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Abstract A chromosomal segment from the wild tomato
species, Lycopersicon chmielewskii, when backcrossed
into the tomato cultivar VF145B-7879, increases fruit
soluble solids concentration. In the investigation report-
ed here, the near-isoline (VF145B-7M) homozygous
for the chmielewskii (chm) chromosomal segment was
crossed to the cultivar to study allelic interactions and
then hybridized to three commercial cultivars (UC204c,
E6203, and Chicolll) to investigate the effect of this seg-
ment when heterozygous in different genetic back-
grounds. Parents, isogenic hybrids, and unmodified hy-
brid controls were evaluated in three consecutive years
of field study. The chm segment, when either homozy-
gous or heterozygous, significantly increased soluble
solids concentration by 13% and 12%, respectively, over
VF145B-7879 (esc/esc), suggesting dominant gene ac-
tion. Averaged across the three isohybrids and one iso-
line, one dose of this segment significantly increased sol-
uble solids concentration by 6.0% compared to the un-
modified hybrids and VF145B-7879. Other than increas-
ing fruit total and soluble solids in mature-green and
ripe-red tomatoes, no consistent negative effects of the
chmielewskii segment were observed in the various ge-
netic backgrounds on plant yield, fruit weight, or fruit
pH. These results favor the use of this segment in breed-
ing programs to develop fresh market and processing
tomato cultivars with enhanced quality and reduced pro-
cessed product dehydration costs.

Keywords Soluble solids - Molecular markers -
L. chmielewskii - Tomato quality

Communicated by A.L. Kahler

G.G. Yousef - JA. Juvik ([])

Department of Natural Resources and Environmental Sciences,
University of Illinois at Urbana-Champaign, 307 ERML,

1201 W. Gregory Dr, Urbana, IL 61801, USA

e-mail: j-juvik@uiuc.edu

Fax: +1-217-3334777

Introduction

Soluble solids concentration (SSC) and total solids (TS)
are the major determinants of tomato fruit quality for
both processing and fresh market production (Rick 1974;
Stevens et al. 1979). Increasing the SSC and TS concen-
tration in processing tomatoes decreases the energy in-
puts for dehydration and the costs required for concen-
trating puree to sauce and paste. High SSC is highly de-
sirable in fresh production due to the important contribu-
tion of sugars and acids to the overall flavor and nutri-
tional value of tomatoes (Jones and Scott 1983). The
typical tomato fruit contains approximately 5-7.5% TS,
roughly 75% of which is reducing sugars (mainly glu-
cose and fructose) with the remainder consisting of
organic acids (citrate and malate) and minor amounts
of mineras, lipids, pigments, vitamins, and volatiles
(Davies and Hobson 1981). The levels of organic acids
influence both fruit flavor and pH and are important fac-
tors in canned tomato products to control the growth of
thermophilic microorganisms (Thompson et a. 1964).
Even a small increase in tomato SSC can significantly
enhance fruit dry matter, flavor, and quality (Rick 1974;
Stevens et al. 1979; Wood 1992).

Genetic variability for SSC among cultivated tomato
varieties is extremely limited (Lower and Thompson
1966). Therefore, related wild tomato species have been
used as germplasm sources to introgress beneficial
aleles associated with enhanced SSC (Young et al.
1993). In the past, efforts to develop tomato varieties
with high SSC has been impeded by the negative corre-
lation of this trait with fruit size, yield, determinant plant
habit, and other factors (Stevens 1986).

Recent advances in DNA technology have helped in
the identification of loci affecting tomato fruit quality
(Tanksley et al. 1996). Several studies have identified al-
leles from wild tomato species that enhance SSC in culti-
vated backgrounds. Eshed and Zamir (1994) reported
that marker-assisted introgression of chromosomal seg-
ments from the wild species Lycopersicon pennellii into
L. esculentum improved the SSC of cultivated varieties



by as much as 16%. Tanksley et al. (1996) introgressed
aleles from L. pimpinellifolium associated with high
SSC into an elite processing cultivar. While most of the
introgressed alleles enhanced SSC, they were also asso-
ciated with negative effects on other fruit characteristics
and yield. A gene controlling fruit sucrose accumulation,
introgressed from L. chmielewskii, increased SSC but
reduced fruit weight and yield (Chetelat et al. 1995).
Goldman et al. (1995) indicated that there is an associa-
tion between aleles increasing SSC from L. cheesmanii
and smaller fruit and dry seed weight. Triano and
St. Clair (1995) reported on the development of inbred
backcrossed lines containing introgressions from L.
cheesmanii with improved SSC and acceptable fruit size,
pH, and color.

