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Abstract Plant yield is the integrated outcome of pro-
cesses taking place above and below ground. To explore
genetic, environmental and developmental aspects of fruit
yield in tomato, we phenotyped an introgression line (IL)
population derived from a cross between the cultivated
tomato (Solanum lycopersicum) and a wild species (Sola-
num pennellii). Both homozygous and heterozygous ILs
were grown in irrigated and non-irrigated fields and eval-
uated for six yield components. Thirteen lines displayed
transgressive segregation that increased agronomic yield
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consistently over 2 years and defined at least 11 indepen-
dent yield-improving QTL. To determine if these QTL
were expressed in the shoots or the roots of the plants, we
conducted field trials of reciprocally grafted ILs; out of 13
lines with an effect on yield, 10 QTL were active in the
shoot and only IL8-3 showed a consistent root effect. To
further examine this unusual case, we evaluated the met-
abolic profiles of fruits from both the homo- and hetero-
zygous lines for IL8-3 and compared these to those
obtained from the fruit of their equivalent genotypes in the
root effect population. We observed that several of these
metabolic QTL, like the yield QTL, were root determined;
however, further studies will be required to delineate the
exact mechanism mediating this effect in this specific line.
The results presented here suggest that genetic variation for
root traits, in comparison to that present in the shoot,
represents only a minor component in the determination of
tomato fruit yield.

Introduction

Since the beginning of plant domestication, man has
invested efforts at improving crop productivity, by agro-
nomic and genetic means. This process is still taking place;
however, there is a real need to find new approaches to
secure food availability (Hoisington et al. 1999; Rosegrant
and Cline 2003; Peng et al. 2004; Ash et al. 2010).
Scientists and breeders have been aiming to improve plant
adaptation to abiotic stress factors, so that they can be
grown in areas that are presently not in agricultural use
(Heaton et al. 2008; Fedoroff et al. 2010).

An important step in the general understanding of yield,
but specifically under conditions of drought, is to charac-
terize the physiological basis of the variation and to
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determine whether the site of expression of the QTL is in
shoots and/or in roots. This can be done by physiological
measurements, which are usually performed on the plant
canopy; however, when tested in parallel to yield-related
traits, such parameters were generally independent of
yield values under drought conditions (Mansur et al. 1993;
Teulat et al. 1998; Specht et al. 2001). A grafting strategy
can assist in determining whether specific yield QTL are
caused by shoot or root traits. Shoot traits are easy to
measure, whereas the information available on the genetic
control of root traits in the field and their relationship with
yield is limited due to the fact that such measurements are
complicated and until recently (Janhnke et al. 2009) have
been exclusively destructive (Tuberosa et al. 2002). Even
now, such techniques remain prohibitively expensive and
are not readily adapted to field evaluation. For this reason,
although QTL for root characteristics have been analyzed
in several crop species including rice (Champoux et al.
1995; Ray et al. 1996; Yadav et al. 1997; Swarbrick et al.
2008), faba bean (Diaz-Ruiz et al. 2010) and maize
(Lebreton et al. 1995), they were not characterized under
field conditions and thus could not be associated with yield.
Some groups have attempted to uncover such an associa-
tion (Guingo et al. 1998; Tuberosa et al. 2002); however,
the approach used was somewhat limited since they mea-
sured root characteristics under greenhouse conditions
(hydroponics on the latter), while yield or biomass traits
were measured in the field. Although much work has
recently been carried out on Arabidopsis, most of this has
focused on environmental response of the roots themselves
to either toxic metals, nutrients or pathogens (see for
example Hoekenga et al. 2006; Svistoonoff et al. 2007).
While biomass has been measured in several studies, the
translatability of this data to crop species has by no means
been proven.

Yield-associated QTL were previously identified and
mapped (Eshed and Zamir 1995), but no attention was paid
to the association of these QTL to root or shoot traits. In the
present study, we used grafting to directly associate yield
to root or shoot traits. Grafting is a well-established tech-
nique in many plants, including tomato, and is used for
both physiological and genetic characterization of root and
shoot interactions (Estaii et al. 2005; Van der Merwe et al.
2009). Here, we utilized natural variation derived from the
green-fruited wild tomato species Solanum pennellii to
investigate the genetic basis of yield, under optimal and
drought-stress conditions. An introgression line (IL) pop-
ulation composed of 75 lines, each including a single int-
rogressed genomic region from S. pennellii, such that
between lines there was complete representation of the
wild-species genome (Eshed and Zamir 1995; Pan et al.
2000), was grown alongside a second population that was
heterozygous for each introgression (Semel et al. 2007).

@ Springer

We show here that whole-genome QTL mapping followed
by reciprocal grafting of selected lines can lead to the
identification and characterization of wild species shoot
and root QTL, which improve agricultural yield and pro-
vide a preliminary characterization into metabolic factors
that may be responsible for the unique observation of a
root-expressed QTL. This study differs from that of Estafi
et al. (2009) in that we measured yield QTL under stress as
opposed to stress tolerance QTLs.

Materials and methods
Plant material and field trials

Whole-genome phenotypic surveys for the yield trait were
performed in different field experiments: first in summer
2000, using the 75 ILs and their respective hybrid popu-
lation (Eshed and Zamir 1995; http://www.sgn.cornell.
edu/maps/pennellii_il/pennellii_il_map.html); secondly in
summer 2001, using selected lines planted at two planting
densities, namely (1) “single plants” with 1 plant per m?
under irrigated and dry conditions and (2) plots of 4 m?
with 14 plants in each (3.5 plants/m?), only under dry
conditions. The experimental procedures were the same as
in 2000, except that ten replications were used for each
genotype in the “single plant” and eight replications in the
plots.

Tests for the introgression effect under two irrigation
treatments were performed in summer 2000 and 2001 using
seven plants of each homozygous and heterozygous ILs
and 100 plants of M82; the IL8-1 did not survive in the
homozygous state. All open-field experiments were per-
formed at the Western Galilee Experimental Station in
Akko, Israel. Seedlings (35 days old) were transplanted in
the field with 50 cm between plants and 2 m between rows
(1 plant per m?). All the plants were sprinkler irrigated
immediately after transplanting with 30 m® of water for
every 1,000 m” of field area. For the rest of the growing
period, the wet treatment was drip irrigated with 250 m? of
water per 1,000 m?, while no water was applied to the dry
treatment. Figure 1 (supplementary) shows the water con-
tent of the soil during the experiment in the irrigated and
dry fields, as determined by tensiometers and by mea-
surements of moisture content in soil samples. Tensiome-
ters were located at three different spots in each irrigation
regime section and the readings were taken daily. Soil
samples were taken from drillings at four depth points. The
water content was calculated as the weight differential
between fresh and oven-dried soil.

