
Theor Appl Genet (1998) 97 : 170—180 ( Springer-Verlag 1998

D. Bernacchi · T. Beck-Bunn · D. Emmatty
Y. Eshed · S. Inai · J. Lopez · V. Petiard
H. Sayama · J. Uhlig · D. Zamir · S. Tanksley

Advanced backcross QTL analysis of tomato. II. Evaluation of near-isogenic lines
carrying single-donor introgressions for desirable wild QTL-alleles
derived from Lycopersicon hirsutum and L. pimpinellifolium

Received: 27 October 1997 / Accepted: 25 November 1997

Abstract Improved-processing tomato lines were pro-
duced by the molecular breeding strategy of advanced
backcross QTL (AB-QTL) analysis. These near-
isogenic lines (NILs) contained unique introgressions
of wild alleles originating from two donor wild species,
¸ycopersicon hirsutum (LA1777) and ¸. pimpinel-
lifolium (LA1589). Wild alleles targeted for trait im-
provement were selected on the basis of previously
published replicated QTL data obtained from ad-
vanced backcross populations for a battery of impor-
tant agronomic traits. Twenty three NILs were
developed for 15 genomic regions which were predicted
to contain 25 quantitative trait factors for the improve-
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ment of seven agronomic traits: total yield, red yield,
soluble solids, brix]red yield, viscosity, fruit color, and
fruit firmness. An evaluation of the agronomic perfor-
mance of the NILs in five locations worldwide revealed
that 22 out of the 25 (88%) quantitative factors showed
the phenotypic improvement predicted by QTL analy-
sis of the BC

3
populations, as NILs in at least one

location. Per-location gains over the elite control
ranged from 9% to 59% for brix]red yield; 14% to
33% for fruit color; 17% to 34% for fruit firmness; 6%
to 22% for soluble-solids content; 7% to 22% for
viscosity; 15% to 48% for red yield, and 20% to 28%
for total yield. The inheritance of QTLs, the implemen-
tation of the AB-QTL methodology for characterizing
unadapted germplasm and the applicability of this
method to other crops are discussed.

Key words Molecular breeding · Germplasm ·
Quantitative traits

Introduction

During the last decade molecular marker-based linkage
maps have been developed for many crops (reviewed in
Paterson 1996). The development of these linkage maps
was rapidly followed by studies aimed at identifying
discrete factors controlling quantitative traits (QTLs)
of agronomic importance. QTL-mapping studies have
now been reported in most crops for traits related to
yield, quality, disease and insect resistance, and envir-
onmental adaptation. The anticipated beneficial im-
pact of QTL mapping was based on the assumption
that QTL-alleles detected in segregating populations
could be treated as units of Mendelian inheritance and
that the incorporation of these alleles into elite breed-
ing lines would result in an enhanced performance.
However, in most instances, these assumptions have
not yet been experimentally confirmed.



Despite the large amount of QTL-mapping work
reported, the impact of QTL mapping on the develop-
ment of improved varieties has been minimal. This may
be due to the fact that QTL-mapping efforts have
largely been conducted independently from breeding
programs, and in many instances have not involved
elite-breeding germplasm. Therefore, the validity of
the underlying assumption that markers can aid in
the improvement of quantitative traits remains to be
demonstrated.

Recently, Tanksley and Nelson (1996) proposed
a new molecular breeding strategy based on QTL map-
ping that integrates the processes of QTL analysis and
variety development. This new procedure is referred to
as advanced backcross QTL analysis (AB-QTL). The
basic aspects of the AB-QTL strategy are described in
a companion paper (Bernacchi et al. 1998). This
method uses molecular markers to identify beneficial
alleles from unadapted germplasm with the potential to
improve the agronomic performance of elite cultivated
lines. These QTL-alleles are simultaneously transferred
into near-isogenic lines (NILs) for replicated testing.
Thus, a cycle of AB-QTL breeding (i.e., QTL discovery
and NIL development and testing) represents a direct
test of the underlying assumption of QTL breeding:
namely, that beneficial QTL-alleles identified in seg-
regating populations (BC

2
, BC

3
in AB-QTL) will con-

tinue to exert their positive effect when transferred to
elite lines.

So far, three AB-QTL analysis projects have produc-
ed QTL-mapping results for a battery of agronomic
traits of interest in processing tomato. The first study
used ¸. pimpinellifolium (PM) as donor parent (Tan-
ksley et al. 1996), the second ¸. hirsutum (H) (Bernacchi
et al. 1998), and the third ¸. peruvianum (Fulton et al.
1997). Herein, we report on the production and rep-
licated evaluation of a set of NILs developed from two
of the studies (¸. pimpinellifolium and ¸. hirsutum) and
we compare the performance of these NILs with that
predicted by the previously published QTL analyses.
The goal of this research was to test the viability of the
QTL-breeding hypothesis in the context of a commer-
cial breeding program. The results from this study are
discussed with respect to the feasibility of identifying
and transferring beneficial QTL-alleles from unadap-
ted germplasm using a molecular-breeding approach.

