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Abstract Quantitative Trait Locus (QTL) alelic varia-
tion was studied by analyzing near-isogenic lines (NILs)
carrying homologous introgressions on chromosome 4
from three green-fruited wild tomato species. The NILs
affect agronomic (yield, brix, fruit weight) and fruit
(fruit shape, color, epidermal reticulation) traits in asim-
ilar manner. However, significant differences were de-
tected in the magnitudes of the effects, the dominance
deviations and epistatic interactions, indicating that those
species carry different aleles for the QTL. As the QTL
did not show any interaction across environments, gene-
tic backgrounds or other QTLS, it can be used to intro-
duce novel genetic variation into a broad range of culti-
vars. Analysis of new recombinant NILs showed that
fruit traits are controlled by several linked genetic loci,
whereas multiple genetic loci control the agronomic
traits within the original introgression. The hypothesis
that QTLs may be composed of multiple linked genes
can not be rejected prior to implement projects for QTL
isolation and cloning. Loci involved in color enhance-
ment could not be related to any known gene involved in
the carotenoid biosynthesis pathway, therefore it is hy-
pothesized that the function of those loci must be related
to the genetic regulation of the carotenoid biosynthetic
pathway.
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Introduction

The use of wild germplasm as a source of novel quantita-
tive trait locus (QTL) allelic variation is one of the more
important issues for crop improvement and breeders to-
day. From a breeder’s viewpoint, it would be most useful
to identify new favorable QTL aleles that display low
QTL x environment (QTL x E) and QTL x genotype
(QTL x G) interactions. Also desirable would be the
identification of combinations of QTLS alleles at differ-
ent loci that interact in an additive or complementary
manner.

QTL effects and chromosomal position are usually esti-
mated in early segregating populations, such as the F, or
BC, where QTLs can be detected using a relative small
population size. However, QTL analysis in these popula
tions is problematic for severa reasons: (1) estimates of
QTL effects and positions generally are biased (Van Ooijen
1992; Jiang and Zeng 1995; Melchinger et a. 1998); (2)
QTL-by-environment interactions (QTL x E) are difficult
to detect (Stuber et al. 1992; Ragot et a. 1995; Austin and
Lee 1998; Melchinger et al. 1998); (3) the distinction be-
tween pleiotropy or close linkage when a chromosomal re-
gion shows an effect on several traitsis not aways possible
(Lebreton et a. 1998). Additionally, epistatic and QTL-by-
genetic background (QTL x G) interactions are difficult to
estimate (Yu et a. 1997).

Advanced backcross QTL (AB-QTL) analysis has
been proposed and tested as a method to mitigate these
problems and facilitate utilization of the exotic germ-
plasm (Tanksley and Nelson 1996; Tanksley et al. 1996;
Fulton et al. 1997; Bernacchi et a. 1998a; Xiao et al.
1998). From an AB population, near-isogenic lines
(NILs) carrying small introgressions from the donor par-
ent, can be easily isolated by marker-assisted selection
(MAS). NILs can then be used to obtain better estimates
of the magnitudes of QTL x E, QTL x G and QTL x QTL
interactions (Eshed and Zamir 1995, 1996), fine-map
QTLs, eliminate undesirable affects caused by linkage
drag and, eventually, perform positional cloning of the
QTLs (Alpert and Tanksley 1996).



Bernacchi et al. (1998b) developed a set of NILs from
a cross between Lycopersicon esculentum cv. E6203
(TA209) and L. hirsutum acc. LA1777. One of those,
TA517 contains the distal 50-cM introgression of
chromosome 4, a region previously shown to affect sev-
eral agronomic important traits including brix, yield,
brix*yield and fruit color (Bernacchi et al. 1998a, b).
Other NILs carrying homologous introgressions on chro-
mosome 4 from different wild species have been devel-
oped in parallel: 1L4-4 from L. pennellii (LA716) on the
processing tomato inbred variety M82 (Eshed and Zamir
1995) and TA1160 from L. peruvianum (LA1706) on
TA209 background (Fulton and Tanksley, unpublished
data). The goals of the study reported here were to use
these recently developed NILs to address four issues: (1)
genetic variability among QTLs on chromosome 4
across wild tomato species, (2) consistency of the QTL
effect across testers and environments, (3) the potential
for pyramiding QTLs from different wild species and (4)
accurate estimation of the genetic effects of the QTLs
and their location within the introgression by substitution
mapping using a new set of recombinant subNILs from
TAS517 NIL. We herein present a comprehensive charac-
terization of a single chromosomal region displaying
multiple QTL effects that include verification of the ef-
fects, genetic variability, agronomic interest, fine map-
ping and implications on quantitative genetics.

Materials and methods
Near-isogenic lines

TA517 and TA1160 are NILs in the Lycopersicon esculentum cv.
E6203 (TA209) background; each contains a small, single segment
of DNA from the bottom of the chromosome 4 from a different
wild tomato species (Fig. 1). These NILs were derived from ad-
vanced backcross populations aided by marker-assisted selection
following the procedures described by Bernacchi et al. (1998b).
TA517 was derived from L. hirsutum LA1777 (Bernacchi and
Tanskley 1997; Bernacchi et al. 1998a) and TA1160 from L. peru-
vianum LA1706 (Fulton et a. 1997). 1L4-4 (Fig. 1) contains the
bottom of chromosome 4 from L. pennellii LA 716 in the M82
background (Eshed and Zamir 1994). TA523 contains a single in-
trogression for the bottom of chromosome 1 from L. hirsutum LA
1777 covering the markers TG27 to TG161 (Bernacchi et al.
1998b; Monforte and Tanksley 2000), while TA1150 contains a
dlightly larger introgression on chromosome 1 from L. chmie-
lewskii LA1063 extending from TG27 to TG607 (Tanskley unpub-
lished results); both of them in the TA209 background. The dou-
ble-NIL TA1451 was constructed by crossing TA1160 and
TA1150.

SubNILs for the chromosome 4 introgression TA517 were iso-
lated from 216 F, seedlings derived from the cross between
TA517 x TA209 by screening the markers spanning the introgres-
sion after DNA digestion with the appropriate enzymes: TG155
(Scal), CT133 (Scal), CT199 (Hindlll) and TG464 (Hindlll)
(Fig. 1). Fifteen independent recombinant plants were thus identi-
fied and allowed to self-pollinate. F; plants were scored with ap-
propriate markers to fix the recombinant chromosomes. Additional
markers were scored to determine the exact point of the recombi-
nation within each of the fixed subNILs (Fig. 1). TA1459 is a sub-
NIL derived in a similar manner from TA1138 NIL by screening
360 F, seedlings from the cross TA1138 x TA209 with CT188
(Scal), TG574 (Scal) and CD39 (Scal), which span the TA1138
introgression (Fig. 1).
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All of the NILs and subNILs (except IL4-4) were crossed with
TA209 to obtain the hybrid NILs for the phenotypic evaluations.
Double-NILs containing two defined chromosomal segments in a
heterozygous condition were obtained by crossing the selected
NILs.

Field evaluations
NILs/subNILs (NS) trials

NILs and subNILs were evaluated in two locations: Akko (Israel)
and Ithaca (N.Y., USA). The seedlings of the following genotypes
were transplanted to 50 cm within rows and 2 m between rows in
Akko in March 1998 in a completely randomized design: TA209
(50 plants), M82 (20 plants), TA517 (20 plants) and 10 plants each
of IL4-4, TA1160, the subNILs from T517 (TA1232, TA1463,
TA1464, TA1465, TA1466, TA1467, TA1468, TA1469, TA1470,
TA1471, TA1473, TA1474, TA1475, TA1476, TA1477) and the
corresponding hybrids with TA209. The following genotypes were
transplanted in Ithaca, N.Y. (USA) in June 1998 in a completely
randomized design: TA209 (50 plants), 10 plants each of TA517,
TA1160 (both homozygous and heterozygous with TA209), the
hybrids TA523 x TA209, TA523 x TA517, TA523 x TA1160 and
TA517 x TA1160, the subNILs TA1232, TA1463, TA1464,
TA1465, TA1466, TA1467, TA1468, TA1469, TA1470, TA1471,
TA1473, TA1474, TA1475, TA1476, TA1477 (5 plants), and their
respective hybrids with TA209 (10 plants). All plants were sown
in flats in the greenhouse 40 days before being transplanted into
the field allowing 1 m2 per plant. The field in Israel was under
drip irrigation, and the field in Ithaca was under natural rainfall.