Grafting experiments were performed on 20-day-old
seedlings in Ashkelon, Israel. Seedlings were cut above the
cotyledons, using the shoot as scion and the remaining
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plant part as rootstock (Ashkelon, Israel). Grafts were made
immediately after cutting the plants and grafting clips were
used to hold together the graft union. Seedlings of M82 and
each selected ILs were used for reciprocal grafts. Self-
grafted M82 plants were used as controls to estimate the
grafting effects. Grafted plants were sown and transplanted
in the field at the same time as the non-grafted plants. The
field design and planting densities of the grafting experi-
ments were exactly the same design as described for the
“single plant”.

Grafted and non-grafted IL.8-3 genotypes were re-grown
in an open-field experiment in Akko in summer 2008 under
the same field design as described above. Red ripe fruits
were harvested, rapidly skinned and pericarp sections taken
and snap frozen in liquid nitrogen prior to metabolite
profiling, exactly as described in Schauer et al. (2006).

In this study, “shoot” represents leaves, shoot, flowers
and fruits, while “root” defines some part of the above-
ground stem and the entire root system.

Phenotyping

In all experiments, fruits were harvested when 80-100% of
the tomatoes were red. Plant vegetative weight (PW, kg/m?)
was determined by weighing only the vegetative tissue (after
harvesting of the fruits) without the roots. Total fruit yield
(TY, kg/m?) per “single plant” or plot included both the red
and green fruits. Mean fruit weight (FW, g/fruit) was esti-
mated from a random sample of 20 representative fruits per
plant or plot. Concentration of total soluble solids (BX,
degrees Brix) was measured using a digital refractometer
(RFM-80 BS) from a random sample of 10 fruits per “single
plant” or 20 fruits per plot. Fruit number (FN, number of
fruits/m?) was calculated by dividing TY (g/m?) by FW
(g/fruit). The sugar output per plant was calculated as the
product of BX and TY (BY, g sugar/plant).

Extraction, derivatization and analysis of polar
metabolites using GC-MS

Metabolite analysis by GC—MS was carried out essentially
as described by Fernie et al. (2004) and Lisec et al. (2006).
The mass spectra were cross-referenced with those in the
Golm Metabolome Database (Kopka et al. 2005).

Statistical analyses and QTL mapping

Statistical analyses were performed using the JMP V.5
software package (SAS Institute). For the IL-QTL map-
ping, each IL or ILH was compared to M82 and to each
other to determine the phenotypic effect and the mode of
inheritance of each introgressed region. The phenotypic
effect of an IL represents the maximal effect of the

introgressed S. pennellii allele, which was classified
according to the mode of inheritance of the QTL. For
recessive or additive QTL, the IL value represents the
maximal effect. In cases of dominant QTL, the mean of the
IL and ILH represent this maximum, and the phenotypic
value of the overdominant QTL is represented by the value
of the ILH. Comparisons of means were performed using
the “Fit Y by X” function of the JMP program. Lines that
showed significant difference from the M82 (at P < 0.05,
corrected for multiple comparisons; Dunnet 1955) were
considered as possessing IL-QTL. M82 was tested at larger
number of replications throughout all trials and compared
to the specific ILs or ILHs. Unlike other mapping popu-
lations where QTL were mapped based on allelic com-
parison within segregating population (usually in the ratio
of 1:2:1 for each genotypic class in F2 or 1:1 in BC), in the
introgression line case, each of the IL or ILHs was com-
pared to the common control, M82. Due to the nature of
this QTL mapping system, it is thus desirable that the
calculated mean for the common control (M82) should be
very reliable and therefore based on a larger number of
replications. The unequal variance between M82 and each
IL or ILH that is derived from the unequal number of
replications is compensated by the stringency of the
DUNNET test and by the fact that our findings were further
validated in a second season.

Mode of inheritance

In addition to the common genetic components of variation
(a, additive effect and d, dominant deviation), we present
here a somewhat different index that we calculated to
describe the mode of inheritance for each QTL. The
commonly used parameter d/[a] ranges between —1 and
+1 when the phenotypic value of the heterozygote is
situated between its parents. However, d/[a] is limited in
describing overdominant QTL on a proportional scale, as
its values can theoretically reach infinity in cases where the
heterozygote is external to the parental range. We created
the mode of inheritance index as a means to overcome the
extreme d/[a] values that result from small and insignifi-
cant a values that could lead to misrepresentation of
overdominant QTL. Our rationale was to develop an
intuitive parameter that would allow accurate representa-
tion of overdominant QTL relative to the best parent. The
mode of inheritance index is a continuum that presents the
position of each heterozygote IL (ILH) with respect to its
homozygote parents (IL and M82). In cases in which the
ILH phenotype is located between its parents, this index is
principally similar to d/[a] and generates values on a scale
from O to 100. The position of the ILH is calculated as the
difference between the ILH and MS82 divided by the dif-
ference between the IL and M82 (presented in percentage;
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100 x [ILH — M82J/[IL — M82]). Overdominant QTL
are represented in mode of inheritance values that are
higher than 100 or lower than 0. Positive overdominance
(ILH better than the best parent) will result in a value larger
than 100, which is calculated as the deviation of the ILH
from the best parent (in percentage). The same applies to
cases in which the ILH is lower than the low parent and
results in a value smaller than 0. Based on the mode of
inheritance index, QTL are placed into qualitative catego-
ries that describe their mode of inheritance: 0-33 =
recessive, 34—66 = additive, 67-100 = dominant, >100 or
<0 = overdominant. A detailed description of the calcu-
lation of the mode of inheritance of QTL is presented in
Semel et al. (2007).

Correlations

The correlations between wet and dry treatments or
between different years were calculated from a regression
of genotype mean values. Correlations between traits were
calculated using genotype means (for the whole popula-
tion), or from values of the replicated M82 plants for
correlations within M82.

Heritability

The broad sense heritability (h2), which is aé/aé+E, was
calculated for each trait using the “fit model” function.
Genotype was defined as a factor with random effect and
the genetic variation was calculated as percentage of the
total variation (genetic + environmental).