Materials and methods

Near-isogenic lines

NILs were produced for two advanced backcross populations, one
derived from the cross ¸. esculentum cv E6203]¸. hirsutum LA1777
(Bernacchi et al. 1998) and the other from the cross E6203]¸.
pimpinellifolium accession LA1589 (Tanksley et al. 1996). Hereafter,
E6203 is referred to as E, LA1777 as H, and LA1589 as PM. All
near-isogenic lines (NILs) contained a single segment of introgressed

wild DNA in an otherwise cultivated-tomato E genetic background,
as determined by molecular marker analysis.

Specific segments of the wild genome were selected for NIL
production on the basis of QTL results (Tanksley et al. 1996;
Bernacchi et al. 1998). Targeted regions were selected to contain
QTLs for which the wild allele was expected to have a favorable
effect on one or more traits. Moreover, priority was given to QTLs
that showed favorable effects in several locations or that were
detected at higher levels of significance (Tanksley et al. 1996; Be-
rnacchi et al. 1998). As a result, 12 chromosomal regions were
selected for H introgressions and five regions for PM introgressions
(Table 1, Fig. 1).

The production of NILs for the different targeted donor regions
required the identification of single plants that were homozygous for
the wild chromosome segment (H/H or PM/PM) of interest and
otherwise homozygous E/E at all other unlinked genomic regions.
For this purpose bulked BC

3
S
1

seed was harvested from BC
3

field
plots (Tanksley et al. 1996; Bernacchi et al. 1998). Since the genotypic
constitution of all BC

2
progenitor plants was available, from the

RFLP genotyping, for QTL analysis (Tanksley et al. 1996; Bernacchi
et al. 1998), the chromosomal regions segregating in any given
BC

3
S
1

family were known. For each targeted region, the initial step
was to identify all pedigrees that carried the desired segments of
chromosomes from the wild donor at the BC

2
stage. All positive

pedigrees were sorted according to the proportion of donor genome
they contained, in addition to the targeted segment, using the soft-
ware package HyperGene (Young and Tanksley 1989). To maximize
the probability of identifying NIL plants, BC

3
S
1

families were
screened that carried the least unwanted wild introgressions, thus
requiring analysis with the least number of RFLP markers to select
against undesirable, independently segregating fragments. An ap-
propriate number of seedlings was screened to have a 90% chance of
recovering at least one plant with the desired genotype. The com-
pound probability of the occurrence of any specific genotype was
derived from the probability of a target region being homozygous
wild (H/H or PM/PM) (1/8) and the probability of an undesired
segregating region being homozygous E/E (5/8 each). Confirmed
NIL plants were transplanted to the greenhouse, allowed to self and
used to pollinate E plants (to produce hybrid NIL seed, E/H or
E/PM, for field testing and confirmation of the putative QTL NIL
effect). In cases where the targeted segments were large, several
independent NILs carrying overlapping introgressed segments were
constructed. This strategy should increase the chance that at least
one NIL would contain the targeted QTL (see Fig. 1). It would also
allow for variation in the linkage drag around the QTL.

Field evaluation of near-isogenic lines

NIL plots were evaluated for agronomic performance during the
summer of 1995 in five locations worldwide: Akko, Israel (IS);
Badajoz, Spain (SP); Woodland, California (CAP); Stockton, Cali-
fornia (CAH), and Numata, Japan (JP). The cultural conditions of
each experimental location are described in Bernacchi et al. (1998)
for IS, SP and CAP. CAH was grown in clay loam soil, under drip
irrigation and at 25 cm]150 cm spacing. JP was rainfed with plants
spaced at 45 cm. In each location, plots of 30—40 plants were ran-
domized in three blocks (two in JP), with three plots of the recurrent
¸. esculentum E6203 control and one plot per NIL in each block.
The performance of the NILs and the control was characterized by
measuring 12 traits of agronomic importance. Cover (COV), average
fruit weight (AFW), pH (pH), fruit firmness and maturity (FIR,
MAT) were evaluated as described in Tanksley et al. (1996). Total
yield (YDT), red yield (YDR), soluble solids (SSC), red yield ] brix
(BYR), percent stem retention (STR), and viscosity (BOS) were
measured as described in Bernacchi et al. (1998). Internal fruit color
(FC) was rated visually in all locations using a scale from 1 to
5 (increasing redness) by viewing from 10 to 30 randomly selected
fruit. In addition, fruit color was evaluated analytically in three
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Fig. 1 ¸. hirsutum (H) and ¸.
pimpinellifolium (PM) near-
isogenic lines (NILs). RFLP
linkage map for chromosomes 1,
3, 4, 5, 9 and 11 developed from
a BC