Genetic background (GB) trials

To study the interaction of the genetic background on the ef-
fects of the QTL alleles included in the TA1160 introgression, we
crossed TA1160 and TA209 with each other as well as with three
different processing-type testers: TA502, a mid-season, firm-fruit-
ed inbred; TA446, a compact early inbred; TA1149, a mid-season
inbred. Thus, TA1160 was evaluated on TA209 and hybrid
TA209/tester genetic background.

TA1160, TA1150 and TA1451 were also crossed with TA209
to study the interactions among the QTLs included in the two
NILs. The trials were conducted during the summer of 1998 at six
locations worldwide: Akko (lsrael), Badgjoz (Spain), Davis
(Calif., USA), Woodland (Calif., USA) and two locations in
Stockton (Calif., USA). All trials comprised 15 plants per plot at
commercia density with five plots per experimental line. Plots
were randomized in five blocks with one plot per NIL in each
block.

Phenotyping

Up to ten traits were measured for both the NS and the GB trials.
The main difference between experiments was that in the NS trials
the traits were measured on a single plant basis, whereas in the GB
trials the traits were measured on a plot basis.

Fruit characteristics were scored before harvest from single
plants (5 fruit) or plots (15 fruit randomly picked among the plants
within the plot) in the NS and GB trials, respectively, except in
Spain where fruit traits were not scored and in Ithaca where fruit
traits were scored after harvest. Fruit characteristics were scored
visually using a scale from 1 to 5: internal and external fruit color
(ICOL and ECOL), 1 = paleto 5 = dark red; epidermal reticulation
(ER), 1 = smooth to 5 = cracked, fruit shape (FS), 1 = round to
5 = very elongated. FS was also measured in Ithaca as the ratio
longitude/diameter (L/D) for selected genotypes. ICOL and ER
were scored on a similar scale by independent observers pre- and
post-harvest in Israel.

The agronomic traits measured at harvest were: yield, mea
sured as grams per plant (NStrial) or tons per hectare (GB trial) of
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ripe fruit (YDR); in Ithaca a high percentage of the harvested fruit
were not mature so yield was measured as the weight in grams of
al green and mature fruit per plant (YDT); soluble solids content
(SSC), measured as °Brix with a refractrometer from the juice
from at least 5 mature fruit for each single plant in the NS trials
and from serum from a raw, de-aerated cold-break puree derived
from a sample of more than 40 randomly harvested fruit per plot
in the GB trias; average fruit weight (FW), measured in grams
from at least 5 mature fruit per plant in the NS trials and from at



least 40 ripe fruit per plot in the GB trials; Brix* Yield as the prod-
uct of SSC and YDT (BTDY) or YDR (BYDR); and plant weight
(PW), measured only in Israel in the NS trial on each single plant
asthe weight in kilograms of the vegetative portion of the harvest.

Data analysis

All statistical analysis presented here were performed using Jvp
3.1 for Macintosh (SAS Institute 1994) and QGeNE (Nelson 1997)
software packages.

NIL/subNILstrials

Comparison of NILs carrying introgressions for chromosome 4
from different wild species. Means values of the traits studied in
the NS trials for the NILs TA517, TA1160 and IL4-4 (Israel) and
TA517 and TA1160 (Ithaca) were compared with the correspond-
ing control genotypes using the Dunnet contrast (Dunnet 1955)
with Type-l error a < 0.05. TA209 was the common control for
TA1160 and TA517. M82 was the control for IL4-4. TA1160 and
TA517 mean values were also compared by at-test with a < 0.05.

Gene action estimates for QTLs on chromosome 4. The signifi-
cance of the dominance deviation was evaluated from the Ithaca
data by using the contrast (Wrike and Weber 1986):

2F ~(P,+P,)

at a < 0.05, where F; is the phenotypic mean for the heterozygote
(e.g. TA517 x TA209, TA1160 x TA209 or TA1160 x TA517), and
P, and P, are the phenotypic means of the respective parents
(TA517, TA1160 or TA209). Gene action (d/[a], [a] being the ab-
solute value of a) was calculated as:
P +P
Fl_ 1 5 2
R-RO-
8 2 O

Epistatic interactions estimates for chromosomes 1 and 4 intro-
gressions. Interactions between the L. hirsutum and L. peruvianum
introgressions on chromosome 4 with the L. hirsutum introgres-
sion from chromosome 1 were tested using data from heterozy-
gous genotypes, TA523 x TA209, TA517 x TA209, TA1160 x
TA209, TA517 x TA523, TA1160 x T523, as well as the control
TA209 according to:

Yijk = ll + Cll + C4J + Cl*C4|J + qjk

where, p is the overall mean, C1, is the genotype in the region on
chromosome 1 (scored as E for L. esculentum homozygous, H for
L. hirsutum heterozygous), C4; is the genotype in the region on
chromosome 4 (scored as E for L. esculentum homozygous, H for
L. hirsutum heterozygous and P for L. peruvianum heterozygous),
C1*C4; is the interaction between the two chromosomal regions
and g is the random error. The significance of the genotype
effects and the interaction C1* C4;; was assessed by a F-test (a <
0.05). The direction of the interaction effect specific for each spe-
cies was confirmed and estimated by the respective contrast with
the means:

(TA209 + TA517 x TAS523)«TA523 x TA209 + TA517 x TA209)
for the interaction among L. hirsutum introgressions
(TA209 + TA1160 x TA523)«TA523 x TA209 + TA1160 x TA209);

for the interaction among L. hirsutum in chromosome 1 and L. pe-
ruvianum introgression in chromosome 4.

Fine mapping of QTLs within TA517 introgression. Both homozy-
gous and hybrid subNILs means from the NS trials were compared
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with TA209 for each trait using Dunnett’s contrast at a < 0.05. Ge-
notypes with less than four replications were excluded from the
analysis. The subNILs also differed in marker genotype composi-
tion, so QTL analysis could also be made by marker genotype
mean comparisons. This gave more replications for each chromo-
somal region and hence better estimates of the genetic effects.
Comparisons of marker means by single-point analysis were per-
formed using the software package QGeNE. Due to linkage among
markers, only seven different marker comparisons were performed.
The Bonferroni correction that gives an overall a = 0.05 has a
threshold for each comparison a < 0.05/7 = 0.007 or -og(p) =
2.14. Both strategies (NILs comparison and single-point marker
analysis) were combined to fine map and estimate the effects of
a QTL within the TA517 subNIL when a subNIL showed signifi-
cant effects compared with the TA209 control according to the
Dunnett’s contrast; a QTL was then considered to be within the ge-
nomic region covered by such subNIL. If several subNILs showed
the effect, a QTL was deduced to be within the chromosomal re-
gion shared by the subNILs. QTL position was also estimated ac-
cordingly to marker mean comparison. When a QTL was located
within a specific chromosomal region, the additive effects (a), mea-
sured as the percentage of deviation from TA209 control mean, and
mode of gene action (d/[a]) of the QTLs were estimated according
with marker means as a = 100*((HH-EE)/2EE), d/[a] = (EH-
((HH+EE)/2))/[(HH-EE)/2], where HH is the phenotypic mean of
individuals homozygous for the L. hirsutum aleles for the marker
locus, EH is the phenotypic mean of individuals heterozygous for
the same locus, EE is the TA209 mean and [((HH-EE)/2)] is the ab-
solute value of the remainder. QTLs were named according previ-
ous experiments (Tanksley et al. 1996; Grandillo and Tanksley
1996; Fulton et al. 1997; Bernacchi et a. 1998b).