Several high SSC lines have been developed from
repeated backcrossing of the wild green-fruited species,
L. chmielewskii (LA1028), into the genome of L. escu-
lentum cv. VF36 (BC,_,) and cv. VF145B-22-8 (BC, 5)
(Rick 1974). One of these lines, LA1501, was used as a
donor parent and crossed to the processing tomato culti-
var VF145B-7879 where 64 backcross-inbred lines
(BILs, BC,S;) were developed (Azanza et al. 1994).
BILs homozygous for the chromosomal segment on the
middle region of chromosome 7 (7 M) contained higher
SSC, TS, and pH compared to the recurrent parent
(Azanza et al. 1995). No adverse effects associated with
this fragment on fruit yield was detected, suggesting the
potential use of these lines as a germplasm source for
improved fruit quality and yield. In the investigation re-
ported here one of the above BILs homozygous only for
the chmielewskii (chm) segment in the middle region of
chromosome 7 was used to study the effects of this seg-
ment on tomato yield and fruit characteristics in an iso-
genic dosage series and when hybridized to three differ-
ent tomato cultivars.

Materials and methods

Development of genetic material

LA1501, one of the high SSC lines released by Dr. C.M. Rick,
was backcrossed twice to VF145B-7879 and selfed five genera-
tions to develop 64 BlLs (Azanza et al. 1994). Hereafter in this
paper, the VF145B-7879 cultivar will be referred to as VF145B.
This BIL population was assayed for five restriction fragment
length polymorphism (RFLP) markers within and flanking the
8.4-cM segment on chromosome 7 from L. chmielewskii (Fig. 1).
It was observed that the 7 M fragment was inherited as a single
block where no recombination was observed within the segment
after two backcrosses and five generations of selfing (Azanza et
al. 1995). One of the BILs, homozygous for the 7 M segment from
L. chmielewskii (VF145B-7M, chm/chm), was crossed to its iso-
genic parent cultivar VF145B (esc/esc). This provided germplasm
in a near-isogenic dosage series for the L. chmielewskii 7 M seg-
ment to evaluate alelic interactions.

The same BIL (chm/chm) was crossed to three commercial
cultivars, UC204c (chm/esc), E6203 (chm/esc), and Chicolll
(chnvesc), to generate three F; hybrids heterozygous for the chm
segment (chm/esc). VF145B (esc/esc) was also crossed to the
same three cultivars to generate a set of three F; hybrid controls
homozygous for the esc segment. These two sets of isohybrids
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Fig. 1 Chromosome 7 on the tomato linkage map (Tanksley et al.
1992; Aranza et al. 1995. Probes in bold were used to genotype
the parents for the presence of the chm segment

were used to compare the effect of chm in different genetic back-
grounds. The crossing direction is not stipulated since previous
work indicated that the effects of this segment are not under
maternal influence (Young et al. 1993).

DNA analysis and probing

The BIL and the four commercia cultivars were grown in the
greenhouse to screen for polymorphism at two RFLP markers
within the 7 M region on chromosome 7. The selected markers
(TG183 and TG202) are known to map within this segment
(Tanksley and Hewitt 1988) and to be polymorphic between the
BIL and its recurrent parent (Azanza et al. 1995). Twenty seeds of
the BIL (chm/chm) and the four commercial cultivars (esc/esc)
were sown in the greenhouse. Leaf tissue was harvested from
seedlings (45 days old) and stored in a freezer —80°C prior to
lyophilization. Total DNA was isolated from the powdered |eaf
samples according to the procedures described by Bernatzky and
Tanksley (1986a). Ten micrograms of DNA was digested with
30 U EcoRl, loaded into 0.8% agarose gels, and subjected to
Southern blotting analysis as described by Bernatzky and Tanksley
(1986b). Membranes were wrapped in plastic and exposed to
X-ray film at -80°C for 2-5 days depending on the intensity of the
[P32]-labeling and scored for probe bands. The two selected
markers were found to be polymorphic between the BIL and all
four commercial cultivars.