1
interspecific ¸. esculentum

(E) ] ¸. hirsutum H population
(Bernacchi et al. 1998). Map
distances are in centiMorgans
(cM). The introgressed segment
of wild DNA for each NIL is
represented by the bars alongside
the chromosomes. H NILs are
represented by black bars, PM
NILs by striped bars. The
accession number for each NIL is
indicated by each bar
representing an introgression.
Additional underlined markers at
regions with PM introgressions
are from the linkage map derived
for a cross of E]PM (Grandillo
and Tanksley 1996). ºnderlined
markers at regions with
H introgressions were used to
further characterize the
introgressions

locations: SP and CAH (A/B index), and CAP (Agtron LA/B). The
procedures used are as described in Tanksley et al. (1996). Stem
retention was measured only in IS and CAP. Viscosity was only
measured in SP, CAH and JP. In this last location only one
measurement was taken for BOS per NIL, precluding any statistical
analysis.

Data analysis

For the NIL evaluation, means and standard deviations were cal-
culated using the software package QGENE (Nelson 1997). Linear
contrasts were used to compare the mean of each NIL versus the
mean of the control E6203 for each trait within a location. The
percent phenotypic difference between the mean of a NIL and the
mean of the control E6203 was estimated as *%"100(NIL-
E6203)/E6203. Phenotypic differences are reported when showing
a significance level of P)0.1. The transfer of QTL-alleles and their
associated phenotypic effects is discussed for significance levels of
both P)0.1 and P)0.05. In cases where targeted factors were
represented by more than one NIL, the averaged estimates of *%
across locations or across traits include only the NIL that best
manifested the expected phenotypes (Table 2). Across-location and

across-trait average QTL effects predicted from BC
2

mapping data
were derived from results previously reported (Tanksley et al. 1996;
Bernacchi et al. 1998).

Results and discussion

Production of NILs

In total, 23 NILs containing H or PM introgressions
were produced, representing quantitative factors for
seven traits, positioned at 15 genomic regions and ori-
ginating from the two different wild donor species. The
targeted genomic regions, their putative phenotypic
effects and the NILs produced are described in Table
1 and represented in Fig. 1. Some of the targeted
introgressions were expected to affect more than one
trait. Also, some of the targeted quantitative factors
were represented by more than one NIL. Jointly, these
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NILs were expected to represent 11 QTLs as well as 14
chromosomal regions where quantitative effects had
been detected at sub-threshold significance (Tanksley
et al. 1996; Bernacchi et al. 1998).

To obtain NILs carrying targeted H introgressions,
2000 BC3S1 seedlings were screened resulting in the
isolation of 15 homozygous NILs covering ten targeted
chromosomal regions. Eight NILs represent the five
targeted regions for PM introgressions (Table 1, Fig. 1).
The number of seedlings screened to obtain PM NILs
was 750. The plants confirming H/H or PM/PM for the
target introgressions, and lacking H or PM alleles
elsewhere in the genome, were transplanted to the
greenhouse to self-pollinate and to be used as the stam-
inate parent in crosses with E to produce NIL-H/E and
NIL-PM/E hybrid seed for field testing.

NIL performance

Based on whole-genome marker analysis, all NILs
differed from the E6203 control only by the introg-
ressed donor DNA fragment (H or PM); therefore the
observable phenotypic differences should be due to
the introgressed wild DNA segment. A comparison of
the trait distributions of the unselected BC3, the NIL
population and the recurrent control E6203, provides
a first indication of the phenotypic gains effected by the
targeted wild alleles (Fig. 2). On average, the perfor-
mance of the NILs was shifted in the expected direc-
tion. These gains are more evident when the average
performance of NILs selected for specific QTLs are
considered (Fig. 2).

The level of significance (P) and the percent
phenotypic difference (*%) are reported for each NIL-
control contrast within location in Table 3, together
with the allelic effect predicted by the BC3 QTL data.
Given the small number of replicates for each NIL in
each location (3/location), and the inherently large ef-
fect of the environment on yield and other quality
measurements, NIL performance was evaluated at two
significance levels of P)0.1 and P)0.05, despite the
higher risk of experiment-wise error.