Genetic background (GB) trials

Genotype by genetic background interactions. The effect of the
L. peruvianum introgression on chromosome 4 (TA1160) was
tested in different genetic backgrounds (TA209 or hybrid
TA209/tester) according to the model:

Yij =M+ G + T+ Ly + GT;; +GLy +TL + GTLjj + g

where | is the overall mean, G; is the effect of the genotype in
chromosome 4 (L. peruvianum (P) or L. esculentum (E), T; is the
effect of the testers (TA209, TA446, TA502, TA1149), L, is the
effect of the locations, followed by the respective interactions
(GTjj, GLyy, TLy;, GTLy;) and the random error (g). The signifi-
cance of each éffect and their interactions was studied Usi ng an
F-test.

Epistatic interactions between chromosome 1 and chromosome 4.
Interactions among QTLs located on chromosomes 1 and 4 from
different wild species (L. chmiewleskii and L. peruvianum, respec-
tively) was studied according to the model:

Y = M+ P4 + CHL, + L, + PACHL; +P4L,, +CHIL,
+ PACHLL;, + &

where p is the overall mean, P4, is the effect of the L. peruvianum
introgression on chromosome 4, CHL is the effect of L.
chmiewleskii introgression on chromosonie 1, L is the effect of
the locations, followed by the respective interactions (PACHL,;,

Fig. 2 Means and standard errors of the studied traits for controls
(M82 and TA209), and homozygous chromosome 4 NILs (I1L4-4,
TA517 and TA1160) tested in both Ithaca, N.Y. and Akko (Israel).
Dark bars indicate that there is a significant different between the
NIL and its respective control; [0 indicates a significant difference
between TA517 and TA1160 (all comparisons a < 0.05)
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PAL;,, CH1L;,, PACH1L ;) and the random error (g,). The effect
of the introgressions and their interactions were assessed using
the F-test

Results

Comparing phenotypic effects and their magnitude for
different species introgressions for the same region of
chromosome 4

Comparison among homozygous NILs

NILs TA517 (L. hirsutum introgression), TA1160 (L. pe-
ruvianum introgression) and IL4-4 (L. pennellii intro-
gression) carrying a homologous introgression on the
bottom end of chromosome 4 (Fig. 1) from green-fruited
species were significantly different from the control in at
least one location with respect to most of the traits mea-
sured. The effects of the introgressed segment were simi-
lar in the three NILs: enhanced external (ECOL) and in-
ternal color (ICOL) and soluble solid concentration
(SSC), decreased fruit weight (FW) and yield (YDT and
YDR) and induced elongated fruit and epidermis reticu-
lation (ER) (Fig. 2), athough the magnitude of these ef-
fects was different for severa traits. 1L4-4 showed
stronger undesirable effects than TA517 and TA1160,
with a higher reduction of YRD, BYRD and FW and
more severe ER. On the other hand, 1L4-4 showed a
higher increase of SSC than TA1160 and TA517, where-
as the increase in ICOL, ECOL and plant weight (PW)
was similar to that of TA517. Significant differences in
the magnitude of the effects for PW and FW, FS and
ECOL were also found between TA517 and TA1160

(Fig. 2).

Gene action for chromosome 4 NILs

The gene action (d/[a]) estimated with the hybrids
TAB517 x TA209 and TA1160 x TA209 was similar for
severa traits (Fig. 3): dominance for ER and additive for
FW, YDT and BYDT. In contrast, TA517 x TA209
showed significant dominant gene action for 1COL,
ECOL and SSC, whereas the gene action for these traits
was not significant different from additivity for TA1160
x TA209. The mode of gene action for TA1160 x TA517
was additive for most the traits except for overdomi-
nance for SSC and L/D and recessive for ECOL.

Epistatic interactions between chromosome 1 (TA523)
and chromosome 4 (TA517 and TA1160)

TA523, containing a 40-cM introgression to the bottom
of chromosome 1 from L. hirsutum, has previously been
shown to increase SSC, YDT, BYDT, ECOL and de-
crease FW and induce more rounded fruit (Bernacchi
et al. 1998a, Monforte et al. 2000). Interactions among
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the QTLs on chromosome 1 and chromosome 4 were
studied by crossing TA523 with TA517 and TA1160.

YDT, BYDT, FW, ER and L/D vaues of the double-
NILs TA1160 x TA523 and TA517 x TA523 did not de-
viate from the expected value according to the additive
model (Fig. 4). On the other hand, both double-NIL hy-
brids showed significant lower than expected values for
ICOL , indicating negative epistatic interactions between
the introgressions. Negative epistatic interactions were
also detected for SSC and ECOL, but only in the TA517
x TA523 double-NIL.

Interactions among QTLs on chromosome 4 with genetic
backgrounds and environments

TA1160 (L. peruvianum introgression) was crossed with
four different inbred testers, TA209 (original genetic
background), TA446, TA502 and TA1149, and evaluated
in field trials in six locations around the world (Table 1).
TA1160 showed significant effects on the agronomic
traits (FW, B, YRD and BY RD) but not on the fruit traits
(ECOL, ICOL, FS). Location (environment) had the
most significant effect on al traits. In addition, the tester
(genetic background) affected several agronomic traits
(e.g. FW, SSC YDR and FS). However, despite the indi-
vidual large effects observed for both environment and
genetic background, significant interactions of the intro-
gression with either environments or testers were not de-
tected. QTL alleles on chromosome 4 from L. peruvia-
num maintain their effects across locations and testers.
The only exception was for FS; TA1160 showed elongat-
ed fruits only in the TA209 and TA446 backgrounds but
not in the TA502 and TA 1149 backgrounds.

Combining introgressions from different wild species

Two introgressions were combined in a single double-
NIL (TA1451) by crossing TA1150 (which carries an in-
trogression on chromosome 1 from L. chmiewleskii, ho-
mologue to the introgression in TA523, and is known to
increase SSC, YDR and BYDR; Paterson et al. 1990;
Tanksley unpublished results) with TA1160 (Fig. 1). Hy-
brid NILs (TA1150 x TA209, TA1160 x TA209), hetero-
zygous double-NIL (TA1451 x TA209) and control
(TA209) were evaluated at six locations. Environmen-
tal effects were large and statistically significant for al-

Fig. 3 Gene action for chromosome 4 introgressions from L. hir-
sutum (TA517) and L. peruvianum (TA1160). Means for the traits
of the NILs and crosses (TA1160, TA517, TA1160 x TA209 and
TAS517 x 1160) analyzed in Itahaca, N.Y. are expressed as the pe-
rentage of difference relative to the control (TA209). Horizontal
lines indicate the expected value of the corresponding hybrid ac-
cording to the additive model. Dark vertical bars indicate a signif-
icant deviation from additivity (a < 0.05). The mode of gene ac-
tion d/a) estimated from homozygous and hybrid NILs means is
gen below each hybrid
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Table 1 Significance (P) for

the effects from ANOVA of ECOL ICOL FS FW SSC YRD BYRD
TA1160 introgression on fruit P
traits (ECOL, ICOL and FS)
YRD ad BYRD) across testers | Tester 0254 0342 <0001 <0001 <0001 0423 0.441
and locations. The means Location <0.001 <000l <0001 <0001 <0001 <0.001  <0.001
also shown P4*Location 0.842 0.081 0.821 0.732 0.732 0.152 0.393
Tester*|ocation 0.974 0.264 0.242 0.641 0.641 0.392 0.322
P4* tester*|ocation 0.857 0.112 0.304 0.202 0.202 0.883 0.954
Means across
tester and locations
TA209 2.89 2.72 3.18 74.2 49 87.31 419.42
TA1160 x TA209 2.86 2.80 3.22 68.04 519 80.37 400.14
;g?elgcz a?dgg!]gm?ﬁe(nptgog_h © ECOL ICOL FS FwW SSC YRD BYRD
fects from ANOVA for the inter- P
action between the TA1160 and
TA1150 introgressions. P4 indii- P4 0.830 0.021 <0.001 <0.001 <0.001 0.152 0.698
cates the effect of the L. peruvi- Chm1 0.007 <0.001 <0.001 0.012 0.011 0.123 0.048
osomme4in TA1160. Chmlin-  P4*Chml 0.500 0.552 0.590 0.246 0.832 0.415 0.612
dicates the effect of L. chmie- PA* L ocation 0.240 0.244 0.783 0.618 0.866 0.851 0.897
P4* Ch1*Location 0.782 0.400 0.010 0.093 0.566 0.732 0.783

introgression in TA1150

most all traits, but Genotype x Environment interactions
were low and generally statistically non-significant.
(Table 2). Both TA1160 (P4) and TA1150 (Chml) in-
trogressions showed significant effects for amost every
trait (Table 2), however the direction of the effects was
not always the same. Both introgressions increased SSC
and significantly induced elongated fruits, whereas the
direction of the effects was the opposite for FW and
ICOL (Fig. 5). The TA1150 introgression decreased
ECOL and ICOL, whereas the TA1160 introgression de-
creased FW and increased ICOL. Interactions between
introgressions were not significant for any trait, indicat-
ing that the effects of both introgressions are additive
(Table 2, Fig. 5).

