsistent with published survey blots
(obtained from the Sol Genes database at http://probe.na-
lusda.gov), indicating problems with these 2 probes in
the present study. Survey data were not available on Sol-
Genesfor CT133, amarker for chromosome 4. However,
this probe hybridized to more than one restriction frag-
ment in each parent (L. esculentum and S. lycopersico-
ides), suggesting the presence of a duplicate locus (i.e.,
CT133B) polymorphic in this wider cross. The distribu-
tion of marker genotypesin the 311 families analyzed in-
dicated a close association between CT133B and the
chromosome 11L marker TG105A. CT133B aso showed
linkage to chromosome 11 in the BC, L. esculentumxS,
lycopersicoides mapping population. No evidence for a
trangdlocation involving chromosomes 4 and 11 was
found in either the BC, or the backcross-inbreds.

Furthermore, there is little data in the literature to
suggest the presence of other naturally occurring chro-
mosomal rearrangements differentiating Lycopersicon
species. Fulton et a. (1997) found evidence for a small
tranglocation involving 1 marker on chromosome 9 (out
of 113 markers tested) in the backcrosses of L. esculent-
umxL. peruvianum. Comparisons of more distantly relat-
ed nightshade species, on the other hand, have detected
genomic rearrangements. For example, the S. etubero-
sum genome shows numerous inversions and transloca
tions compared to potato (S. tuberosum) (Perez et al.
1999). Several paracentric inversions distinguish the
related potato (S. tuberosum) and tomato genomes
(Tanksley et al. 1992), although no interchromosomal
translocations were found. In light of the potato studies,
as well as results presented herein, it is unlikely that the
more closely related L. esculentum and S. lycopersico-
ides genomes are differentiated by translocations.
However, a possible paracentric inversion on
chromosome IDL was inferred from the BC; map
(Chetelat et al. 1999).

Genome Ratio and Heterozygosity

Marker analysis of the 311 lines indicated a greater than
expected recovery of the recurrent parent genome at all
stages of backcrossing and selfing (Table 1). For exam-
ple, plants in the BC,F; — BC,F5 group had an average
recurrent parent genome contribution of around 97.8%,

Fig. 1 Map of selected chromosome segments introgressed from
S lycopersicoides into L. esculentum backcross-inbreds. Solid
bars represent segments that are homozygous in at least 1 line,
open bars segments that have not been fixed (i.e. heterozygous)
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compared to the expected 87.5%. Furthermore, with each
generation of selfing from BC,F, to BC,Fg, the average
genome ratio increased, indicating that S. lycopersico-
ides markers were being progressively eliminated. While
the genome ratio of the population as a whole was
skewed towards L. esculentum, a subset of 69 lines, cho-
sen to maximize representation of the S. lycopersicoides
genome, showed an average genome constitution closer
to the expected value (Fig. 2). The average heterozygosi-
ty per locus was 2.4%, which was lower than expected
for most generations (Table 1) due to an excess of plants
homozygous for L. esculentum alleles and a deficiency
of S. lycopersicoides homozygotes, at most loci.
Segregation distortion is a common phenomenon in
wide crosses of many crop plants, including tomato. In
backcross populations, aleles of the recurrent parent
(normally L. esculentum) are often transmitted at a high-
er rate than those of the donor, thereby accelerating re-
covery of the recurrent parent genotype. For example, in
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Fig. 2 Proportion of recurrent parent genome in backcross-inbred
lines. Solid bars All families, hatched bars selected families only
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the BC, L. esculentumxS. lycopersicoides population
from which the present set of backcross-inbred lines was
derived, segregation for 11 out of 24 loci deviated from
the expected 1.1 ratio, the majority due to an excess of L.
esculentum alleles (Chetelat et al. 1997). In addition, the
process of inbreeding in the present study would have
further atered transmission frequencies due to the defi-
ciency of plants homozygous for S. lycopersicoides al-
leles at most loci. The few S. lycopersicoides homozy-
gotes that were produced in progeny tests of specific
segments were frequently sterile (see below). As aresult,
inbreeding created a greater opportunity for fixing L. es-
culentum alleles, and in this sense achieved the same ob-
jective as backcrossing. Comparable trends were ob-
served following the inbreeding of F; L. esculentumxL.
cheesmanii to produce a recombinant inbred population
(Paran et al. 1995). After several generations of selfing,
the average heterozygosity remained surprisingly high
(15% vs. the expected 1.5% by F;). This was due in part
to a deficiency of L. cheesmanii homozygotes at many
loci and the tendency towards reduced fertility of such
genotypes.