Experimental procedure and physiological analysis

Seeds of the five parents and seven F;s were sown in flats contain-
ing a1:1:1 soil mixture of soil: peat: perlite in the spring of 1994,
1995, and 1996. The parents included VF145B-7M (chm/chm),
VF145B (esc/esc), E6203 (esclesc), UC204c (escl/esc), and
Chicolll (esc/esc). The F;s consisted of VF145B-7MxVF145B
(chnvesc), VF145B-7MxE6203 (chm/esc), VF145BxE6203 (esc/
esc), VF145B-7MxUC204c (chm/esc), VF145BxUC204c (esc/esc),
VF145B-7MxChicolll (chm/esc), and VF145BxChicolll (esc/esc).
Seedlings were hardened off and transplanted 35 days later into
field plots of the University of Illinois at Urbana-Champaign. The
experimental design was a randomized complete block design
(RCBD) with ten replications each year. Each experimental unit
consisted of one row with 15 plants, 30 cm apart, with 90 cm be-
tween rows. Standard commercial agricultural practices for tomato
production were applied each year.

When 50% of the fruit in each plot were ripe-red, the central
nine plants in each row were harvested and the fruits weighed to
estimate plant yield (PLY D). For fruit composition evaluation, ten
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fruits at two different maturity stages (mature-green and red-ripe)
were randomly collected from each experimental unit, frozen and
stored at —20°C for subsequent analysis.

The ten-fruit samples were weighed to estimate the fruit
weight (FRWT) and ground into puree in a blender, from which
two sub-samples were removed. A 25-gm puree sample was
weighed, frozen at —80°C, then lyophilized using a Virtis Unitop
600L freeze-dryer to determine the fruit dry weight or total solids.
Another sample of 40 gm was centrifuged at 12,000 g for 15 min
at 20°C. The supernatant was poured off to measure the pH and
Brix°. A bench refractometer (Model no. 33.45.58, Bausch and
Lomb) was used to measure Brix° at 20°C for estimation of solu-
ble solids concentration. The Brix° reading of red-ripe fruits was
multiplied by the average plant fruit yield to estimate net plant
yield of soluble solids (Brix°/plant).

Statistical analysis

The statistical analysis was performed on the combined data from
the three years; therefore, replications were nested within years.
The data were sorted into two separate sets. one contained the
three VF145B isolines to be used for studying the chm segment
alelic interaction; the second included nine genotypes (the culti-
vars E6203, UC204c, and Chicolll and their crosses to VF145B
and VF145B-7M) to study the effect of the chm segment in differ-
ent genetic backgrounds. The normality of data was tested, and the
statistical analysis was performed using SAS (1991). The experi-
mental design was a randomized complete block design (RCBD)
within each environment. The statistical model used to analyze the
data sets Yjj =HHE+R(E) ) +0;+ G GEj +€jjk), Where y=response

from the experimental unit, p=overall mean, E=environments,
d=restriction error, R=replications or blocks, G=genotype, and
e=residual error. The genotype means for all variables were com-
pared using LSD at the P<0.05 probability level.