Fine mapping of QTLsin the L. hirsutum
chromosome 4 NIL

The introgressed segments for the chromosome 4 NILs
(TA1160, TA517, IL4-4; Fig. 1) are sufficiently large to
contain many genes. In an attempt to obtain a better char-

Fig. 4 Epistatic interactions between chromosome 1 (TA523) and
chromosome 4 (TA517 and TA1160) introgressions. Means for the
traits of the NILs and corresponding hybrids (TA1160 x TA209,
TA517 x 209, TA523 x TA209, TA1160 x TA523 and TA1160 x
TA523) analyzed in Ithaca, N.Y. are expressed as a percentage rel-
ative to the control (TA209). Horizontal lines indicate the expected
value of the double NIL according to the additive model. Dark
vertical barsindicate significant deviation from additivity, i.e. sig-
nificant epistasis (o < 0.05)

acterization of the QTLs included in these region and to
determine whether these multiple effects are due to plei-
otropy or linkage, we studied a new set of recombinant
lines (subNILs) with shorter introgressions than TA517
NIL (Fig. 1). SubNILs means were compared with the
control TA209 to estimate QTL positions and effects, to-
gether with marker mean comparisons (Figs. 6, 7).

Plant weight (PW)

TAB17 significantly increased PW by 125% (Fig. 6).
TA1459, TA1463, TA1464, TA1465, TA1466, TA1467,
TA1475 and TA1477 showed an average increment of
108% with respect to PW (Fig. 6). TA1463 was the
shortest subNIL that still significantly increased PW. To-
gether, these results are consistent with a single locus af-
fecting plant weight near TG155, between TG555 and
CT50 (18.2 cM). The estimated additive effect based on
subNIL analysis for this locus (hereafter referred as
pw4.1) was a = 54%, and the mode of gene action was
partia recessive (d/a=-0.46, Fig. 8).

External color (ECOL)

TA517 increased significantly ECOL in both the homo-
zygous and heterozygous conditions (Fig. 6). TA1475
was the only subNIL that showed a statistically signifi-
cant improvement in ECOL at both locations, whereas
TA1465, TA1466, TA1467, TA1473 and TA1477, carry-
ing introgressions between CT50 and CP57 (Fig. 1), sig-
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FI— Ext Color —~4— Skin —A— shape —%— Int. color —¥— L/D l l+ Plant weight —g§— FW A Brix —% Yield —@— Brix*Yield

ISRAEL

-Log(P)
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ITHACA

[}
[32]
[a]
O

TG65
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TG155)
CT50
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CT173
TG22

CT253
CT199
TG464

Fig. 7 Significance [Log(p)] of the marker means comparisons for
various traits in the subNIL population in both Itahaca and Israel.
Positive values of Log(p) indicate that L. hirsutum alleles in-
creased the trait mean, whereas negatie values mean that L. hirsu-
tum alleles decreased the trait mean

nificantly increased ECOL in at least one location
(Fig. 6). The failure to detect significant effects in other
NILs carrying similar introgressions effects among loca-
tions may be attributable to sampling errorsin trial color
evaluations and/or differences in the ripening stage of
the fruits among NILs and locations at evaluation time.
Furthermore, the high ECOL of TA1475 has been recon-
firmed in subsequent trials (data not shown). The results
are consistent with a single locus (hereafter ecol4.1) near
CT133 between CT50 and CD39 (5.5 cM). The additive
effect (Isragl/Ithaca) was relatively modest (a = 4.7/7%),
and the mode of gene action additive (d/a = 0.24/0.28)

(Fig. 8).

Internal color (ICOL)

TA517 increased ICOL in both the homozygous and het-
erozygous conditions (Fig. 6). The TA1232, TA1468,
TA1470, TA1473, TA1474, TA1476 subNILs sharing
introgressions between CP57 and TG464 (13.5 cM,
Fig. 1) increased significantly ICOL at both locations
(Fig. 6). In addition, TA1467 (with an introgression

log(P)

TG65
TG120]
TG574/
TG155
CT50
CT133]
CD39 |
CP57
CT173]
TG22 |
CT253
CT1994
TG464

from TG555 to CT199, Fig. 1), TA1465, TA1466 (both
with an introgression from TG555 to CT173, Fig. 1),
and TA1471 (introgression between CP57 and TG464,
Fig. 1) significantly increased ICOL in Israel (Fig. 6). At
the time of harvesting, ICOL was more difficult to evalu-
ate in Ithaca than in Israel, which may explain some of
the discrepancies between locations. The ripening stage
of the plants was different at harvest between locations —
in Israel the ratio of mature/green fruits was higher than
in Ithaca — which could have influenced the color evalu-
ation because the accumulation of color is achieved dur-
ing the last stages of ripening. Also, the weather condi-
tions generally are colder in Ithaca and the sunlight is
less intense,both of which influence tomato ripening and
color development (Grierson and Kader 1986). Further-
more, |ICOL was evaluated in Israel pre- and post-
harvest by two independent observers with similar re-
sults (R?2 = 55%), making the Israel data more reliable.
As final proof, TA1467 showed high ICOL in subse-
guent replicated experiments (data not shown), support-
ing the Israel data.

The results from Isragl are consistent with asingle lo-
cus controlling the ICOL (hereafter icol4.2) located be-
tween the CP57 and CT173 markers (2.3-cM interval).
The additive effect was strong in Israel (a = 30%) and
the gene action additive (d/a= 0) (Fig. 8).
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Fig. 8 Summary of the de-
duced map position of the QTL
located within the TA517 intro-
gression based on subNIL ana-
lysis. Black bars indicate the

position according to Israel

data, and white bars indicate
the position according to Ithaca
data. The estimate of additive
effects (a) as a percentage from
the control and ode of gene
action (d/[4]) is also shown

Epidermal reticulation (ER)

TA517 showed ER in both the 73, TA1474, TA1476,
with an introgression between CP57 and TG464
(Fig. 1), showed ER consistently in both locations
(Fig. 6). These results suggest that there is a locus for
ER (er4.1) between CT253 and TG464 (3.8 cM) with
major effects (a = 82/75%) and that the mode of gene
action is dtrictly additive (d/a = 0.05/0) (Fig. 8).
TA1459, TA1463, TA1464 and TA1466 aso showed ER
in Ithaca, but much milder that the previous NILs. Thus,
the possibility of another locus affecting ER with minor
effects in another position within the introgression can
not be rejected.
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Fruit shape (F9

TA517 only showed elongated fruits when heterozygous
(Fig. 6), whereas TA1232, TA1468, TA1469, TA1470,
TA1473 and TA1476 yielded elongated, oval fruit when
homozygous in both locations (Fig. 6). The L/D ratio of
TAS517 fruit was L/D = 1.17, which was similar to that of
TA209 fruit (L/D = 1.15), whereas TA517 x TAZ209,
TA1232, TA1468, TA1469, TA1470, TA1471, TA1473,
TA1474 and TA1476 fruit (average L/D = 1.24) were Sig-
nificantly more elongated than TA209 fruit. TA517 yielded
very small fruit, smaller than that of the subNILs (see next
paragraph); the low L/D ratio of TA517 fruit may due to
the fact that the fruit were very small. The data is consis-
tent with a single locus (fs4.1) located between CT253 and
TG464 (3.8 cM), the same interval where er4.1 was locat-
ed. The additive effect was a = 7.9/8.7%, and the mode of
gene action was partially recessive (d/a=-0.2/-0.44).