Results

Analysis of yield-related traits of the parents
and their F1 hybrids

The phenotypic values for the yield-related traits are pre-
sented for M82, S. pennellii and the interspecific F1 hybrid
(Table 1). It is important to note that S. pennellii was in
fact sterile under our field conditions. Strong heterosis was
detected for the interspecific F1 hybrid, with PW values
being 21-fold higher than both parents in the wet and 11
times higher than the best parent in the dry field. For TY,
FW and FN, F1 showed lower values than M82. BX values
of F1 were increased by 100% compared to M82 in both
environments. Mean BY values, which represent the
product of TY and BX, were similar between F1 and M82
in the wet field. These results confirm not only the exis-
tence of exceptionally strong hybrid vigor with respect to
vegetative growth detailed in Semel et al. (2007), but also
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the inferiority of the interspecific hybrid compared to the
cultivated tomato with respect to fruit yield components.

Analysis of six yield-related traits in dry and wet fields

In the summer of 2000, the 75 ILs and their hybrids with
MS82 (ILH) were tested in dry and wet fields. Four yield-
related phenotypic traits were measured (plant weight
(PW), total yield (TY), fruit weight (FW) and brix (BX))
and an additional two derived parameters were calculated
[fruit number (FN) and brix yield (BY)]. The statistical and
genetic characteristics for these traits, at the whole popu-
lation level, are presented in Table 1. In general, drought
stress affected both the mean values of the traits and the
components of variation. A comparison between the
environments revealed differences in the heritability val-
ues, such that the heritabilities for most traits were higher
in the wet environment than in the dry one. FW was an
exception as its heritability did not differ between the
extreme environments. A comparison between the mean
mode of inheritance indices for the different traits revealed
large differences that were consistent in the diverse envi-
ronments. PW showed mode of inheritance indices of 49
and 51 in the wet and dry fields, respectively, indicating a
general additive mode of inheritance. BX was also addi-
tively inherited with mode of inheritance values of 54 in
the wet field and 36 in the dry one. All three direct yield
parameters, which were also strongly correlated (Table 2),
showed an average overdominant mode of inheritance. BY
showed the strongest overdominance, with values of 129
under wet and 119 under dry conditions. An interesting
result was the increase in the overdominance of FW in the
dry field, in contrast to TY, FN and BY. Figure 1 presents
the frequency distribution of the means for each IL or ILH
for the six phenotypic traits. For all of them, the distribu-
tion was normal, with M82 located very close to the pop-
ulation mean. A strong impact of drought stress on the
measured traits was concluded based on a comparison of
the M82 means between the dry and wet fields (Table 1;
Fig. 1). For PW, there was a reduction of 43% and TY was
reduced by more than 50% in the dry compared to the wet
field. FW was reduced by 25%, whereas BX values were
increased by more than 30% as a result of drought stress.
The coefficient of variation (CV) of the means was gen-
erally lower under dry conditions; however, for FW, the
CVs under dry and wet conditions were similar. The
reduced expression of genetic variation in the dry field, in
the form of reduced CV values, was probably the reason for
the reduced heritabilities for most of the traits in this
environment (Table 1). Another phenomenon that could be
observed by looking at the frequency distributions was
the existence of ILs that showed phenotypic values exter-
nal to the range between the parents. This transgressive
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Table 1 Means and components of genetic variation for six phenotypic traits, in the parents, the ILs and the ILHs
Trait Units M82-Mean F1-Mean S.pennellii-Mean IL-Mean ILH-Mean Pop-Mean Ccv? H2? Number
of QTL®

Wet

PW  kg/plant 1.2 25.0 1.23 22 1.7 1.9 93 0.66 30

TY kg/plant 8.5 4.0 No yield 6.7 10.0 8.3 54 048 23

FW  g/fruit 67.4 3.1 No yield 62 70 66 20 0.61 36

BX  Brix % 34 7.8 No yield 39 3.7 3.7 16 048 26

FN N fruit/plant 124.7 59.7 No yield 107 141 123 51 0.51 16

BY g sugar/plant  290.0 312.0 No yield 262 374 311 58 045 27
Dry

PW  kg/plant 0.7 9.6 0.83 0.9 0.8 0.9 53 048 24

TY  kg/plant 39 NA No yield 35 44 39 41 0.4 16

FW  g/fruit 51.3 1.9 No yield 49 57 52 21 062 27

BX  Brix % 45 8.7 No yield 5.0 4.7 4.8 14 043 21

FN N fruit/plant 76.3 NA No yield 73 80 76 42 0.38 8

BY  gsugar/plant  170.5 NA No yield 180 209 191 42 035 18

Mean values and components of genetic variation for six traits (PW plant weight; TY total yield; FW fruit weight; BX brix; FN fruit number; BY
Brix x total yield) as measured in Akko 2000 under dry and wet field conditions. Included are values for M82, S. pennellii, their F1 hybrid, 75
ILs, 75 ILHs (ILs x MS82) and for the entire population (ILs + ILHs). M82 had 100 replications under each irrigation regime. Each IL or ILH

was in seven replications under each irrigation regime
4 Coefficient of variation (CV, %) for genotype means
® Broad sense heritability (%), calculated as Ué/o‘é+E

¢ Number of significant IL-QTL per trait

segregation highlights hidden genetic variation in the par-
ents that was masked by epistatic interactions of their
genomes, but was freed from these restrictions in the ILs
(DeVicente and Tanksley 1993; Eshed and Zamir 1995).