Proportion of NILs showing improved performance

Overall, contrasts between the performance of each
NIL and that of the recurrent parent control, per trait
per location, revealed that for 22 out of the 25 (88%)
quantitative factors evaluated induced the expected
phenotypic improvement in the NILs in at least one
location with a significance of P)0.1 (Table 2). At
P)0.1, and depending on the location, NILs outper-
formed the elite control for the targeted traits: by
9—59% for brix ] red yield; 14—33% for fruit color;
17—34% for fruit firmness; 6—22% for soluble solids

content; 7—22% for viscosity; 15—48% for red yield and
20—28% for total yield (Table 3). For SSC, 4 of the
6 NILs developed showed the predicted effect in at least
one location (P)0.1). For YDR, 2 out of 3 NILs
behaved as predicted (P)0.1). All of the NILs ex-
pected to show an improved BOS, YDT, BYR, FC and
FIR behaved as predicted, in both direction and magni-
tude, in at least one location (P)0.1). If one considers
contrasts significant at P)0.05, 17 out of the 25 (68%)
QTL/factors transferred produced the expected pheno-
type as NILs (Table 2). At a significance of P)0.05 the
same pattern is observed, with only one QTL/factor
each for BOS, YDR, BYR, FC and YDT failing to show
a significant effect in the NILs.

These results indicate that the majority of the QTLs
detected in the BC3 were not spurious and can be
manipulated via marker-assisted selection. Moreover,
the QTL-alleles detected from the wild species are
likely to be largely additive (versus epistatic) since it is
unlikely that epistatic effects could persist after the rest
of the wild genome has been replaced by recurrent-
parent alleles. That QTLs detected by AB-QTL analy-
sis should be largely non-epistatic was originally
predicted from simulations and is most likely due
to the donor allele frequencies being very low in ad-
vanced backcross populations (Tanksley and Nelson
1996).

NILs corresponding to three QTLs/factors did not
perform as predicted in any location. These include
a sub-threshold factor for YDR associated with H alle-
les at TG574 (YDR-TG574), and represented by NIL
TA1138; the QTL ssc5.1 which was associated with
H alleles linked to TG69 and represented by NILs
TA1118, TA1117 and TA1297; and the QTLs ssc3.1
and ssc3.2 which were associated with PM alleles in the
region TG129-TG388 and represented by the NILs
TA524, 94T872-13 and 94T868-24. In these cases, none
of the NILs outperformed the control at P)0.1 for the
corresponding trait (Table 3). However, some of these
same NILs showed the predicted effects for other
QTLs/factors associated with the same introgression.
For example, NIL TA1138 showed the predicted effects
for BYR and FIR, and NILs TA1118 and TA1117
showed the predicted improvement in FC.

Some of the introgressions in the NILs appeared to
reduce the performance of the NILs relative to the
control E with respect to the targeted trait. For
example, all of the NILs developed for ssc3.1/ssc3.2,
and two of the three NILs developed for ssc5.1, had
a significantly reduced soluble-solids content relative to
the E control in at least one location. Most likely, the
inferior performance of NILs is the result of the absence
of the putative wild QTL-allele in the NIL due to
recombination, or alternatively, that the QTL detec-
tion in the BC3 population was spurious (Type-1 error)
(Bernacchi et al. 1998). Another possibility is that the
wild QTL-alleles were subjected to novel negative epi-
static interactions in the NIL background.
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Fig. 2 Frequency distribution for
quantitative traits measured in
a ¸. hirsutum BC

3
population

and ¸. hirsutum NIL plots.
Histograms include observation
from all locations. Data were
normalized where required. The
mean level of the recurrent
control ¸. esculentum E6203, is
indicated by a large arrow. In the
histograms for NIL plots, small
black arrows indicate the mean
level of the NILs that were
selected specifically for each trait
(NIL symbols not included)
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Ability of BC
3

QTL data to predict NIL performance

The issue of the predictive value of QTL-mapping data
is a critical one for AB-QTL analysis and molecular
breeding in general. The predictive potential of QTL
data can be estimated by determining the relationship
between allelic effects predicted from QTL analysis in
the BC3 and the effects of the same alleles on the
observed performance of the NILs. This comparison
can be made in terms of the magnitude of effects (see
next section), the significance level of the effects, and the
stability of the effects across locations.

The significance at which QTLs/factors were detec-
ted in the BC3 families (Tanksley et al. 1996; Bernacchi
et al. 1997) was a modest predictor of the significance
with which the effects were observed in the NILs (Table
4). Most QTLs/factors detected at lower significance in
the BC3 were also detected in the NILs at lower signifi-
cance (Table 4). Likewise, QTLs/factors detected at
high significance levels in the BC3 showed their effect at
higher significance levels in the NIL study. Yet there
were several instances in which this relationship did not
hold. For example, of the 14 QTLs/factors that were
originally detected at subthreshold significance, two
were associated with highly significant effects in the
NILs (BOS-TG441 and SSC-TG163) (Tables 3, 4). In
contrast, fc4.1 and vis9.1 are examples of QTLs detec-
ted with high significance in the BC3 study but which
resulted in NILs only marginally different from the
control (Tables 3, 4).