Results and discussion
Sources of variation

Analysis of variance was conducted to examine the
sources of variation associated with each trait (Table 1).
The statistical model described the effect of environ-
ments, replications nested within environments, geno-
types, and genotypexenvironment interactions. Differ-
ences among environments were typicaly responsible
for the greatest source of variation and significant for
most variables. Differences among genotypes were sig-
nificant for all variables except for Brix°/plant. Differ-
ences in the genotypes were the most important source
of variation in Brix° in mature-green and ripe-red fruit
and in TS in green fruit. The interaction between geno-
types and environments was significant in about 50%
of the data sets. Coefficients of variation (C.V.%) calcu-
lated as [(VM SE/grand mean)x100], which expresses the
experimental error as a percentage of the mean, were low

Table 1 Mean sguares from ANOVA of yield and fruit characteristics for the VF145B isolines (chm/chm, chm/esc, and esc/esc)

Source of df PLYDP Fruit characteristics Brix°/
variationa plant
Brix® TS pH FRWTP
Green Red Green Red Green Red Green Red
E 2 344.5% 0.09 2.17* 1.24% 1747 0.29* 0.08* 29.0* 23.6* 818.4*
R(E) 27 0.7% 0.05 0.14 0.22 0.66 0.02* 0.04* 0.1 0.2 1.3
G 2 2.9* 0.96* 2.66* 1.92* 2.58* 0.02* 0.04* 0.2* 0.7* 1.8
GxE 4 1.5* 0.25* 0.07 0.36 0.80 0.05* 0.01 0.2* 0.3 1.0
Error 54 0.3 0.04 0.11 0.22 0.76 0.01 0.01 0.1 0.18 1.0
R2 98% 65% 70% 54%  60% 76% 67% 93% 88% 97%
CV%e 14.1 49 71 7.9 14.8 2.0 25 10.1 11.2 16.1

* Significant at P<0.05
aE, environment, R, replication, G, genotype (VF145B-7M, chm/
chm; VF145B-7MxVF145B, chrm/esc; VF145B, esc/esc)

bPLYD, Plant yield; TS, total solids; FRWT, fruit weight
¢ Coefficient of variation

Table 2 Means of yield and fruit characteristics measured in the three VF145B isolines (chm/chm, chm/esc, and esc/esc) used for study-

ing the chm segment alelic interaction

Genotype2 Dosage  Fruit characteristics Brix°/
of chm plant
PLYDb Brix° TS(%)b Brix°/ pH FRWT (gm)> (gm)
(kg) TS
Green Red Green Red ratio Green Red Green Red
VF145B esc/lesc  4.33s¢ 4.14b  4.25b 5.67b 553b  0.80a 423b 424b 95a 105a 188a
VF145B-7TMxVF145B chm/esc 4.10a 4.48a 4.74a 6.00a 6.08a 0.79a 4.24ab 43la 9la 106a 197a
VF145B-7M chm/chm 3.72b 4.38a 4.79a 6.16a 5.98ab 0.82a 4.27a 4.28ab 90a 97b 18la
LSDd 0.30 0.10 017 024 045 0.06 0.05 0.06 05 06 016

a |solines of VF145B with either zero, one, or two doses of the
chm segment from L. chmielewskii
bPLYD, Plant yield; TS, total solids; FRWT, fruit weight

¢ Means with different letters within columns are significantly dif-
ferent at P<0.05 probability level
d Least significant differences



Fig. 2 SSCinripe-red fruit of
isolines of VF145B (chm/chm,
chm/esc, esc/esc) (A) and iso-
hybrids of the three commer-
cia cultivars E6203, 4C204c,
and Chicolll (chm/esc, esc/esc)

(B).
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a Columns with different letters
indicate significant differences
in SSC in theisolines of
4F145B and isohybrids of the
commercial cultivars at P<5%

and ranged from 2.0 to 16.1. The R2 values (% of varia-
tion explained by the statistical model) averaged 77%
across traits and ranged from 54% to 98%, indicating
that variation for most of the traits was fairly well de-
scribed by the model.

Allelic interaction of the chm segment

As previously reported, the chm segment appears to
exert substantial effects on fruit quality characteristics
(Azanza et al. 1995). Fruit characteristics and yield of
the isolines VF145B (esc/esc), VF145-7M (chm/chm),
and VF145B-7MxVF145B (chm/esc) are presented in
Table 2. Results from three years of replicated data indi-
cated that there were significant changes in fruit charac-
teristics associated with this segment. Soluble solids
concentration, measured as Brix® in the ripe-red fruits, a
key trait in tomato commercial production, was 4.79 and
4.74 in the chm/chm and chm/esc isolines, respectively,
compared with 4.25 in the commercial parent (esc/esc)
(Fig. 2). The Brix® in the chm/chm and chm/esc isolines
was enhanced by 13% and 12%, respectively, over
esc/esc. Ripe-red fruit TS in chm/chm and chm/esc was
enhanced by 10% and 8%, respectively, over esc/esc.
The allele(s) on the chm segment is dominant to the esc
allele(s) present in the commercial parent, VF145B, sup-
porting the feasibility of using this gene in producing
high SSC hybrids containing only one dose of the chm
segment.