Phenotypic correlations between traits

The correlations between traits were estimated by regress-
ing phenotypic values of one trait on those of another.
Table 2 presents the correlations between traits at the IL
population level, and for the inbred M82, as calculated for
the wet and dry conditions. Comparison between the dry
and wet correlation data indicated a strong conservation of
relationships between traits. The best way to evaluate the
level of this conservation is by correlating the double-trait
correlations between the two environments, such that each
point represents a correlation between two traits, and the
X and Y values of this point are the correlation values in
each of the diverse environments. Indeed, the correlations
between the dry and wet environments were very high,
with values of R = 0.95 for both the ILs and the MS2,
indicating that the trait relationships were maintained under
diverse environmental conditions. On the other hand, when
we correlated the correlations for the whole population
with the correlations in M82 (using the same rationale,
but on diverse genetic environments), there was a weaker

relationship: R = 0.8 in the wet and 0.77 in the dry envi-
ronments, with mean R values that were lower with the ILs
compared to M82. This resulted from the variability that
existed among the lines in the population with regard to
correlations between traits. BY is a derived parameter that is
calculated as the product of BX and TY and represents the
total sugar production in fruits of a tomato plant. Variation
in BY was explained by the variation in TY (R = 0.97 in
the wet and 0.93 in the dry, Table 2), while the correlations
between BY and BX were weaker (R = 0.13 in the wet
environment and R = 0.01 in the dry one). TY was posi-
tively correlated with PW for M82, but not for the ILs,
under both wet and dry conditions. The other yield com-
ponents, as indicated by the correlations, are FW and FN,
with the latter being more dominant in its contribution. The
phenotypic correlations between the dry and wet environ-
ments were calculated for all six traits based on the IL
means (Table 2c). The correlations were strong and highly
significant, and ranged between 0.72 and 0.82.

QTL mapping in the dry and wet environments
Mapping IL-QTL

The phenotypic effect (as percentage of difference from
MS82) and mode of inheritance of ILs with significant
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Table 2 Correlations between traits and irrigation regimes

Trait PW FW BX TY BY
(a) Wet
FwW 0.41%*
—0.16
BX 0.41* 0.06
0.72* —0.31*
TY 0.71* 0.55* 0.22
0.19 0.58* —0.09
BY 0.75* 0.53* 0.44* 0.97*
0.34* 0.52* 0.13 0.97*
FN 0.62* 0.27 0.19 0.94* 0.9*
0.26 0.22 —0.01 0.9% 0.88*
(b) Dry
FwW 0.19
—0.33*
BX —0.09 —0.54*
0.6* —0.5%
TY 0.8* 0.45* —0.32*
0.15 0.62* —0.26
BY 0.82* 0.35* —0.07 0.96*
0.39* 0.45* 0.01 0.93*
FN 0.81* 0.1 —0.18 0.92* 0.92*
0.41%* —0.01 0.03 0.74 0.8*
Trait R P

(c) R between dry and wet

PW 0.73 TE-26
TY 0.76 4E-28
BX 0.77 1E-29
FwW 0.81 3E-35
BY 0.72 6E-24
FN 0.82 2E-35

Correlations between traits, in the whole population (ILs; lower
number in each cell) and in M82 (upper number in each cell) in the
wet (a) and dry (b) fields. At the whole population level, correlations
were calculated using mean values of 150 genotypes (N = 150). For
M82, correlations were calculated using values of M82 plants from
the wet and dry treatments separately (N = 100 from each). Bolded
values are significant at P < 0.01, bolded + asterisk are significant
values at P < 0.001. (c) Phenotypic correlations between genotype
means in the dry and wet fields for the six traits. PW plant weight;
TY total yield; FW fruit weight; BX brix; FN fruit number;
BY Brix x total yield

effects, in the dry or wet fields, are presented in Table 1A
and B (Supplementary). Lines that showed a significant
effect compared to the common control (M82) are indi-
cated. To confirm these results regarding the significant
QTL, 30 lines (ILs and ILHs) that showed a significant
effect for the measured traits were re-evaluated in Akko in
the summer of 2001 under a similar experimental design in
wet and dry fields.
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Plant weight

Thirty ILs had a significant effect on plant weight (PW) in
the wet field and 24 in the dry one (Supplementary Table 1).
In both environments, most of the QTL had increasing
effects compared to M82 (27 compared to 3 in the wet and
24 versus zero in the dry environment; Fig. 2). About one-
third of the increasing QTL were recessive (9/27 in the wet
group and 9/24 in the dry), and the rest were almost equally
distributed between additive and dominant QTL in both
environments. Eighteen of the IL-QTL for PW showed
conserved expression as they were detected in both envi-
ronments. A total of 12 IL-QTL showed wet-specific
expression and 6 were drought specific (Fig. 2).

Total yield

As much as 23 significant IL-QTL were identified in the
wet field and 16 in the dry one (Supplementary Table 1).
Nine and eight of the QTL had increasing effects in the wet
and dry environments, respectively. More than half of these
showed an overdominant mode of inheritance (7/9 for the
wet conditions and 4/8 for the dry). In both environments,
most of the decreasing QTL showed recessive mode of
inheritance (12/16 for the wet conditions and 8/10 for the
dry; Fig. 2). Thirteen of the IL-QTL for TY were con-
served. Ten QTL showed wet-specific expression and only
three were drought specific.

Brix

A total of 26 significant IL-QTL were identified in the wet
field and 21 in the dry one (Supplementary Table 1). BX
was the trait that showed the lowest level of transgressive
segregation, as none of the lines showed significant
decreasing effect compared to M82 at our significance
level. Among the increasing QTL, there was a relatively
equal distribution among the recessive, additive and dom-
inant mode of inheritances, and none of the QTL for this
trait showed overdominance (Fig. 2). Seventeen of the
QTL for BX were conserved. Nine QTL showed wet-spe-
cific expression and four were drought specific.

Fruit weight

A total of 37 IL-QTL were identified in the wet field and 27
in the dry one (Supplementary Table 1). The distribution of
increasing and decreasing QTL for fruit weight (FW) is
relatively symmetric in the dry (14 increasing and 13
decreasing), while in the wet there are more than twice as
many negative QTL (11 increasing and 26 decreasing). The
distribution of mode of inheritance among QTL in each
direction was different. Whereas for the increasing QTL
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18.1% were additive, 45.6% were dominant and 27.1%
were overdominant, in the wet and dry combined for the
decreasing QTL, 65.61% were recessive, 7.2% were
additive and only 2.7% were dominant (Fig. 2). Twenty of
the QTL for FW were conserved. Sixteen QTL showed
wet-specific expression and seven were drought specific.

Brix yield

A total of 29 significant IL-QTL were identified in the wet
field and 18 in the dry one (Supplementary Table 1).
Although highly correlated with TY, the picture for Brix
yield (BY) was somewhat different, with more increasing
QTL (18 and 13 in the wet and dry, respectively) than

(=}

0

|:| Dry . Wet

50 100 150 200 250 300 350 400

Number of fruits/ plant

decreasing ones (11 and 5 in the wet and dry, respectively).
However, their partition into mode of inheritance catego-
ries was similar: for the increasing QTL, 11/18 and 4/13
were overdominant in the wet and dry, respectively. At the
decreasing side, 6/11 were recessive in the wet, and 5/5 in
the dry (Supplementary Table 1; Fig. 2). Eleven of the
QTL for BY were conserved, 16 showed wet-specific
expression and 7 were drought specific.