Fruit weight (FW)

TA517 produced fruit 40% lighter than TA209 (Fig. 6).
In Israel most subNILs also produced fruit significantly
smaller than TA209 (Fig. 6), yet larger than TA517. All
markers in the introgression showed significant effects
on FW in both locations (Fig. 7). These results, and the
fact that subNILs with non-overlapping introgressions
(e.g. TA1463 and TA1469 in Israel) showed significantly
lower FW than TA209, suggest that there are at least two
FW loci located on the TA517 introgressed segment:
fw4.2a located between TG555 and CT50 (18.2 cM),
with additive effect a = —10/-9% and a partial dominant
mode of gene action (d/a = 0.54/0.1), and fw4.2b be-
tween CP57 and TG464 (13.5 cM), with a = —9.8/-8%
and the additive mode of gene action (d/a = 0.18/0.01,
Fig. 8). The fact that the FW of the subNILs was in gen-
eral lower than that of TA209 but higher than that of
TA517 suggests that the effects of the fw4.2a and fw4.2b
are additive.

Soluble solids concentration (SSC)

TA517 significantly increased SSC in both the homozy-
gous and heterozygous conditions (Fig. 6). Similarly to
FW, most of the homozygous subNILs had a significant
higher SSC than the TA209 control (Fig. 6) but lower
than TA517. This fact and the observation that subNILs
carrying non-overlapping introgressions increased SSC
(as TA1463 and TA1468 in Israel) also suggest that there
are at least two SSC loci within the TAS517 introgressed
segment: ssc4.1 between TG555 and CT50 (18.2 cM),
with additive effects a = 6/5.3% and a mode of gene
action variable between locations (d/a = —1/0.25), and
ssc4.2 between CP57 and TG464 (13.5 cM), with addi-
tive effects a = 7/4.8% and an additive mode of gene ac-
tion (d/a=-0.28/-0.01, Fig. 8).

Total yield (YDT) and red yield (YDR)

TA517 significantly decreased YDT and YDR (Fig. 6).
TA1464 and the TA1475 x TA209 hybrid significantly
increased YDR, whereas TA1469 and TA1473 signifi-
cantly decreased YDR in Israel (Fig. 6). Other subNILs
did not show significant effects on these traits, which
may be explained by the high variability of the traits.
Comparisons of the marker means indicate that markers
on the distal part of the chromosome are associated with
reduced yield, whereas markers towards the centromere
are associated with increased yield (Fig. 7). No signifi-
cant effects on YDT were detected among the subNILs
in Ithaca, which may be attributed to the smaller sample
size of the families as suggested by subthershold effects
detected by marker mean comparison (Fig. 7). Data from
Israel suggested that there are at least two yield QTLslo-
cated in the opposite extremes of the introgression
(Fig. 8): ydr4d.2a (between TG155 and CD39, 21.5 cM),

585

with positive additive effects (a = 9.3%) and a dominant
made of gene action (d/a = 1.9), and ydr4.2b (between
CT253 and TG464, 3.8 cM) with negative additive
effects (a = —15.85%) and an additive mode of gene ac-
tion (d/a = 0.13). Other NILs sharing the same introgres-
sion as TA1475 and TA1464 (eg. TA1465, TA1466)
were not associated with increased yield, rendering the
assumptions about ydr4.2a inconclusive. Further experi-
ments must be carried out to verify the presence of that
QTL inthe TA517 introgressions.

Brix* Yield (BYDT and BYDR)

TA1464 and TA1475 and the TA1475 x TA209 hybrid
significantly increased BYDT and BYDR in Israd
(Fig. 6). These data together with the comparison of the
marker means (Fig. 7) suggest that there isa BYDR lo-
cus (bydr4.1a) between TG155 and CD39 (21.5 cM)
with positive additive effects (a = 15.07 %) and a domi-
nant mode of gene action (d/a = 0.9). bydr4.1a may be
the combined effect of the ydr4.la and ssc4.la loci
(Figs. 7 and 8). TA1473 significantly decreased BYDR
and BYDT in Israel, suggesting the presence of a second
locus (bydr4.1b or bydt4.1b) between CT253 and TG464
(3.5 cM) with negative additive effects (a = —11/-13 %)
and an additive mode of gene action, d/a = 0.05/ 0.96,
probably induced by the negative effects of ydt4.1b/
ydr4.1a. The increased BYDR in TA1475 and TA1464,
as with YDR, was not observed in similar subNILsS;
again, the effects of this QTL need to be verified by fur-
ther experimentation.

Discussion
Common allelic effects from green-fruited species

QTL aleles with favorable effects from an agronomical
perspective have been reported in severa independent
studies involving different wild tomato species including
L. pennellii (Eshed and Zamir 1995), L. pimpinellifolium
(Tanksley et al. 1996), L. hirsutum (Bernacchi et al.
1998b) and L. peruvianum (Fulton et a. 1997). Howev-
er, due to confounding factors, such as the use of differ-
ent sets of markers, different environments and sampling
errors in the estimate of the genetic effects, it has not
been possible to directly compare allelic effects among
those different wild species. To remedy this situation, a
set of NILs has been constructed in which direct compar-
isons can be made in common experiments. NILs with
introgressions in the bottom end of chromosome 4 from
the green-fruited species L. pennellii, L. peruvianum and
L. hirsutum showed significant effects for most of the
same traits (Fig. 2), including a number of important ag-
ronomic traits such as SSC, FW, YDT and YDR. The
three NILs aso showed effects on fruit traits that were
opposite to those predicted by the donor wild parent phe-
notype. L. pennellii, L. peruvianum and L. hirsutum pro-
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duce green, round and smooth-skinned fruit, however the
NILs derived from these species (IL4-4, TA1160 and
TA517) increased ECOL, ICOL, had rough skin (epider-
mal reticulation, ER) and elongated oval fruit. These
findings reinforce the usefulness of introgressing chro-
mosomal segment from wild species to reveal novel and
unexpected phenotypic variation.

Although the direction of the effects was similar
among NILs, some facts suggest that there is genetic
variability for the traits among the NILs: (1) the magni-
tude of the effects in TA1160 and TA517 were different
for FW, FS, ECOL and PW (Fig. 2); (2) the dominance
deviation of the respective hybrids and/or the magnitude
of the epistatic interactions with the introgression on
chromosome 1 included in TA523 were clearly different
for traits such as SSC and ECOL (Figs. 3, 4). This genet-
ic variability can be used to design different breeding
programs with these NILs and provide the basis for the
biological characterization of the QTLs included within
them.

QTL x environment interaction

Genotype x environment (G x E) interaction is a com-
mon phenomenon encountered in quantitative genetics
and plant breeding (Falconer 1989; Hallauer and Miranda
1988). Ironically, QTL x E interactions are not encoun-
tered nearly as frequently in QTL studies (Stuber
et a. 1992; Ragot et a. 1995; Melchinger et a. 1998;
L Ubberstedt et al. 1998; Austin and Lee 1998). This dis-
crepancy may result from the statistic tests used to detect
QTL x E interactions as these are less powerful that
those for G x E interactions (Melchinger et al. 1998).
Consequently, the lack of detection of QTL x E interac-
tions in segregating populations is not a good indicator
of the actual QTL x E interactions.

Estimating G x E interactions using NILs provides a
more robust estimate of QTL x E interactions because
the latter can then be studied with the same power as
G x E interactions. While the magnitude of the QTL ef-
fects estimated in the GB trials differed among environ-
ments, the QTL x E interactions were minimal and sig-
nificant only for FS and YDR. The QTLs on chromo-
some 1 and 4 had been identified previously in advanced
backcross populations in replicated trials among several
locations and were selected because of their potential
stable effects across environments; hence the QTL s stud-
ied here are not a random sample, which may explain the
low level of QTL x E interactions observed.