The soluble solids concentration, measured as Brix®,
in two fruit maturity stages (mature-green and red-ripe)
in the F; genotype (chm/esc) was significantly higher
than that of VF145B, indicating that the gene(s) on this
segment exerts its physiological effects prior to fruit
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maturation and ripening. These results suggest that the
chm segment will enhance fruit quality in both process-
ing and long-distance fresh market cultivars harvested at
the mature-green stage. The pH of the ripe-red fruit
VF145B heterozygote (chm/esc) was also higher than
that of the commercial parent. However, this increase
did not exceed a pH of 4.5, the value required to control
the growth of the thermophilic microorganisms in pro-
cessed and canned tomato products (Thompson et al.
1964).

Comparisons between the heterozygous VF145B
(chm/esc) and the commercia parent showed no signifi-
cant reduction in plant yield or fruit weight. Hence, lines
heterozygous for this segment can provide fruit yield
comparable to lines homozygous for the esculentum seg-
ment on chromosome 7. The average ripe-red fruit
weight of the chm/esc isoline was not significantly
smaller than that of the commercial cultivar, suggesting
that this segment exerts no adverse effect on the overall
fruit development in a heterozygous state. The signifi-
cant differences observed when SSC was based on fresh
weight (Brix°®) and the lack of significance when based
on dry weight (Brix°/TS) suggest that the gene(s) on the
chm segment may influence fruit water uptake during
maturation and ripening.

Effect of the chm segment in different genetic backgrounds

Tomato yield and fruit characteristics of the hybrids
lacking or heterozygous for the chm segment are listed in
Table 3. Incorporating chm in the three genetic back-
grounds (chm/esc) showed significant improvements in
fruit quality compared to their respective esc/esc isohy-
brids in two of the three genetic backgrounds. The solu-
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Table 3 Means of yield and fruit characteristics measured in the three cultivars (E6203, UC204c, and Chicolll) and the isohybrids from

crosses to VF145B-7M (chm/chm) and VF145B (esc/esc)

Genotype2 Dosage Fruit characteristics Brix°/
of chm plant
PLYDP  Brix® TS (%)P Brix/  pH FRWT (gm)>  (gm)
(kg) TS
Green Red Green Red ratio Green Red Green Red

E6203 esc/esc  4.45abc 4.34cd 4.6lcd 5.89c 6.23ab 0.76a 4.28a 4.26bc 8lbc 091c 203bc
VF145B-7TMxE6203  chm/esc 4.52a  4.56a 4.91a 6.27a 6.40a 0.78a 4.23b 4.36a 84b  10lab 223a
VF145BxE6203 esclesc 4.73a  4.38bc 4.62cd 6.00bc 5.95bcd 0.79a 4.19bcd 4.25bc  85ab  102ab 216ab
UC204c esc/lesc  3.78d 432cd 4.73bcd 6.14ab 6.13abc  0.78a 4.15d 4.23c 77c  085d 179d
VF145B-7TMxUC204c chm/esc 4.4labc 4.46ab 4.83ab 6.25a 6.16abc 0.80a 4.17cd 4.29bc 89a 104a 216ab
VF145BxUC204c esclesc 4.05cd 4.26d 4.73bc  6.02bc 6.06abc  0.80a 4.20bc 4.23c 84ab 097b 191cd
Chicolll esclesc  4.13bcd 4.12e  4.42e 5.82c 5.61d 0.80a 4.17cd 4.24bc 706d 083d 183d
VF145B-7MxChicolll chm/esc 3.97d 4.49ab 4.75bc  6.22ab 6.13abc  0.79a 4.19bcd 4.30b 76c 091c 19cd
VF145BxChicolll esc/lesc 4.50a  4.30cd 4.57d 5.85c 5.8lcd 0.80a 4.18bcd 4.27bc 8lbc 100ab 205bc
LSDd 0.37 0.12 0.15 0.23 0.38 0.05 0.05 0.06 06 005 018