Nearly half of the QTLs/factors detected with signifi-
cance in only one location in the BC3 (Tanksley et al.
1996; Bernacchi et al. 1998) produced the predicted
phenotypic improvement in two or more locations as
NILs (SSC-TG163, FIR-TG574, FC-TG393 among
others) (Table 5). Conversely, several of the QTLs/fac-
tors detected with significance in more than one loca-
tion in the BC3, produced a detectable improvement
over the control at only one location as NILs ( fc5.1,
ssc3.2, FC-TG260/CT138) (Table 5). Overall, these re-
sults indicate that the degree of conservation of QTLs
across locations, as detected in BC3, was only a moder-
ate predictor of the conservation of NIL performance
across locations.

Similarly, there appears to be only a modest relation-
ship between the significance of QTLs/factors detection
in the BC3 and the number of locations at which the
corresponding NILs showed significant improve-
ments over the control (Fig. 5). In the BC3 study
ten QTLs/factors were detected at 0.1*P'0.01,
eight at 0.01*P' 0.001, and seven at 0.001*P'

0.0001. Among those detected at the highest level of
significance, none showed the predicted effect as NILs
in more than two locations. In fact, the only factor to
show the predicted effect in all five experimental loca-
tions was SSC-TG163 (from H) which was originally
detected in the BC3 in only one of three locations and
at subthreshold significance (Bernacchi et al. 1998).

Magnitude of NIL improvement compared with
BC

3
predictions

Another way to measure the success (or failure) in
transferring and expressing the effect of a selected
QTL-allele is given by the comparison of magnitude of
the allelic effect predicted by BC3 QTL-mapping re-
sults with the performance of the corresponding NIL
(Table 3, Fig. 3). For example, the total yield factor
ydt4.1 was associated with 14% increases in the QTL-
mapping study and once transferred to a NIL, induced
a 12% yield increase over the E control. Likewise
a 20% increase in red yield was predicted for the
QTL/factor YDR-CD59. The corresponding NIL was
18% higher yield than the E control. For QTL/factor
BOS-TG441, a predicted 12% improvement in viscos-
ity was met by an observed improvement of 22% in the
NIL; for QTL/factor SSC-TG163, a predicted improve-
ment of 10% in soluble solids was met by a 12%
improvement in the corresponding NIL; for QTL/
factor FIR-TG574, a predicted improvement of 17%
in firmness corresponded to an observed increase of
25% in the NIL; and for fruit color-QTL/factor fc5.1
a predicted improvement of 29% was met by an ob-
served improvement of 17% in the corresponding NIL
(Table 3, Fig. 3).

In most instances the observed gain in the NILs was
less than that predicted from the QTL analysis. Over
all traits, 73% of the expected gain was realized in the
NILs. Overall, the average genetic gains per trait across
locations and across independent QTLs/factors
(P)0.1) for each trait were: 12% for YDT (predicted
QTL effect 14%); 12% for YDR (predicted QTL effect
32%); 11% for VIS (predicted QTL effect 13%); 6% for
SSC (predicted QTL effect 8%); 24% for FIR (pre-
dicted QTL effect 28%); 12% for FC (predicted QTL
effect 23%) and 22% for BYR (predicted QTL effect
24%) (Fig. 4). When only contrasts significant at
P)0.05 are considered, these gains per traits become:
33% for YDR, 16% for BOS, 8% for SSC, 28% for
FIR, 17% for FC and 42% for BYR (Fig. 4). At this
significance level, no NIL constructed for YDT be-
haved as expected.

Comparison of independent NILs for
the same targeted regions

In most cases, there were observable phenotypic differ-
ences among NILs selected for the same region of the
genome. For example, of two NILs expected to display
increased SSC due to an H introgression on chromo-
some 1 (TA523, TA1257), only the one carrying the
longer segment of foreign DNA (TA523) showed the
predicted effect (Table 3). Thus, it can be assumed that
TA1257 lacks the QTL-allele which must be located in
the non-overlapping region between the two lines in the
TG17-TG245 region.
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Fig. 3 Mean percent phenotypic improvement (*%) of the H allele
over the E allele for each trait predicted by BC

3
QTL data (black

bars) (Tanksley et al. 1996; Bernacchi et al. 1998) compared with the
improvement observed in the corresponding NIL (lighter bars).
Mean NIL *% includes observations only from locations in which
NILs differed significantly from the control E6203 (P)0.1). For
QTLs/factors that were represented by more than one NIL, only
data from the NIL with the best performance is depicted.
QTLs/factors are designated by QTL name (in italics) or, if the
original factor was detected in BC

3
with a sub-threshold signifi-

cance, the trait symbol and linked the RFLP marker are given.
SSC"soluble solids; BOS"viscosity Bostwick (note that for BOS,
a reduction in Bostwick value indicates increased viscosity);
½D¹"total yield; ½DR"red yield; B½R"brix red yield;
FC"fruit color and FIR"fruit firmness