Fruit number
Eighteen significant IL-QTL were identified in the wet

treatment, and 9 in the dry one (Supplementary Table 1). In
correlation with TY, most of the increasing QTL were
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Fig. 2 Distributions of IL-QTL PW TY
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overdominant (5/8 for the wet and 3/4 for the dry). Most of
the decreasing QTL were recessive (6/10 and 5/5 in the
wet and dry, respectively; Supplementary Table 1; Fig. 2).
The largest proportion of environment-specific QTL
was observed for FN. Five of the QTL were conserved; 11
QTL showed wet-specific expression and 3 were drought
specific.

Localization of yield-related QTL expression to roots
and shoots

To explore a physiological dimension of the yield varia-
tion, we asked the following questions using a reciprocal
grafting strategy: (1) which plant part (root or shoot)
contributes more to the variation in yield-related pheno-
types? (2) Can we map consistent root- or shoot-specific
yield QTL using the IL population? To address these
questions, reciprocal grafting experiments were conducted
over several field seasons between 2003 and 2005. To
identify root or shoot effects, each grafted IL was com-
pared to M82 and to its corresponding non-grafted IL
plants. Shoot-specific QTL were defined in cases where an
IL grafted as a shoot onto an M82 rootstock had a phe-
notype similar to that of the non-grafted IL, and both of
them differed from M82. Root-specific QTL were defined
in cases where the root-grafted IL (M82 grafted onto an IL
rootstock) had a phenotype similar to the non-grafted IL,
and both of them were different from M82. A third possible
scenario was an interaction between root and shoot, such
that neither the shoot graft nor the root graft would have the
same effect as the significant non-grafted IL. Another more
complex possibility (which is presented below) may arise
in cases in which the root and shoot have contrasting
effects that interact, and only one of them is reflected in the
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non-grafted plants. In such cases, the grafting enabled us to
reveal hidden root or shoot QTL.

A total of 23 ILs (and the M82 control) with significant
effects on the yield-related parameters were selected for the
experiment in summer of 2003 under wet conditions. Eight
of these lines were tested also in dry field. Each IL (and the
MS2 control) was grafted as a shoot onto M82, and in a
reciprocal manner, M82 was grafted onto each IL. All the
genotypes were also tested as non-grafted plants. Table 3
summarizes the results for the phenotypic effects of the
root or shoot on each of the tested genotypes for the six
yield-related traits (at the wet field). Self-grafted M82
displayed no significant differences to non-grafted M82 for
any of the traits. ILH1-2 provides an example of a shoot-
specific BY QTL, as the effect of the non-grafted line was
+96% (P < 0.01), the shoot effect was +65% (P < 0.01)
and the root effect was —7% (not significant). As seen in
Table 3, in most cases non-grafted genotypes also showed
a significant effect when grafted as a shoot (S). To quantify
this observation, we calculated the heritability of each
trait under each of the tested groups (i.e., ‘shoot effect’,
‘root effect’ and non-grafted). As presented in Table 4,
heritability of all the traits in the ‘shoot effect’ group
(mean = 0.52 and 0.51 at the wet and dry conditions;
respectively) was similar to that in the non-grafted plants
(mean = 0.51 and 0.62 at the wet and dry; respectively),
while in the ‘root effect’ group the heritability was sub-
stantially lower, with an average of 0.05 in the wet and
0.01 in the dry. To confirm that the genetic variation in
shoot effect not only explained the same amount of phe-
notypic variation as non-grafted plants, but also in a cor-
responding manner, we correlated between the ILs mean
values among the different groups. For all of the traits in
the wet experiment, the non-grafted IL correlations with
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the shoot effects ranged between 0.87 and 0.95 with a
highly significant average of 0.9, whereas the correlations
of the non-grafted IL with root effects ranged between
—0.24 and 0.14 with a non-significant average of —0.05
(Table 4). This trend was consistent also in the dry
experiment, although there were only eight lines that were
tested (Table 4). These results clearly indicate that on the
tested population, yield is determined mainly by shoot-
expressed genetic variation.

In spite of the domination of shoot traits as described
above, we were able to identify two lines that exhibited
significant yield-improving root effects (IL8-3 and IL2-1;
Table 3). Interestingly, on both lines the positive root
effect was accompanied by a negative contrasting shoot
effect. For example, non-grafted IL2-1 reduced BY by
65% compared to M82; the shoot effect of this line was a
reduction of 72%, while on the rootstock side, this
genotype showed a significant increase of 40%. For IL8-3,
the trend was similar: the non-grafted IL reduced BY by
51%, the shoot effect was responsible for a reduction of

36%, and the root caused an increase of 78% (Table 3).
To confirm these root effects, which were in contrast to
the general trend that was observed in this population,
we tested IL8-3 and IL2-1 again in the summers of 2004
and 2005 under similar experimental design. The root
effect of IL2-1 was less consistent (although the same
trend was observed in 2 years). IL8-3, on the other hand,
exhibited a consistent root effect. The results of the
3 years for IL8-3 are presented in Fig. 3 where the
opposite root effect (relative to the shoot) is very prom-
inent for TY, BY and FN. While this root QTL signifi-
cantly improved TY, BY and FN, it did not have
significant effect on PW, BX and FW in any of the
experiments. This is an interesting result because it might
indicate an involvement of roots in developmental pro-
cesses, such as transition from vegetative to reproductive
or efficiency of fruit setting. With respect to the mode of
inheritance, the root QTL showed a recessive one as the
heterozygote IL did not show any significant consistent
root effect (Table 3).