a Three tomato commercial cultivars (E6203, UC204c, and Chico-
I11) and their isohybrids resulted from the crosses to VF145B-7M
or VF145B. The isohybrids contain either zero or one dosage of
the chm segment from L. chmielewskii

ble solids concentration (Brix°) measured in ripe-red
fruit was significantly enhanced with one dose of the
chm alele in E6203 (6.3%) and Chicolll (4.0%) com-
pared to their isohybrids without the chm segment
(esclesc) (Fig. 2). In the UC204c background, the in-
crease in SSC (2.1%) was not significant in the ripe-red
fruit. TS followed the same pattern as SSC, where hy-
brids with one dose of chm segment contained higher TS
compared to hybrids without the chm gene and their
commercial parents in two of the three genetic back-
grounds. The data suggest that the chm segment influ-
ences water uptake during fruit maturation but does not
change the amount of fruit sugar accumulation.

In the E6203 background, one dose of chm signifi-
cantly increased fruit pH compared to the hybrid without
the chm segment, but the increase was not significant in
the UC204c and Chicolll backgrounds. The pH was be-
low the 4.5 level suitable for bacterial reproduction. No
adverse effects of a single dose of chm was observed in
mature-green and ripe-red fruit weight. Net plant yield of
soluble solids, which is a primary concern in the pro-
cessing tomato industry, was enhanced significantly in
the chm heterozygotes for the crosses with UC204c¢ and
Chicolll compared to their esc/esc isohybrids. Incorpo-
rating the chm segment did not significantly reduce total
plant yield in any of the three genetic backgrounds. In
contrast to previous studies reporting negative effects of
introgressed wild tomato germplasm, this segment was
not observed to dramatically or consistently reduce yield
or average fruit size. In the ripe-red fruit, averaged
across all four genetic backgrounds, one dose of the chm
segment increased Brix°, TS, pH, and Brix°/plant by
6.0%, 6.2%, 1.6%, and 3.8%, respectively, while de-
creasing plant yield and fruit size by 3.2% and 0.5%,
respectively.

Specific genes influencing quantitative traits in
a particular genotype are commonly assumed to be

bPLYD, Plant yield; TS, total solids;, FRWT, fruit weight

¢ Means with different letters within columns are significantly dif-
ferent at P<0.05

d |east significant differences

background-specific due to the interaction (epistasis)
among alleles at different loci in the genome (Zehr
et al. 1992; Danzmann et al. 1999). Experimental re-
sults of beneficial genes identified in one background
are equivocal when tested in different genetic back-
grounds (McKendry et al. 1996; Wang 1997; Toojinda
et al. 1998). This study clarified the gene effects of an
introgressed allele(s) from the wild tomato species L.
chmielewskii with the aid of DNA markers on economi-
cally important tomato traits. Dominant expression of
this gene(s) is of value in hybrid production. Indirectly
enhancing SSC in tomato ripe fruit by decreasing the
water content would have value to the processing toma-
to industry due to a reduction in dehydration and trans-
portation costs. The introgressed segment (chm) was
tested for the ability to exert comparable effects when
incorporated into three different genetic backgrounds
and evaluated for associated effects on the characters of
agronomic importance. This chm segment was observed
to exert a similar effect on tomato fruit quality in dif-
ferent genetic backgrounds. This study offers a more
optimistic view that beneficial genes in one background
can exert similar effects in a wider range of germplasm
and also indicates that the use of DNA markers can be
an effective means to select for beneficial alleles in-
fluencing quantitative traits in breeding programs.
Marker-assisted selection is particularly effective when
introgressing genes from the wild germplasm that can-
not be readily identified by phenotypic performance
(Bernacchi et al. 1998).
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