Fig. 4 Average percentage phenotypic improvement (*%) per trait
predicted by BC

3
QTL data (Tanksley et al. 1996; Bernacchi et al.

1998) and the observed improvement associated with NILs. Dark
bars are BC

3
*% and light bars are NIL *%. Means include only

differences significant at P)0.1 for the NIL showing the best
performance for the targeted trait. ½D¹"total yield; ½DR"red
yield; SSC"soluble solids; B½R"brix]red yield; FC"fruit
color; FIR"firmness and »IS"viscosity

A similar situation was observed with NILs TA517
and TA1248 which carry H alleles for increased fruit
color ( fc4.2) on chromosome 4 (Table 3). In this case,
the NIL with the longer H segment, TA517, displayed
the predicted effect in two locations (CAP and JP)

whereas the NIL with the shorter introgression,
TA1248, did not differ significantly from the control in
any location. Again, these lead us to believe that the
QTL lies in the non-overlapping region between the
introgressions of the two NILs (TG155—TG305). On the
other hand, these same two NILs (TA517 and TA1248)
were also expected to display improved soluble solids,
and both the longer introgression (TA517) and the short
introgression (TA1248) showed the predicted effect in
five and three locations, respectively. These results indi-
cate that the gene(s) causing increased solids may be
present in both NILs in the TG500— TG464 region. This
interpretation implies that there are different genes for
fruit color and soluble solids on the introgressed seg-
ment. Also in this region of chromosome 4, NILs TA517
and TA1138 contained overlapping introgressions of
H in the region between markers TG155 and CT50, and
both showed a similar improvement of BYR over the
elite control E indicating that the BYR QTL may be
more precisely mapped to this same interval.

The inverse situation occurred with NIL TA534 and
NIL 94T873-30 which were developed for PM alleles
associated with the viscosity QTL vis9.1. In this case
the NIL carrying the shorter introgression showed the
predicted effect whereas the NIL with the longer in-
trogression did not (Table 3). The most likely explana-
tion in this case is that the longer introgression does
not contain the QTL-alleles due to recombination and
that the QTL would in fact lie beyond the distal com-
mon marker (TG421). Alternatively it is possible that
the QTL-alleles are also present in the longer introgres-
sion but their effects are masked by deleterious linked
linkage drag absent in the shorter introgression.

Another case in which the effect of a PM QTL was
confirmed, and the factor more precisely mapped, was
for BYR QTL byr3.1. In this case the NIL with the
longer introgression (TA524) and one overlapping in
one extreme (94T872-13) showed the predicted effect
while the NIL with overlapping introgressions towards
the other distal extreme (94T868-24) did not. These
results indicate that byr3.1 most likely lies in the CD51-
TG129 region.
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Fig. 5 Distribution of QTLs/factors transferred according to the
number of locations in which NILs gave the predicted effect
(P)0.1) and grouped by the level of significance detection in the
BC

3
population (Tanksley et al. 1996; Bernacchi et al. 1998)

The differential behavior of NILs TA1116, TA1291,
TA1292 and TA1293, developed to contain H alleles
for improved fruit color and viscosity on chromosome
5, also allowed us to narrow down the position of the
QTL-alleles. Since TA1116, with the longer introgres-
sion, and TA1293 overlapping with it on the distal side
(opposite TA1291 and TA1292) showed the predicted
FC and VIS improvements, while TA1291 and TA1292
completely failed to display improvements for either
trait, it can be assumed that the H QTL-alleles lie in the
overlapping region between TA1116 and TA1293
(CD64). Also on chromosome 5, NILs TA1117,
TA1118 and TA1297 all failed to show the expected
improvements in SSC indicating, as mentioned, pos-
sible absence of the QTL-alleles or spurious QTL de-
tection. Yet the two lines with the long introgression
(NILs TA1117 and TA1118) showed the expected
improvements in FC while the one with the short
introgression (TA1297) did not. These facts narrow the
position of the FC factor to the region TG69—CD74.

Interestingly, the independent H and PM QTL stud-
ies had both identified the bottom of chromosome 11 as
associated with improved color and one NIL from each
donor was available for testing (TA1347 from H and
TA516 from PM). TA516 which carried a longer in-
trogression of PM alleles showed the predicted im-
provement in FC in most locations. However, TA1347,
carrying a shorter introgression from H, showed an
improved FC in only one location and a reduced FC in
another, precluding the possibility of fine mapping the
effect or confirming the orthology of the H and PM
fruit-color loci.