Number, Size and Position of Introgressed Segments

Of the 311 lines analyzed in the present study, 39 (13%)
had no detectable S. lycopersicoides-specific RFLP, iso-
zyme, or morphological markers. A survey with random-
ly amplified polymorphic DNA (RAPD) markers found
one or more putative S. lycopersicoides bands in about
half of these lines, suggesting the possibility of intro-
gressed DNA in regions not detected by the other types
of markers; however, the reliability of the RAPD datais
guestionable, since many markers were ambiguous and
did not integrate well with framework markers in the
BC, mapping population. The remaining 272 lines (87%)
had 0—7 heterozygous introgressed segments and 0—4 ho-

Table 2 Transmission of S lycopersicoides segments detected in backcross-inbred derivatives and cumulative proportion of donor ge-

nome represented by homozygous and heterozygous segments

Chr. Heterozygous segments Homozygous segments Maximum percentage genome coverage?
Number of Average segment Number of Average segment Homo only?  Het+Homo
segments length (cM) segments length (cM)

1 28 313 6 10.2 58.8 100
2 49 259 17 26.5 92.8 100
3 32 19.9 7 6.9 25.0 100
4 16 271 9 15.6 57.7 74.9
5 38 26.4 20 25.7 81.6 100
6 33 42.3 18 21.7 344 100
7 27 205 21 20.8 100 100
8 40 371 11 14.5 70.6 100
9 38 329 14 25.7 100 100

10 16 234 2 11.3 18.3 100

11 18 28.0 4 18.3 744 100

12 25 34.9 31 21.2 85.4 100

All 359 29.6 160 20.7 66.0 97.7

aBased on the proportion of each chromosome’s genetic length (in centiMorgan) represented by at least one introgression line family

b Includes some segments fixed in subsequent progeny testing



238

80

Heterozygous

70
, M Homozygous

2]
o o
N

No. Segments
[ g (3]

SRR

0
20
10 H
o1
1-10 21-30 41-50 61-70 81-90 >100
A Segment Length (cM)
120 —
[] Terminal
100 Interstitial
; M Substitution
80 |

No. Segments

61-70
B Segment Length (cM)

1-10 21-30 41-50 81-90 >100

Fig. 3A, B Frequency distribution of recombinant chromosome
segments according to genetic length (centiMorgans), detected in
backcross-inbred L. esculentumxS. lycopersicoides derivatives. A
genotype of introgressed segments (homozygous, heterozygous);
B position of segment within chromosome (terminal, interstitial,
or whole chromosome substitution)

mozygous ones. The average line had 1.2 heterozygous
and 0.5 homozygous segments (Table 1). There were 71
lines with a single heterozygous segment and 39 with a
single homozygous one.

S. lycopersicoides alleles for al but 2 markers (TG62
and TG65 on chromosome 4) were represented in at least
1line (Fig. 1), indicating that introgression of up to 98%
of the alien genome (measured in map units) was accom-
plished (Table 2). However, since the relationship be-
tween physical and genetic distance varies greatly within
the genome (Sherman and Stack 1995; Tanksley et al.
1992), the proportion of S. lycopersicoides DNA trans-
ferred into tomato cannot be accurately reported. Further-
more, the transmission and fixation of S. lycopersicoides
markers varied for individual chromosomes. For exam-
ple, there was a greater number of introgressed segments
representing S. lycopersicoides chromosome 12, the
shortest of the set, than for chromosome 1, the longest
(Table 2). Up to 100% of chromosomes 7 and 9 were
covered by homozygous segments, while for chromo-

some 10 the coverage was only 18%. Heterozygous S.
lycopersicoides segments tended to be longer (29.6 cM
on average) than homozygous ones (20.7 cM) (Fig. 3A,
Table 2). The largest heterozygous introgression was
100 cM, spanning the entire S. lycopersicoides chromo-
some 6. The largest homozygous segment, approximately
55 cM, was on chromosome 9 (Fig. 1). Overall, approxi-
mately 66% of the S. lycopersicoides genome was repre-
sented by homozygous introgressions (Table 2, Fig. 1).