Table 3 Phenotypic effects (asA%M82) of root and shoot QTL for six yield-related traits, over 20 genotypes

Genotype Plant weight Total Yield Fruit Weight Brix Brix x yield Fruit number
WT § R WT § R WT S R WT § R WT § R WT § R

ILH1-2 116 84 —14 74 49 -6 7 3 -1 12 10 =8 96 65 -7 70 48 -7
IL2-1 —-63 —60 24 =59 —-69 43 7 -11 7 -15 -13 -2 —65 -72 40 —-65 —-66 35
ILH2-4 97 64 22 0 24 18 5 15 2 18 8 4 18 35 24 4 8 15
IL2-5 284 246 54 0 -21 44 -52 -45 6 24 23 1 27 0 44 104 40 35
ILH2-5 96 88 —19 60 60 —4 -30 -33 4 4 14 -2 74 83 -7 108 145 3
IL2-6-5 32 32 16 37 24 21 33 23 6 12 17 2 61 45 24 6 3 19
1L4-2 —45 —48 9 -3 =36 37 -2 -I11 8 4 -3 -1 -32 -35 23 -33 -26 28
IL5-2 159 189 31 32 -10 39 -3 -16 -3 40 39 1 84 18 45 30 —4 42
IL7-4 76 27 12 -1 -2 39 18 21 9 4 -1 3 9 39 -17 =21 32
IL7-5 48 -3 36 38 2 40 13 19 7 10 5 4 50 9 49 26 —-15 30
IL8-3 117 69 4 -63 -—-52 77 -17 -—-12 10 32 34 1 =51 -36 78 —-55 —47 64
ILH8-3 89 37 54 66 31 35 5 5 1 23 12 3 105 49 39 60 29 36
1L9-2 120 218 —-26 —47 -25 -4 -—-15 -8 6 47 41 -5 -23 5 -7 —-40 -20 -6
IL10-3 54 61 -9 68 50 0 25 20 2 6 9 2 78 64 -1 35 26 0
IL12-1-1 8 114 0 72 87 24 42 36 8 12 10 —4 9% 105 19 23 40 17
IL12-4-1 27 -1 29 18 =37 39 36 23 0 8 9 5 28 =32 49 -—-16 -51 34
7+9 70 30 2 47 34 19 12 2 32 25 =7 93 67 8 45 21 12
ILH7 + 9 + 8 88 69 25 69 79 37 6 9 36 28 2 130 130 42 65 75 29
subIL6-3 235 290 13 119 150 27 22 19 13 42 44 0 210 262 23 81 118 9
3155 56 73 13 47 44 25 40 35 2 37 35 -2 101 93 30 5 6 20
m82 (n g) 13 18 5 4 25 12

For each genotype, the effects (means of 10 replications) are presented as percentage difference from M82 grafted on itself. R represents the root
effect (M82 grafted on IL); S represents the shoot effect (IL grafted on M82); WT is the non-grafted IL. Bolded values indicate significant effects
(P < 0.05). The bottom row presents the values of non-grafted M82 (M82 n g) showing no grafting treatment effects for the common control.
3155 is a commercial hybrid. ID M82 is a nearly isogenic indeterminate line with a small introgression on chromosome 6 that includes the

S. pennellii SP locus
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Table 4 Comparison of heritabilities and correlations with non-grafted phenotypes for the six measured traits between the ‘shoot effect’ and

‘root effect’ groups

Factor Trait Wet Dry
NG S R NG S R
Heritability PW 0.51 0.49 0.1 0.42 0.47 0
TY 0.44 0.5 0.06 0.64 0.35 0.03
BX 0.6 0.57 0.04 0.3 0.46 0
FwW 0.55 0.52 0 0.87 0.86 0
BY 0.49 0.56 0.06 0.68 0.28 0.04
FN 0.44 0.51 0.04 0.81 0.65 0.01
Mean 0.505 0.525 0.05 0.62 0.5117 0.0133
Correlation with non-grafted PW 0.9 0.14 0.63 —0.66
TY 0.87 —0.22 0.64 —0.38
BX 0.95 0.04 0.75 —0.38
FwW 0.94 0.05 0.96 —0.28
BY 0.88 —0.12 0.79 —0.32
FN 0.85 —0.24 0.89 —0.56
Mean 0.8983 —0.05833 0.7767 —0.43

Heritabilities at the wet experiment were calculated from 23 lines with 10 replications. In the dry experiment, there were eight lines with ten
replications. S shoot effect: group where all the lines were tested as shoot grafted onto M82 rootstock. R root effect group where all the lines were
tested as rootstock that M82 was grafted onto. NG non-grafted: group of non-grafted plants. Each of the lines was represented at each of the
groups. PW plant weight; TY total yield; FW fruit weight; BX brix; FN fruit number; BY brix x total yield. For the correlations, bolded values are
significant at P < 0.05 or less. Correlations; bold values are significant at P < 0.05 or less. Values for the dry condition are calculated only from

eight lines that were tested (trend is still similar to the wet)
Interaction between root and shoot effects

The results for IL8-3 (Fig. 3) indicated interactions exist-
ing between the shoot and the root on this line, such that for
the non-grafted plants the shoot effect nullified the root
action. Our grafting approach enabled the detection of this
hidden root QTL when tested in a neutral shoot background
(M82). To further investigate the relation between root and
shoot and their effect on yield production, we chose
IL7 + 9, a line that harbors two introgressions (IL7-5-5
and IL9-2-5). This line had a strong improving effect on
BY and was well characterized as shoot specific over two
seasons. We decided to test the interactions between root
and shoot by grafting this line on M82 and on a BY
improving rootstock (F1 between M82 and S. pennellii).
Figure 4 summarizes the results of this experiment in wet
and dry fields. For the independent effects, both the
IL7 + 9 shoot and the F1 root improved BY significantly
by 50 and 20%, respectively, at the irrigated field, and by
50 and 50% at the dry field, compared to M82. However,
no interaction was found between the shoot and the root
effects as determined by two-way ANOVA. In fact, an
insignificant more than additive effect was observed when
the IL7 4+ 9 shoot was grafted on the F1 root as this
combination improved BY at 80% in the irrigated and
140% in the dry field. These results provide example for
independent actions of shoot and root, as their combination
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resulted in additive yield improvements. IL7 + 9 and
IL8-3 represent two different examples for the relations
between shoot and root; Fig. 5 shows this difference on the
basis of the deviations of the observed values of the self-
grafted and F1-root-grafted ILs from expected values based
on complete additivity between root and shoot. For
IL7 + 9, the observed values of both the self-grafted plants
(IL7 + 9 shoot on IL7 + 9 root) and Fl-root-grafted
plants (IL7 4 9 shoot on F1 root) were not different from
the expected, reflecting additive effect. On the other hand
for IL8-3, on both the self-grafted and the Fl-root grafts,
the expected values were significantly higher than the
observed, which is another evidence for the less than
additive interaction imposed by the IL8-3 shoot.