Variation in NIL performance across locations

The performance of the different NILs, relative to the
recurrent parent control, was variable across environ-
ments. Forty percent of the NILs showed the predicted

phenotypic improvement over the control, with statist-
ical significance (P)0.1) , in the same location in
which a particular QTL/factor was originally detected
in the BC3 population (Table 3). Of the QTLs/factors
that produced the predicted effect in at least one loca-
tion (23), the targeted QTL-allele SSC-TG163, present
in TA517, was the only one that produced the expected
improvement in all locations tested (5), while 9 out of 23
target wild alleles produced the predicted improvement
in only a single location. A factor that may have condi-
tioned these results is the relatively limited number of
replications used for the NIL plots at each location
(three plots per NIL versus nine plots for the control).
Eight QTL-factors ( ydt4.1, YDR-CD59, BYR-CD59,
YDR-TG163, fc4.2, fc11.2, SSC-CT101 and FC-
TG393) out of 23 that showed the predicted effect as
NILs also appeared to affect the trait adversely in one
of the locations (Table 3). For example, YDR-CD59
which significantly increased YDR in CAP, CAH and
JP also significantly reduced YDR in IS (Table 3). Since
locations differ greatly in environmental and cultural
conditions, it is likely that some QTL-alleles interact
with the environment resulting in the variable perfor-
mance of the NILs across locations.

Expression of phenotypes in NILs not predicted
from BC

3
data

Without exception, all of the evaluated NILs showed
significant deviations from the E control for traits other
than those putatively associated with the introgressed
segments on the basis of the BC3 QTL results (Table 6)
(Bernacchi et al. 1998). The unpredicted effects from the
introgressed fragments were either horiculturally desir-
able or deleterious with a similar frequency. For
example, NIL TA523, in addition to showing the pre-
dicted increases in soluble solids, also showed im-
proved performance for FC (IS), BYR (CAH and JP)
and FIR (CAH), though it showed significantly reduced
AFW in three locations (CAH, CAP and SP). The
chromosome-5 introgression tested in NIL TA1116
(TG441-CT167-CD64), which showed improved FC
and VIS as predicted, also showed improved fruit
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firmness in three locations (CAH, IS and JP). Several
NILs (TA517 in four locations; TA1133, TA523,
TA1276, TA515; TA516 and TA1248 in three locations;
TA1138, TA1116 and TA524 in two locations) showed
reduced average fruit weight despite the fact that no
QTLs for fruit weight were detected for those regions in
the BC3 (Bernacchi et al. 1998). In most cases, the
direction in which a trait was affected by the introgres-
sion was constant across locations (Table 6). For
example, the chromosome-4 introgression present in
NIL TA1138 (TG574) was associated with improved
BYR and FIR, as predicted, and in addition showed
improved viscosity in three locations (CAH, CAP and
JP). When BC3 QTL results were reviewed in the light
of the NIL results, it was found that for marker CT50,
adjacent to TG574, the H allele was also marginally
associated with improved viscosity (P)0.1).

One likely explanation for the expression of pheno-
types in the NILs not predicted by the BC3 data is the
overall higher genetic variance in the BC3 which reduc-
es the power of detecting QTL effects compared with
NILs. Epistatic interactions may also play a role. Mul-
tiple, segregating H alleles in the BC3 population may
have masked the effects of particular alleles which may
become evident in the NILs. Eshed and Zamir (1996)
demonstrated that epistatic interactions between
unadapted alleles in an elite genetic background result
in a less-than-additive expression of the respective alle-
les additive effects. By extension, the authors propose
that this diminishing additivity of QTL effects is greater
when a larger number of interacting unadapted alleles
segregate in a given genotype. Since even advanced
backcross QTL-mapping populations segregate for
several independent chromosomal regions, certain
QTLs with favorable effects may be masked by more
predominant unfavorable wild alleles. Alternatively,
this unpredicted response may originate from the onset
of novel epistatic interactions between the introgressed
foreign alleles and the recurrent-parent genetic back-
ground. This would be the case if genes that are not rate
limiting for a particular complex metabolic pathway in
the genome of ¸. hirsutum, and therefore are not detec-
ted by QTL mapping, become rate limiting once the
rest of the genome is replaced by ¸. esculentum alleles,
as occurs in the NILs.

Potential for pyramiding novel QTLs

The different NILs produced by AB-QTL breeding can
be easily intercrossed to pyramid different QTL alleles
for the same or different traits to effect an even greater
potential improvement. In effect, a library of wild-spe-
cies introgressions having positive effects on different
traits can be produced and distributed for use by breed-
ing programs and scientists. Since these QTLs are lin-
ked to molecular markers, MAS can be readily applied.
Further, NILs are ideal experimental tools for studies

trying to determine the physiological basis of the differ-
ences observed between NILs. Also the NILs provide
the starting point for the fine mapping, and ultimately
the cloning, of the genes responsible for the QTLs
controlling traits of economic importance (Alpert and
Tanksley 1996). The AB-QTL strategy can be easily
implemented in other crops for which DNA markers
and cross-compatible unadapted germplasms are avail-
able. Currently, AB-QTL studies are also under way in
rice (Xiao et al. 1997) and maize (McCouch, personal
communication).