The observed differences in segment length and ge-
nome coverage for homozygous versus heterozygous
introgressions are best explained by the following trends
revealed in this study: (1) plants homozygous for a given
introgression were less fertile (particularly male-fertility)
than heterozygotes, and (2) longer introgressions were
associated with more extreme sterility than shorter ones,
particularly when homozygous. Therefore, individua S.
lycopersicoides genes associated with sterility in the
background of L. esculentum appear to be largely reces-
sive, and the effects of multiple genes at least partially
additive.

The distribution of the introgressed segments along the
chromosomes was not random. A mgjority of S lycoper-
sicoides introgressions were in termina positions, defined
herein as including the most distal marker for a given chro-
mosome arm (Figs. 1, 3B). Out of 491 S. lycopersicoides
segments identified, 385 (78%) were termina and 106
(22%) were intergtitial. The difference was more pro-
nounced for homozygous introgressions. 91% of these
were terminal. Similar trends were observed in a BC; S
population derived from L. esculentumxL. pennellii (Eshed
et a. 1992); RFLP mapping of L. pennellii segments indi-
cated 76% were terminal and only 24% interstitial.

To test whether the apparent excess of terminal in-
trogressions observed in the present study was abnormal-
ly high, we performed computer simulations with QGENE.
The hypothetical genome consisted of 12 chromosomes,
with an average of 12 markers and 100 cM per chromo-
some. For each of three simulations performed, 30 lines
were chosen at random from a population of 100 BC;F,s
and their segments categorized as to position on the
chromosome. This analysis predicted an average of ap-
proximately 62% terminal, 38% interstitial introgress-
ions, with little if any difference in the homozygous ver-
sus heterozygous classes. Further backcrossing and self-
ing would be expected to increase the proportion of in-
terstitial introgressions. This analysis is consistent with
the interpretation that the proportion of terminal in-
trogressions in the S. lycopersicoides derivatives is ab-
normally high.

The maximum genetic length of termina introgress-
ions considerably exceeded that of interstitial segments
(Fig. 3B). The longest segments observed were putative
nonrecombinant S. lycopersicoides chromosomes (Fig.
3B); such ‘substitutions’, which were heterozygous in all
instances, displayed the S. lycopersicoides alleles for all
markers on a given homoeologue, and were identified
for chromosomes 6, 7, 8, and 10 (Fig. 1). Since a termi-
nal introgression would require a single crossover,



whereas an interstitial segment would require a mini-
mum of two crossovers, the preponderance of the former
type suggests recombination may be significantly re-
duced within introgressed regions. This is supported by
the transmission of putatively nonrecombinant S. lyco-
persicoides chromosomes during several generations of
backcrossing and selfing. The suspected recombination
suppression was confirmed in progeny tests of specific
introgressions (below).

Segregation and Recombination in Progeny Tests

For the purpose of identifying plants homozygous for
specific introgressions or those carrying recombinant de-
rivatives of larger segments, progeny tests were per-
formed on specific backcross-inbred lines. In self proge-
ny of heterozygotes, individual plants were analyzed for
RFLP and/or isozyme loci within each introgressed seg-
ment. For nearly every S. lycopersicoides segment ana-
lyzed, segregation ratios showed significant distortion
from the expected monogenic ratio of 1:2:1 (Table 3). A
deficiency of plants homozygous for S. lycopersicoides
segments was noted for all tested chromosomes, except
the interval TG17 — TG27 on chromosome 1L, which
showed the reverse tendency. In some instances, an ex-
cess of heterozygotes was observed, such as for the in-
terval TG59 — TG83 on chromosome 1 (Table 3) and for
Got-2 on chromosome 7 (data not shown).