Metabolic profiling of IL8-3 derived material

In an attempt to characterize the physiological basis of the
root effect in IL-8-3, we replanted the IL8-3 in non-grafted
state and with M82 scions grafted onto rootstock at the
Akko field site in 2008. We rapidly harvested pericarp
tissue from red ripe tissue of the two genotypes and of an
ungrafted M82 control line and quenched metabolism in
this tissue by snap freezing as described in Schauer et al.
(2006). Of the 15 QTL observed in the ungrafted IL-8-3
line eight (those for glycerol 3-P, xylose, sucrose, malate,
fumarate, tyrosine, proline, isoleucine, y-amino butyric
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Fig. 3 Reciprocal-grafting analysis of IL8-3 shoot and root effects on
yield-related traits over four experiments. For all traits, empty bars
represent a non-significant effect. Gray bars are significantly different
from M82 at P < 0.05. *Significance at P < 0.01; **Significance at
P < 0.001. All the values are presented as percentage difference from

acid (GABA) and f-alanine have been described previ-
ously, Schauer et al. 2006, 2008). Of the 15 QTL observed
in the homozygous IL, 7 were also observed, albeit at a
lesser magnitude, in the pericarp of fruit harvested fol-
lowing grafting of a wild-type (M82) scion onto the IL
rootstock (f-alanine, GABA, isoleucine, proline, threonine,
valine and glycerol 3-phosphate) suggesting that these
QTL were, at least partially, root determined (Fig. 6).

Discussion
Mode of inheritance of IL-QTL

The ILs were tested as homozygotes and heterozygotes
(ILHs), thus facilitating the determination of the mode of
inheritance of each QTL and the identification of over-
dominant QTL. Such an approach for dissecting traits that
show heterosis has been demonstrated for rice (Xiao et al.
1995; Li et al. 2001), tomato (Semel et al. 2006; Schauer

M82 grafted on itself. Root: root effect, shoot: shoot effect, NG: non-
grafted effect. Black arrows indicate on the contrasting root effects.
PW plant weight; TY total yield; FW fruit weight; BX Brix; FN fruit
number; BY Brix x total yield

et al. 2008) and Arabidopsis (Lisec et al. 2009). Recent
advances in understanding the molecular basis of heterosis
have additionally been made by detailed large-scale studies
of gene expression and epistasis in rice, maize and Ara-
bidopsis (Li et al. 2001; Hua et al. 2003; Auger et al. 2004;
Vuylsteke et al. 2005). Partitioning QTL into categories
according to their mode of inheritance allowed us to
compare the distribution of the mode of inheritances
among QTL for the different traits in relation to the
direction of their effects (increasing or decreasing) com-
pared to the control (M82). As reflected in Fig. 2, repro-
ductive traits (TY, BY, FN and FW) tended to show more
overdominance among the increasing QTL than did the
vegetative traits, BX and PW. This trend was true for the
number of overdominant QTL as well as for the sum of
their effects relative to the sum of the recessive, additive
and dominant ones. A similar trend of more heterosis
among reproductive traits has been reported by others (Hua
et al. 2003; Mei et al. 2003) with respect to mid-parent
heterosis. When comparing increasing and decreasing QTL
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Fig. 4 Analysis of IL7 + 9 shoot effect on Brix x yield (BY) under
the M82 and F1 rootstocks in wet and dry fields. Two-ways ANOVA
for the IL7 4 9 shoot effect and the S.pennellii x M82 root effect in
the wet (a) and dry (b) experiments. Each combination was tested in
20 replications under each irrigation regime

among the reproductive traits, there was a clear difference:
whereas most of the increasing QTL showed dominant or
overdominant mode of inheritances, with the decreasing
ones, most were recessive. This observation is important

from the breeding perspective; it suggests that most of the
positive yield-related phenotypes represent a gain-of-
function variation, while the negative QTL were mainly
due to loss-of-function recessive variants. As breeders seek
new sources of genetic variation, among them induced
mutations, our results suggest that a variation resource that
harbors mainly recessive mutations is unlikely to induce
improvement in yield-related traits. However, natural wild-
species variation allows for the detection of rare dominant
variants that will probably lead to better success in
breeding projects.

Despite the many generations of selections for improved
yield and increased fruit size in tomato, there are still
reports of transgressive segregation for these traits in seg-
regating populations of interspecific crosses (DeVicente
and Tanksley 1993; Tanksley and Nelson 1996; Monforte
et al. 1997). This is an indication of the existence of unused
beneficial alleles in the wild parents that were lost during
the process of domestication. Estimating the level of this
phenomenon is important as a tool for predicting future
progress in yield improvement using wild species. The
number of increasing and decreasing QTL are presented in
Fig. 2, and the shape of the distribution in the whole
population in Fig. 1. For both TY and FW, there is a nearly
symmetrical distribution of these parameters in the dry
field; the number of increasing QTL for TY was eight and
the number of decreasing QTL was ten. For FW there were
14 increasing QTL and 13 decreasing. In the wet field more
decreasing than increasing QTL were detected for both
traits, but yet there is a considerable portion of significant
transgressive variation. Such results provide strong support
for the unused potential of exotic variation for improving
yield-related traits.
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QTL across environments

Drought stress was manifested primarily in reduced
development of vegetative and reproductive organs and
resulted in lower values of yield-related traits (except for
BX). If this environmental effect was acting equally on all
phenotypes, we would expect to find similar CV values
reflecting a proportional change in the variation and mean.
However, this was not the case for most of the measured
traits in this study. As presented in Table 1, there was a
reduction in the CV values (of genotype means, repre-
senting the genetic CV) for most traits (except BX and
FW). This is an indication that the drought stress had a
stronger impact on the ILs with the high phenotypic values,
which resulted in a larger reduction of the phenotypic
values for such lines. There is a long-held notion that
selection for stress tolerance generally results in reduced
productivity under favorable environments (Finley and

Metabolite level (relative to M82)