Advanced backcross breeding compared with
traditional breeding

The comparison of the AB methodology with tradi-
tional breeding approaches can be discussed in terms of
the potential genetic gains per unit time. The historical
genetic gains for yield in processing tomatoes is esti-
mated to be 1% per year (Grandillo et al. submitted). In
comparison, after the 4 years required for the imple-
mentation of the first cycle of AB-QTL breeding using
¸. hirsutum as the donor parent, the gains obtained for
brix]red yield ranged from 14% to 33% resulting in
yearly gains of between 3.5% to 8%. The likelihood
that similar genetic gains could be obtained using the
same exotic sources and conducting the breeding
exclusively on the basis of phenotypic selection is
low. Even though superior genotypes may occur for
some traits in segregating populations, numerous
backcrosses would be required to recover the majority
of the recurrent parent genome without the assistance
of markers (Young and Tanksley 1989). Also, the rela-
tively low heritability of quantitative traits makes
it difficult to select for useful alleles from exotic
germplasm based only on phenotypic selection. It is
likely that many low-frequency, beneficial exotic alleles
would go undetected in early generations due to the
effect of major adverse exotic alleles (Tanksley and
Nelson 1996). However, as shown here, phenotypic
selection can be used effectively to remove exotic
alleles with strong undesirable effects while beneficial
QTL alleles can be detected and manipulated with
markers.

Long-term effect of enriching the
germplasm base of crops

In addition to resulting in the identification of QTL-
alleles capable of improving the performance of elite
cultivars, the advanced backcross strategy results in
population improvement and germplasm enhance-
ment. This approach addresses one of the limitations of
traditional breeding strategies which is that it normally
only utilizes genetically similar elite stocks and does
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not favor the exploitation of exotic germplasm due to
the unfavorable effects often associated with it.

The novel introgressions identified in this report,
once incorporated into elite lines, will result in an
enrichment of the genetic base of cultivated tomatoes.
These novel alleles can most likely be combined with
the genetic variation already present in elite tomato
germplasm resulting in even greater genetic gains. Fur-
ther, this ability of AB-QTL analysis to selectively
enrich the base of crops should provide an effective way
to improve the environmental adaptation of basic
breeding populations, by selecting unadapted donors
originating in the targeted environments and identify-
ing the QTL-alleles that, without pleiotropic or tightly
linked adverse effects, improve the performance in the
targeted environment.

Conclusions

The advanced backcross method proposed by Tanks-
ley and Nelson (1996) is predicated upon the assump-
tion that QTLs detected in advanced backcross
populations will continue to exert their positive effects
when isolated in near-isogenic lines. Results from the
current study suggest this is likely to be the case in most
instances since 88% of the ¸. pimpinellifolium and ¸.
hirsutum QTLs/factors detected in advanced backcross
populations resulted in NILs with superior perfor-
mance in at least one location. Until now germplasm
curators and breeders have measured the potential of
exotic germplasm almost exclusively on the basis of
its phenotype, yet the results from the current study,
and others, indicate that unadapted germplasm has
genetic potential for the improvement of quantitative
traits of agronomic importance that cannot be
predicted from its phenotype (Ragot et al. 1995;
Eshed and Zamir 1996; Tanksley et al. 1996; Xiao et al.
1997). The AB-QTL analysis method represents one
way in which valuable wild alleles can be unmasked
and transferred into elite cultivars to effect superior
performance. This process not only results in improved
elite varieties, but also in a general enrichment of culti-
vated germplasm.

However, the significance with which QTLs are de-
tected in the BC3 is only a modest predictor of the
significance with which the effects are realized in the
NILs. This is probably due in large part to the large
variance encountered when estimating allelic effects in
both the BC3 mapping stage and the NIL evaluation
stage due to limited replication. Also, independent
NILs constructed for the same target region of the
donor genome frequently have significantly different
phenotypes and often only one was superior to the
cultivated control with respect to the targeted trait.
These differences may be due to linkage-drag effects
resulting from the varying amounts of foreign DNA
present in each NIL. Most NILs also demonstrated

significant phenotypic differences from the control
(both beneficial and detrimental) not predicted by BC3
mapping data. This is most likely due to linkage drag,
pleiotropic effects or epistatic effects that could not be
detected in the BC3 mapping due to the higher overall
level of variance as compared to the NILs. These obser-
vations emphasize the need to construct more than one
NIL for each target region, in order to maximize the
chance of obtaining lines with superior agronomic po-
tential.

This work demonstrates that wild introgressions can
improve yield and quality traits over the near-isogenic
inbred control, yet it remains to be seen what response
these introgressions produce when evaluated in hybrid
combinations and if these can surpass the leading pro-
cessing hybrids.
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