Despite the small populations analyzed, a clear trend
for reduced recombination was observed in al intervals;
recombination estimates were reduced over 100-fold in
many regions, while in others no recombinants were ob-
served (Table 3). Recombination suppression has been
commonly observed in interspecific crosses involving to-
mato and wild Lycopersicon species. It is generally more
pronounced in later backcross generations, in male ver-

239

sus female gametes and in centric rather than distal re-
gions of chromosomes (deVicente and Tanksley 1991,
Rick 1969, 1971; Tanksley et al. 1992). In backcross de-
rivatives of L. esculentumxL. pennellii, recombination
was suppressed up to tenfold, although most intervals
were not affected to this extent (Rick 1971). In aset of L.
esculentumxL. cheesmanii recombinant inbreds, recom-
bination rates were, if anything, above normal, averaging
twice that of the F, population from which they originat-
ed (Paran et al. 1995).

It appears, therefore, that recombination was sup-
pressed to a greater extent in the backcross-inbred prog-
eny of L. esculentumxS. lycopersicoides reported herein
than in most crosses between Lycopersicon species.
This difference is presumably caused by more substan-
tial chromosome differentiation, at a sequence or struc-
tural level, vis-a-vis the more distantly related species.
Meiosis in the diploid F; L. esculentumxS. lycopersico-
ides hybrid is noticeably disrupted, with frequent univa-
lents and a an approximate 20% reduction in chiasmata
formation (Menzel 1962; Rick 1951). In contrast, meio-
sisin F; hybrids between L. esculentum and other Lyco-
persicon spp. is relatively normal (Khush and Rick
1963; McGuire and Rick 1954). However, the degree to
which meiosis is disrupted in F; L. esculentumxS, lyco-
persicoides is incommensurate with the dramatic reduc-
tion in recombination in certain regions of the genome
(even to the zero level) observed in later backcrosses,
hence cannot be solely responsible for it. On the other
hand, our observations of radically modified segregation
ratios suggest selective elimination of certain genotypes
in gametogenesis, fertilization (e.g., pollen-tube growth),
and/or post-syngamic processes. Thus, the results indi-
cate that the observed reduction in recombination must
owe not only to lowered crossing-over, but also to other
factors, perhaps differential pre- and/or post-zygotic le-
thality.

Table 3 Segregation ratios observed for introgressed segments in progeny of self-pollinated heterozygotes, and recombination frequen-

cies between distal markers on each segment

Chr.  Markerinterval Linenumbers?  Parental genotypes Recombinants®  Map units (cM) Map ratio
Observed/
++ +/S SIS X2 SCO DCO Observed Expected expected
1 TG301-TG192 152,58 4 18 1 9.10* 1 0 21 259 0.081
1 TG301-TG465 152 5 26 1 13.5%* 4 0 59 26.1 0.23
1 TG83-TG17 209 9 8 2 5.63 0 0 0 34.1 0.00
1 TG17-TG27 214 0 25 4 16.3*** 4 0 6.5 21.6 0.30
2 TG33-TG554 494 6 5 0 6.64* 0 0 0 38.0 0.00
3 TG284-TG152 14-8,40-3 7 11 0 11.2%* 0 0 0 18.0 0.00
4 TG49-TG146 24-14,57-1 9 9 0 9.00* 0 0 0 25.2 0.00
4 Tpi-2-Adh-1 10-11, 10-9 57 52 1 57.4%** 5 0 2.2 249 0.088
4 TG22-TG464 29-1 3 8 1 2.00 0 0 0 9.6 0.00
7 Got-2—-Got-3 484 70 24 0 127%** 3 0 1.56 17.4 0.090
11 TG557-TG523  24-11 22 28 0 20.1%** 2 0 2.0 26.5 0.076
11 TG147-TG105 19-11 11 14 0 10.0** 9 1 18.2 40.6 0.45
12 TG180-TG111 457 17 29 0 15.7%** 11 1 12.4 47.1 0.26

* P<0.05, ** P<0.01, *** P<0.001
aData pooled from more than one segregating family

b SCO=Single-crossover genotypes, DCO, double-crossover genotypes
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In order to increase the proportion of the S. lycoper-
sicoides genome represented by homozygous introgress-
ions, it will be necessary to identify recombinants with
smaller introgressions and therefore greater fecundity,
particularly in the homozygous state. The pronounced re-
combination suppression and segregation distortion re-
ported herein may significantly impede our efforts to de-
velop a complete library of homozygous introgressions.
Various strategies are being explored to increase recom-
bination within introgressed regions or to improve the
efficiency of detection, by, for example, enriching proge-
ny of heterozygotes for recombinant gametes.
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