Wilkinson 1963; Rosielle and Hambilon 1981). However,
in this study, the majority of QTL that were detected were
either conserved across the wet and dry or were detected
only in the wet field (Fig. 2; Supplementary Table 1). Only
a small number of QTL were detected as drought specific
(~15% across all traits). These findings are in partial
agreement with previous QTL studies in cotton and sor-
ghum that were performed under wet and dry conditions
(Tuinstra et al. 1997; Saranga et al. 2001; Paterson et al.
2003) and additionally, perhaps, what would be anticipated
from small-scale studies of genetic variance in tomato
(Semel et al. 2006). Altogether, it appears that at least in
the tomato IL population, yield improvements under dry
conditions were achieved mainly by the action of over-
dominant QTL that improve productivity, rather than QTL
that provide physiological drought tolerance and, hence,
there was no penalty for this drought tolerance under
optimal conditions. In addition to this conservation of
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detected QTL, which was also reflected in the high phe-
notypic correlations between dry and wet groups
(Table 2¢), we found that the correlations between traits
were also highly conserved across the dry and wet envi-
ronments. These sets of trait correlations represent a phe-
notypic network that is an important component in the
characterization of any biological system. Such a com-
parison between networks across different environments, if
performed using a wider range of phenotypic traits, can
highlight new perspectives on organismal development. In
all trials, we detected strong main factors of genotype and
irrigation effects, as well as a very significant interaction
between the two.

Grafting as a tool for linking between root and shoot
traits and uncovering hidden variation

The approach presented here to detect associations between
root or shoot effects and yield-related phenotypes is based
on the reciprocal grafting concept. This approach bypasses
the need for destructive morphological and/or physiologi-
cal characterization of roots (Tuberosa et al. 2002) and thus
enables a direct estimation of the associations between root
or shoot traits and the resulting yield. While similar
grafting approach was, however, recently employed in
tomato to identify fruit loci controlling salt tolerance (Estafi
et al. 2009), this did not implicity measure yield QTL since
it only focussed on stressed conditions. It was furthermore
restricted to a single harvest. However, it should be men-
tioned that since the root traits are not directly character-
ized, the conclusions are based on circumstantial evidence
and do not provide an explanation for the physiological or
developmental reason for the yield variation. Thus, the
ability to distinguish between root- and shoot-related yield
QTL, as presented here, provides a unique platform for
further explorations of the physiological mode of the
observed responses. Moreover, the root QTL that was
identified in grafting experiments of IL8-3 represent con-
cealed genetic variation (at least in the resolution of the IL
population). In non-grafted plants, the effects of this root
QTL was dominated by contrasting shoot QTL and,
therefore, it could not be distinguished. By separating
between these different QTL types (root and shoot) using
the reciprocal grafting approach, we exposed the root QTL.
As these root and shoot QTLs in IL8-3 most likely repre-
sent two independent loci, it would not be unreasonable to
assume that the root QTL could be separated and detected
through fine mapping experiment.

However, on a genome-wide level, the grafting
approach has a clear advantage as it eliminates the need for
considering epistatic or contrasting shoot effects, since all
the root effect variation is analyzed under a uniform shoot
background. These results also highlight the limitations
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associated with whole-organism phenotyping: internal
physiological interactions mask some of the variation that
exists and this portion of the hidden variation can only be
identified by high-resolution genetics or by high-resolution
phenotyping techniques such as the grafting approach.

The strength of the QTL-grafting approach extends
beyond the ability to identify shoot- or root-specific QTL.
We demonstrate that this approach is also useful for
exploring interactions between shoot and root effects.
Grafting is routinely used to study physiological aspects of
root/shoot cross talk, but the direct relation between such
interactions and yield, as presented here, is unique. The
analysis of IL7 + 9 shoot under different root backgrounds
provide an example for the additive effects of shoot and
root to yield production, while the IL8-3 shoot effect was
shown to be strongly epistatic. Such dissection of yield
QTL can improve our ability to understand the mechanism
in which they work and is an important step in the utili-
zation of such QTL in breeding programs and in further
research of the underlying genetic factors. The fact that the
metabolite profiles of IL8-3 in grafted and non-grafted
condition also revealed that some of the control of the
metabolite content of the fruit is resident in the root is
highly interesting. When the metabolites, which displayed
this behavior, are evaluated, two trends become apparent.
First, three of the seven metabolites, f-alanine, GABA and
glycerol 3-phosphate, have been widely postulated to have
signaling functions in plants. Secondly, six of the seven
metabolites are amino acids, which are a highly important
form of translocated carbon in tomato, and indeed previous
studies in this species have demonstrated that they play an
important role in whole plant carbon allocation. Thus while
we cannot presently define the physiological mechanism or
indeed relevance of these changes, they are highly con-
sistent with the other data reported here.

Breeding implications

The combined genetic and physiological approaches used
in this study demonstrate the importance of multidimen-
sional characterizations of QTL for the dissection of
complex phenotypes such as yield. The fact that the yield
analysis was performed, using the ILs, under different
genetic situations (inbreds and hybrids) and under different
environmental conditions (dry and wet), provided the
means to determine the mode of inheritance and pattern of
expression for each QTL. The further characterization of
selected QTL using grafting is a step in understanding the
way in which these QTL work. Localization of the effects
to root or shoot, accompanied by testing specific interac-
tions between root and shoot using grafting, can improve
the ability to select for specific QTL for crop improvement
and can be used as a good basis for implementation of a
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QTL pyramiding strategy to bring shoot and root-specific
QTL that perform additively into the same line. Deposition
of such detailed quantitative data into genomic databases
such as the tomato QTL database (http://zamir.sgn.cornell.
edu/Qtl/Html/home.htm) (Gur et al. 2004) enables the
accumulation and organization of a wide range of pheno-
types and, in so doing, creates a platform for more inte-
grative forms of analysis. This should enable the discovery
of higher levels of organization of complex systems and
better utilization of such variation resources in breeding.
The methods and results presented here assisted us in
addressing the question of whether it was possible to
incorporate favorable wild-species QTL into genetic
backgrounds that will outperform the leading varieties in
the market (Gur and Zamir 2004). Using the yield-pro-
moting ILs identified in this study, we followed a pyram-
iding strategy of three independent introgressions. The
yield of hybrids parented by the pyramided genotypes was
more than 50% higher than a control market leader variety,
under both wet and dry field conditions, in six different
environments. We showed that the pyramiding of inde-
pendent yield-promoting segments can lead to novel vari-
eties that reproducibly increase productivity relative to
leading commercial genotypes under both normal cultiva-
tion conditions and the stress environment of drought.
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