QTL x genetic background interaction

Studies in maize and barley have shown that QTL x ge-
netic background interactions can be important (Doebley
et al. 1995; Melchinger 1998; Toojinda et al. 1998). The
magnitude of QTL x G interactions is a critical issue if
QTL alleles discovered in one genetic background are to

be transferred via marker-assisted selection into another
genetic background. Specifically, low QTL x G interac-
tions are desirable because: (1) the QTL allele could be
transferred to a broad range of cultivars; (2) the tester
may change over time in breeding programs, so the intr-
ogressed QTL allele could be useful over a longer time
period. In the current experiment, the testers showed sig-
nificant effects for traits as FS, FW and SSC, but the
NIL x tester interactions were not significant, except for
FS (Table 1). These results demonstrate that the QTLs
aleles from L. peruvianum included within the TA1160
introgressions may be used in a broad range of breeding
programs involving different elite tomato cultivars and
that TA1160 likely could be used in future breeding pro-
grams for developing new inbred and hybrids.

QTL alele interactions among species

The exploitation of wild germplasm genetic resources re-
quires the identification and introgression of alleles with
favorable effects on specific traits as well as the exploi-
tation of the new genetic interactions arising after the in-
trogression into the elite modern cultivars. Thus, once a
wild QTL alele is successfully incorporated into elite
germplasm, the next step isto combine it with other wild
QTL alleles located in the same or other genomic region.
In these cases, specific QTL x QTL alele interactions
(inter- and intra-locus) must be either positive or at least
not negative.

Intra-loci interactions were studied in the hybrid
TA1160 (L. peruvianum) x TA517 (L. hirsutum). The
most remarkable result was that the hybrid TA1160 x
TA517 showed heterosis for SSC (d/a= 16.79) compared
with the additive (d/a=—0.23) and dominant (d/a= 1.95)
gene action of their respective hybrids with TA209.

The study of inter-loci (epistasis) interactions showed
that L. hirsutum alleles on chromosomes 1 (TA523) and
4 (TA517) affecting SSC and ECOL interacted negative-
ly, whereas L. peruvianum alleles on chromosome 4
(TA1160) did not interact with any of the L. hirsutum
(TA523) and L. chmiewleskii (TA1150) alleles on chro-
mosome 1 for any of the studied traits (Fig. 4, Table 2).
These results suggest that the genetic interactions could
be different depending on the wild accession aleles
combined. Less-than-additive epistatic interaction can
occur when two introgressions are combined (e.g. Eshed
and Zamir 1996), but they could be avoided or mini-
mized by combining the appropriate wild aleles. Fur-
thermore, the combination of two introgressions can aso
be useful to minimize the undesirable effects and in-
crease the breeding potential. For example, pyramiding
QTLs from TA1160 and TA1150 yielded two major ben-
efits (Fig. 5):

1) SSC improvement. The average increment of SSC for
each individual NIL TA1160 and TA1150 compared
with TA209 control was 6% and 5%, respectively.
The increment in the double-NIL TA1160+TA1150



was 18%. The double NIL also showed a combined
increase of 14% on BYRD.

2) Compensation of deleterious undesirable effects.
TA1160 reduced FW and YDR, whereas TA1150 re-
duced ICOL and ECOL. These undesirable effects
were, at least in part, compensated for in the double-
NIL as TA1160 + TA1150 did not show significant sta-
tistic differences in YDR, FW, ECOL and ICOL when
compared with the TA209 control, having a better ag-
ronomic performance than any of the original NILs.

The results presented in the current study indicate that
the exploitation of the genetic interactions (intra- and in-
ter-locus) justifies the effort to develop NILs carrying
the same introgression from different wild species.

Fine mapping of QTLsfrom L. hirsutum
on chromosome 4

The distal region of chromosome 4 is avery complex ge-
netic region affecting several important agronomic and
fruit traits (Eshed and Zamir 1995; Tanksley et a. 1996;
Bernacchi et al. 1998ab; Fulton et a. 1997; Figs. 3
and 4, this report). By substitution mapping it was possi-
ble to distinguish between linkage and pleiotropy for
severa loci (Fig. 8). Thus, icol4.2, ecol4.1, erd.l, fs4.1
and pw4.1 can be clearly separated as single independent
loci in the introgressed region.

In addition, the fine mapping results show that the
agronomic traits (FW, SSC, YDR, YDT, BYDR) are
controlled by multiple loci located within the 50-cM in-
trogression of TA517. Two genetic loci are postulated
for most agronomic traits (e.g. fw4.2a, fw4.2b, ssc4.1,
ssc4.2, ydr4.2a, ydr4.2b, byrd.1a, byr4.1b), but we can not
reject the possibility that there actually are more loci with-
in this region affecting some of those traits. The loci affect-
ing these traits are grouped in two clusters, fw4.2a-ssc4.1-
ydr4.2a-byr4.1a and fw4.2b-ssc4.2-ydr4.2b-byr4.1b, which
are located in opposite regions of the introgression (Fig. 8),
but no recombination within any of those cluster was ob-
served. In most of the previous investigations FW and SSC
have been found to be usually negatively correlated, and
FW and SSC QTLs often map on similar genomic regions
(Goldman et a. 1995; Tankdey et a. 1996; Fulton et .
1997). Similarly, YDR and SSC usually are negatively cor-
related (Stevens and Rudich 1978). A reduction in FW
could lead to an increase in the sugar concentration in the
fruit and also a reduction of yield. Therefore, these effects
may be the consequence of pleiotropy rather than severa
linked genes, athough a more thorough study is necessary
to discern between these hypotheses.

Both pairs of loci, ssc4.1-ssc4.2 and fw4.2a-fw4.2b,
seem to act additively, as suggested by the fact that sub-
NILs carrying only one of them showed larger fruit and
lower SSC than TA517 but smaller fruits and higher SSC
than TA209. The genetic dissection of YDR loci re-
vealed more complexity. TA517 homozygous subNIL
decreased YDR by 32 % compared with the TA209 con-
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trol in Israel. However, an increase of YDR (above
TA209) was found to be associated with the interval be-
tween TG155 and CT50 (ydr4.2a), whereas the negative
effects were associated with the most distal region of the
chromosome between CT253 and TG464 (ydr4.2b). The
interaction between the two loci seems to be very com-
plex, yrt4.2b (or any other locus linked to it) seemsto re-
press the positive effects of ydr4.2a when both loci are
together in the TA517 original NIL.

New loci for fruit color

Among the traits we studied, fruit color is the one for
which our knowledge of the biochemical pathways and
genetic contral is the most complete. The red color of
ripe tomatoes is due to the accumulation of the carotenoid
lycopene (Lava-Martin et a. 1975; Cunningham and
Gantt 1998)). SubNILs for chromosome 4 showing an in-
crease in color also accumulate more lycopene (Monforte
and van der Hoeven, unpublished results), therefore,
genes coding for enzymes involved in the carotenoid
pathway could be candidate genes for the QTLs affecting
color. For example, Ronen et al. (1999) found that the or-
ange fruit color of the tomato mutant Delta is caused by a
mutation in the lycopene &-cyclase gene, whose enzymat-
ic product converts lycopene into d-carotene, thereby giv-
ing the orange color. In the mutant Delta, lycopene &-cy-
clase is not down-regulated as in the normal tomato, thus
preventing the accumulation of lycopene and resulting in
the accumulation of o-carotene. Neither the lycopene
cyclases, other genes known to be involved in the carot-
enoid pathway, such as phytoene synthase, phytone desat-
urase and zeta-carotene desaturase nor other ripenening-
related genes map within the introgression in chromo-
some 4 (Tanksley et a. 1992; Bartley and Scolnick 1993;
Ronen et al. 1999; Giovanonni et al. 1999; D. Zamir, per-
sonal communication; Monforte and van der Hoeven, un-
published results), consequently ruling out the possibility
that the high color observed in the chromosome 4 NILsis
due to alelic variation of a gene involved in the carot-
enoid pathway. Two independent loci affecting fruit color
were detected within the introgression, ecol4.1 and
icol4.2, indicating that color accumulation in the external
and internal organs of the fruit is, at least in part, under
different genetic control. Fulton et a. (1997) also detect-
ed loci affecting ECOL but not ICOL in an AB popula-
tion from a cross between L. esculentum and L. peruvian-
um. ecol4.1 and icol4.2 could be newly discovered regu-
latory genes of the carotenoid pathway genes predomi-
nantly affecting quantitative aspects of the pathway and
possibly up-regulating enzymes in the upstream steps of
the biosynthetic pathway.

Implications for QTL analysis

The number of QTLs detected using the common segre-
gation populations varies from 1 to 18, but is usually less
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than 8 (Tanksley 1993; Kearsey and Farquhar 1998).
This might suggest that quantitative traits are usually
controlled by afew QTLs, however it might also reflect
the limitations of QTL mapping in such populations with
the current experiment designs. The anaysis of NILs
carrying small introgressions of a donor genome sup-
ports the second argument. For example, Eshed and
Zamir (1995) detected 23 QTL for SSC using an intro-
gression line population from L. pennellii, whereas
only 4-13 were detected using segregating populations
(Paterson et al. 1988, 1991; Goldman et al. 1995; Fulton
et a. 1998; Grandillo and Tanksley 1996; Tanksley et al.
1996; Bernacchi et al. 1998a). Similarly, Bernacchi et al.
(1998b) found that NILs showed significant effects for
traits not detected in the previous BC; population from
which those NIL were developed (Bernacchi et al.
1998a). The results from the current study support these
last observations; for example, no fruit shape QTL had
been reported previously in the bottom end of chromo-
some 4 in any tomato interspecific cross (Grandillo et al.
1999), whereas 1L4-4, TA517 and TA1160 have a FS
QTL within their respective introgressions on chromo-
some 4, which makes fs4.1 a newly discovered QTL for
fruit shape.

Moreover, a distinction between pleiotropy and close-
ly linked QTLs using segregating population is normally
not possible due to the low resolution of the QTL map-
ping (Maguin et al. 1998; Lebreton et al. 1998), also re-
sulting in an underestimate of the number of QTLSsS af-
fecting a trait. Recently, fine mapping experiments have
shown that it is not uncommon that a genomic region
displaying QTL activity contains severa tightly linked
QTLs (Eshed and Zamir 1995; Tunistra et al. 1998;
Graham et al. 1998). In agreement with these studies, we
report a minimum of two loci for SSC and FW and YRD
and BYRD included in the 50-cM TA517 introgression.
Although this is not always necessarily the case (e.g.
fs8.1 and fw2.2 are most likely single loci affecting fruit
shape and size in tomato, respectively; Grandillo et al.
1996; Alpert and Tanksley 1996), the fine-mapping stud-
ies suggest that the hypothesis of linkage of QTLS can
not be rejected a priori.

Recently, there is growing concern about the reliabili-
ty and accuracy of the QTL effects estimated in the com-
mon segregating populations. It is well-documented that
QTLs effects are generally overestimated (Lande and
Thompson 1990; Melchinger et al. 1998). As Kearsey
and Farquhar (1998) remark “Actua data must be
viewed with due awareness of these biases and limita-
tions on reliability”. In the present report, QTL ef-
fects detected in AB populations (Fulton et a. 1997,
Bernacchi et al. 1998a) have been verified in several to-
mato wild species, thereby validating the data obtained
in the previous populations. These results reinforce the
idea that segregating populations are a good starting
point to detect QTLs. With regards to the accuracy of the
estimates of the effects, our results support the observa-
tions of Lande and Thompson (1990) and Melchinger et
al. (1998). One added problem to the estimation of the

QTL effectsin the bottom region of the chromosome 4 is
that, as revealed by the fine mapping experiment, this re-
gion contains multiple QTLs affecting several agronomic
and fruit traits. The estimate of the genetic effects of a
region with multiple QTLs would depend on the genetic
interactions among them so that estimates based on the
effect of the region covering all of them could not be
valid for each single QTL. For example, the gene action
of the SSC QTLs included in the TA517 introgression
was expected to be dominant based on previous experi-
ments (Bernacchi et al. 1998a,b) and also the current
study (Fig. 2). However, fine mapping suggested that the
actual mode of gene action is additive, or even recessive
(Fig. 8). This incongruity was not found in every trait;
for example, the mode of gene action of fw4.2a and
fw4.2b was additive, as expected.

The low accuracy of the estimation of the QTL effects
in a segregating population is, at least in part, due to the
great genetic complexity underlying some quantitative
traits. Early generations are efficient material in which to
detect genomic regions displaying QTL effects. Howev-
er, the estimation of genetic effects are not so accurate in
such populations and must be further evaluated in more
advanced generations.

Wild germplasm and breeding

With regards to the current study, the introduction of
QTL alleles from wild germplasm into a modern cultivar
has been achieved after following a series of steps:

1) Genomic regions carrying putative favorable QTL al-
leles were detected using molecular markers and QTL
analysis from tomato wild species L. peruvianum
(Fulton et al. 1997) and L. hirsutum (Bernacchi et al.
1998a).

2) The genomic region carrying the desirable effect
was isolated by means of the development of near-
isogenic lines (NILs) carrying known introgressions
from the wild donor.

3) Selected NILs were tested across several environ-
ments and elite genetic backgrounds. The effects were
consistent for most traits across locations and elite ge-
netic backgrounds, demonstrating the suitability of
exotic germplasm as a source of useful and stable al-
leles.

4) QTL aleles from two different wild species were
combined and their effects showed additivity. Further-
more, the negative effects showed for one of the intro-
gressions were partially compensated by the other.

5) Undesirable linkage drag has been broken by devel-
oping new recombinant lines (subNILs). Thus,
TA1467 showed high SSC, increased in ICOL and
ECOL, reduced ER, did not have a significant reduc-
tion in YRD and showed only minimal effects on FW.

The favorable effects of wild QTL alleles and the possi-
bility of combining QTL alleles from different wild spe-
cies open new perspectives in plant breeding. It is now



feasible to exploit more efficiently hidden genetic varia-
tion in wild germplasm and to combine derived allelesin
elite cultivars. Even though the development of NILs re-
quires a large amount of work and resources, the new
possibilities in breeding make this effort worthwhile as
the pay-off can be multiplicative.

Acknowledgments We thank Dr. E. van der Knaap and Dr. R.
van der Hoeven for critical reading of the manuscript and stimu-
lating discussions. This work was supported in part by grants from
the National Research Initiative Cooperative Grants Program,
Plant Genome Program USDA No. 96-35300-3646 and No.
97-35300-4384, the Binational Agricultural Research and Devel-
opment Fund No. 95-34339-2560 and National Science Founda-
tion No. 9872617 to SDT. AJM was supported by a Postdoctoral
Fellowship from Ministerio de Educacion y Ciencia (Spain). The
experiments comply with the current laws of the countries in
which the experiments were performed.

References

Alpert KB, Tanksley SD (1996) High-resolution mapping and iso-
lation of a yeast artificial chromosome contig containing
fw2.2: a major fruit weight quantitative trait locus in tomato.
Proc Natl Acad Sci USA 93: 15503-15507

Austin DF, Lee M (1998) Detection of Quantitative Trait Loci for
grain yield and yield components in maize across generations
in stress and non-stress environments. Crop Sci 38:1296-1308

Bartley GE, Scolnik PA (1993) cDNA cloning, expression during
development, and genome mapping of PSY2, a 2nd tomato
gene encoding phytoene synthase J Biol Chem 268:25718—
25721

Bernacchi D, Tanksley SD (1997) An interspecific backcross of
Lycopersicon esculentum x L. hirsutum: linkage analysis and a
QTL study of sexual compatibility factors and floral traits.
Genetics 147:861-877

Bernacchi D, Beck-Bunn T, Eshed Y, Lopez J, Petiard V, Uhlig J,
Zamir D, Tanksley SD (1998a) Advanced backcross QTL
analysis in tomato. |. Identification of QTLs for traits of agro-
nomic importance from Lycopersicon hirsutum. Theor Appl
Genet 97:381-397

Bernacchi D, Beck-Bunn T, Emmatty D, Eshed Y, Inai S, Lopez J,
Petiard V, Sayama H, Uhlig J, Zamir D, Tanksley SD (1988hb)
Advanced backcross QTL analysis of tomato. I1. Evaluation of
near-isogenic lines carrying single-donor introgressions for de-
sirable wild QTL-alleles derived from Lycopersicon hirsutum
and L. pimpinellifolium. Theor Appl Genet 97:170-180

Cunningham FX, Gantt E (1998) Genes and enzymes of carot-
enoid biosynthesis in plants Annu Rev Plant Physiol 49:
557-583

Doebley J, Stec A, Gustus C (1995) teosinte branchedl and the
origin of maize — evidence for epistasis and the evolution of
dominance. Genetics 141:333-346

Dunnett CW (1955) A multiple comparison procedure for compar-
ing severa treatments with a control. J Am Stat Assoc
50:1096-1121

Eshed Y, Zamir D (1994) A genomic library of Lycopersicon pen-
nellii in L. esculentum: a tool for fine mapping of genes. Eu-
phytica 79:175-179

Eshed Y, Zamir D (1995) An introgression line population of
Lycopersicon pennellii in the cultivated tomato enables the
identification and fine mapping of yield-associated QTL. Ge-
netics 141:1147-1162

Eshed Y, Zamir D (1996) Less-than-additive epistatic interactions
of quantitative trait loci in tomato. Genetics 143:1807-1817

Falconer DS (1989) Introduction to quantitative genetics. Long-
man Scientific and Technical, Harlow

Fulton TM, Beck-Bunn T, Emmatty D, Eshed Y, Lopez J, Petiard
V, Uhlig J, Zamir D, Tanksley SD (1997) QTL analysis of an

589

advanced backcross of Lycopersicon peruvianum to the culti-
vated tomato and comparisons with QTLs found in other wild
species. Theor Appl Genet 95:881-894

Goldman IL, Paran |, Zamir D (1995) Quantitative trait locus
analysis of a recombinant inbred line population derived from
a Lycopersicon esculentum x Lycopersicon cheesmanii cross
Theor Appl Genet 90:925-932

Graham GI, Wolff DW, Stuber CW (1998) Characterization of a
yield quantitative trait locus on chromosome five of maize by
fine mapping Crop Sci 37:1601-1610

Grandillo S, Tanksley SD (1996) QTL Analysis of horticultural
traits differentiating the cultivated tomato from the closely
related species Lycopersicon pimpinellifolium. Theor Appl
Genet 92: 935-951

Grandillo S, Ku H-M, Tanksley SD (1996) Characterization of
fs8.1, a major QTL influencing fruit shape in tomato. Mol
Breed 2:251—260

Grandillo S, Ku HM, Tanksley SD (1999) Identifying loci respon-
sible for natural variation in fruit size and shape in tomato.
Theor Appl Genet 99:978-987

Grierson D, Kader AA (1986) Fruit ripening and quality In:
Atherton JG, Rudich J (eds) The tomato crop. Champman and
Hall, London, pp 241-280

Hallauer AR, Miranda JB (1988) Quantitative genetics in maize
breeding. lowa State University Press, Ames, lowa

Jiang C, Zeng Z-B(1995) Multiple trait analysis of genetic map-
ping for quantitative trait loci. Genetics 140:111-1127

Kearsey MJ, Farquhar AGL (1998) QTL analysis in plants; where
are we now? Heredity 80:137—142

Lande R, Thompson R (1990) Efficiency of marker-assisted selec-
tion in the improvement of quantitative traits. Genetics 124:
743-756

Laval-Martin-D, Quennemet-J, Moneger-R (1975) Pigment evolu-
tion in lycopersicon-esculentum-var-cerasiforme fruits during
growth and ripening. Phytochemistry 14:2357-236

Lebreton CH, Visscher PM, Haley CS, Semikhodskii A, Quarrie
SA (1998) A nonparametric bootstrap method for testing close
linkage vs. pleiotrophy of coincident quantitative trait loci.
Genetics 150:931-943

Libberstdt L, Klein D, Melchinger AE (1998) Comparative
mapping of resistance to Ustilago maydis across four popula-
tions of European flint-maize. Theor Appl Genet 97:1321-
1330

Maguin B, Thouquet P, Oliver J, Grimsley NH (1999) Temporal
and multiple quantitative trait loci analyses of resistance to
bacterial wilt in tomato permit the resolution of linked loci.
Genetics 151:1165-1172

Melchinger AE, Utz HF, Schon CC (1998) Quantitative trait locus
(QTL) mapping using different testers and independent popu-
lation samples in maize reveals low power of QTL detection
and large hias in estimates of QTL effects. Genetics 149:
383403

Monforte AJ, Tanksley SD (2000) Fine mapping of a Quantitative
Trait Locus (QTL) from Lycopersicon hirsutum chromosome
1 affecting fruit characteristics and agronomic traits: breaking
linkage among QTLs affecting different traits and dissection
of heterosisfor yield. Theor Appl Genet 100:471-479

Nelson JC (1997) QceNE: software for marker-based genomic
analysis and breeding. Mol Breed 3:239-245

Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln SE,
Tanksley SD (1988) Resolution of quantitative traits into men-
delian factors by using a complete linkage map of Restriction
Fragment Length Polymorphisms. Nature 335:721-726

Paterson AH, DeVerna JW, Lanini B, Tanksley SD (1990) Fine
mapping of quantitative trait loci using selected overlapping
recombinant chromosomes in a interspecies cross of tomato.
Genetics 124:735-742

Paterson AH, Damon S, Hewitt JD, Zamir D, Rabinowitch HD,
Lincoln SE, Lander ES, Tanksley SD (1991) Mendelian fac-
tors underlying quantitative traits in tomato — comparison
across species, generations, and environments Genetics 127:
181-197



590

Ragot M, Sisco PH, Haisington DA, Stuber CW (1995) Molecu-
lar-marker-mediated characterization of favorable exotic al-
leles at quantitative trait loci in maize. Crop Sci 35:1306-1315

Ronen G, Cohen M, Zamir, D, Hirschberg J (1999) Regulation of
carotenoid biosynthesis during tomato fruit development: ex-
pression of the gene for lycopene epsilon-cyclase is down reg-
ulated during ripening and is elevated in the mutant Delta.
Plant J17:341-351

SAS Institute (1994) IMP statistics and graphics guide: version 3.
SAS Institute, Cary, N.C.

Stevens MA, Rudich J (1978) Genetic potential for overcoming
physiological limitations on adaptability, yield, and quality in
the tomato. Hort Sci 13:673-678

Stuber CW, Lincoln SE, Wolff DW, Helentjaris T, Lander ES
(1992) Identification of genetic factors contributing to hetero-
sisin a hybrid from two elite maize inbred lines using molecu-
lar markers. Genetics 132:823-839

Tanksley SD, Nelson JC (1996) Advanced backcross QTL analy-
sis: a method for the simultaneous discovery and transfer of
valuable QTLs from unadapted germplasm into elite breeding
lines. Theor Appl Genet 92:191-203

Tanksley SD, Grandillo S, Fulton TM, Zamir D, Eshed T, Petiard
V, Lopez J Beck-Bunn T (1996) Advanced backcross QTL

analysis in a cross between an elite processing line of tomato
and its wild relative L. pimpinellifolium. Theor Appl Genet
92:213-224

Toojinda T, Baird E, Booth A, Broers L, Hayes P, Powell W, Tho-
mas W, Vivar H, Young G (1998) Introgression of quantitative
trait loci (QTLS) determining stripe rust resistance in barley:
an example of marker-assisted line development. Theor Appl
Genet 96:123-131

Tunistra MR, Ejeta G, Goldsbrough P (1998) Evaluation of Near-
Isogenic sorghum lines contrasting for QTL markers associat-
ed with drought tolerance. Crop Sci 38:835-842

Van Ooijen JW (1992) Accuracy of mapping quantitative trait loci
in autogamous species. Theor Appl Genet 84:803-811

Wrike G, Weber WF (1986) Quantitative genetics and selection in
plant breeding. Gruyer, New York

Xiao J, Li J, Grandillo S, Ahn SN, Yuan L Tansley SD, McCouch
SR (1998) Identification of trait-improving quantitative
trait loci alleles from a wild rice relative, Oryza rufipogon.
Genetics 150:899-909

Yu SB, Li JX, Tan YF, Gao YJ, Li XH, Zhang Q, Saghai Maroof
MA (1997) Importance of epistasis as the genetic basis of het-
erosis in an elite rice hybrid. Proc Natl Acad Sci USA
94:9226—9231



